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Summary 

 

Visual systems have evolved the capacity to process environmental information across 

multiple domains. Spatial relations, colour and contrast are well known attributes of visual 

processing, but the temporal aspect of vision is often overlooked. Nevertheless, adequate 

updating of visual information over time is crucial for creating accurate representations of 

fleeting real-world phenomena. For example, temporal processing contributes to motion 

perception and, in certain situations, different temporal integration periods can determine 

whether one can see anything at all. A higher temporal resolution means that the visual 

system processes information on a smaller timescale, and thus provides access to potentially 

more visual information per timeframe.  

High visual processing rates may have considerable advantages in many situations, but fast 

sensory processing is metabolically costly. Additionally, due to physical and physiological 

constraints, a necessary trade-off exists between high temporal- and high spatial processing. 

Within the bounds set by these limitations, visual temporal resolution is found to vary greatly 

in the animal kingdom. This variation is likely driven by specific visual requirements for 

different species depending on their ecological niche. For temporal resolution to be 

influenced by different selection pressures, a certain amount of variation must exist not only 

among species, but also among individuals within a species. How large this variation may be, 

and which processes may dictate different rates of temporal resolution within an individual 

are currently unclear. Moreover, the possible selective pressures acting on this trait are 

relatively unexplored, and it is not clear how different ecological settings may influence 

temporal resolution. 

In this thesis, I use ecological principles, psychophysical experiments, neuroscience and 

sports science to investigate variability in visual temporal resolution on multiple levels, both 

among and within species. I create a novel, custom psychophysical paradigm to quantify 

temporal resolution, using the critical flicker fusion threshold: the point at which a flickering 

light-source flickers at such high a frequency, that the flicker can no longer be consciously 

perceived by the individual. With this paradigm, I measure critical flicker fusion thresholds in 

a sample group of healthy human participants to establish how widely temporal resolution 

varies within a species. I show that the trait varies substantially among individuals, but is 

stable over time within individuals.  

The existence of paradigms such as the critical flicker fusion threshold suggests that, even 

though visual perception is experienced as a continuous stream of information, certain 
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aspects of visual processing may happen in a discrete manner. One hypothesis posits that 

visual information may be processed in discrete temporal windows, and that stimuli falling 

within one window are integrated into a single percept (i.e. the fusing together of multiple 

flashes occurring in close temporal proximity), and stimuli falling in different windows are 

segregated into separate percepts (i.e. the perception of separate flashes). Previous research 

has suggested that brainwave activity may be linked with the size of these temporal 

integration windows, and that certain oscillations in the brain may directly dictate individual 

temporal resolution. To test this, I assess whether a specific peak brainwave frequency is 

associated with variation in temporal processing among individuals, and whether small 

fluctuations in brain oscillations may cause variability in temporal processing within an 

individual. For this, I carry out an experiment which incorporates electroencephalogram 

recording, alongside two behavioural measures for visual temporal processing, the critical 

flicker fusion threshold and the gap-detection task. I show that this peak brainwave frequency 

is linked with one measure for temporal resolution, but not the other, indicating that the 

observed relationship may be highly context-specific. 

Following on, I examine visual temporal resolution in an ecological context, both within a 

single species, and in the animal kingdom. First, I explore whether a certain visual processing 

rate is favoured in individuals occupying specific ecological settings. Using high-level sports 

as proxies for different ecological settings, I compare critical flicker fusion thresholds in two 

groups of highly trained athletes and a non-athlete control group. I demonstrate that there is 

no significant difference in temporal resolution between athletes in visually dynamic settings 

and athletes in non-visually-dynamic settings. However, temporal processing rates are higher 

in both athlete groups compared to the non-athlete group, suggesting that visual temporal 

resolution may, at least in part, be determined by cardiovascular fitness.  

Lastly, I take a broad look at the animal kingdom to show that temporal resolution varies 

widely among species, and is linked with several aspects of ecology, such as foraging strategy 

and locomotion modality. These results suggest that the overall pace of a species’ ecological 

profile may influence visual processing rates, and that highly dynamic environmental 

interactions may select for higher temporal resolution. 
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Chapter 1 

General Introduction 

 

Ecological environments can be highly dynamic and incredibly complex, and the fitness of 

every organism is fundamentally shaped by how it interacts with the world. For an organism 

to be successful, it must be able to accurately collect, process and interpret information about 

its surroundings. This practice, known as sensory perception, enables an individual to 

identify and respond to external stimuli and consequently allows it to forage, detect threats, 

select mates, find shelter and investigate environmental cues. As such, sensory perception is 

under strong selective pressure, and a variety of senses have evolved throughout the animal 

kingdom (Barth & Schmid, 2001; Niven & Laughlin, 2008; Smith, 2008).  

Though numerous different types of sensory processing have emerged over evolutionary 

time, the systems underlying this processing tend to be remarkably similar among species 

and share many common features. These shared features generally include a specialized 

organ or grouping of cells which collects external environmental cues and transform them 

into internal units of information, a nervous system to transport information to the 

individual’s main processing centre and a brain, or something akin to it, to interpret the signal 

and determine an appropriate response (Smith, 2008). These features are all also vastly 

complex systems in their own right, and together they carry out highly coordinated processes 

that allow an individual to bridge its external and internal environments. 

Sensory perception is essential for survival, but its dependence on these complex systems has 

also made it metabolically costly. This evolutionary constraint is one of the main drivers for 

variation in perceptual processing (Barth & Schmid, 2001; Niven & Laughlin, 2008). All 

species are forever under pressure to process sensory information in the most cost-effective 

manner, using the limited hardware available to them through their genetic makeup. Species, 

and individuals within a species, may experience specific ecological demands that lead them 

to favour some aspects of perception, while requiring them to reduce, or even forego, others, 

resulting in adaptations that offer functional benefits in distinct ecological niches and driving 

individual variation. For example, in certain species, the proportion of different visual 

pigments in the retina may shift depending on environmental changes (Yokoyama & 

Yokoyama, 1996). In species such as euryhaline fishes, this shift may aid visual perception in 

either redder freshwater environments or bluer marine environments during different stages 

of migration (Beatty, 1966, 1975). As a more extreme example, the Mexican cave tetra 

(Astyanax mexicanus) is a species of fish that exists in two distinct forms: a surface form that 
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lives in river and stream habitats, and a cave dwelling form. Though they are a single species 

and can interbreed, the surface form has fully developed and functional eyes, whereas the 

cave form is blind, with some varieties even lacking eyes entirely. Interestingly, the blind cave 

form has enhanced olfactory and mechanosensory systems relative to the surface forms 

(Jeffery, 2005; Kowalko, 2020).  

In the context of variation in sensory perception, the visual system is particularly interesting. 

Image-forming eyes have evolved in only six of the 33 extant metazoan phyla, yet these six 

make up 96% of the known species alive today (Fernald, 2006). Most visual systems are thus 

extremely similar due to shared evolutionary origins, yet at the same time visual perception 

varies extensively among species, and even among individuals of the same species. Visual 

perception grants access to vast amounts of information and a visual image, or percept, can 

be made up of numerous elements. These elements may include colour, brightness, contrast, 

contours, curvatures, straight lines, angles, motion and directionality. The extent to which 

each of these elements plays a role in vision varies greatly, both among and within species 

(Emery & Webster, 2019; Halpern et al., 1999; Land & Nilsson, 2012). 

One element of visual processing that is not often considered, yet which no visual system can 

function without, is the element of time. Environments, and therefore visual scenes, are ever 

in flux, and the only way an individual may perceive changes in its surroundings is if its visual 

system regularly updates over time. This characteristic of vision is known as temporal 

resolution, and it directly determines the amount of visual information an individual has 

access to per timeframe, which makes it a uniquely intriguing concept in the framework of 

individual variability.  

Among species, visual temporal resolution has been shown to be linked with metabolic rate 

and body mass (Healy et al., 2013). Small-scale case studies have also indicated that fast-

moving, highly manoeuvrable species possess faster visual processing abilities than closely 

related slower species (Bostro m et al., 2016; O’Carroll et al., 1996; Potier et al., 2020). These 

findings suggest that high visual temporal resolution may be beneficial in highly dynamic 

environments, and that this ecological demand may drive selection. For selection processes to 

act on a trait, a certain degree of natural variation must exist among individuals within a 

species. Though visual temporal resolution is known to vary widely in the animal kingdom, it 

is currently not clear what the magnitude of this variation is within a species, or how stable 

temporal resolution is over time within the same individual, or even where any variation 

might originate. Due to this gap in the current knowledge in this area, it is unclear to what 

extent individual variation in temporal resolution might influence behaviour or 

environmental interactions and, ultimately, how it might shape the occupation of distinct 

ecological niches. 



3 

In this thesis, I will address these questions by using a common psychophysical method, the 

critical flicker fusion (CFF) threshold, to quantify visual temporal resolution. First, I will 

employ this method in a cohort of healthy human participants to examine how much visual 

temporal resolution naturally varies among individuals, and how stable it is over time within 

individuals. Second, I will focus on a possible neurobiological origin for variation in temporal 

processing by assessing how a specific neural oscillation in the occipital region of the brain 

may correlate with visual temporal resolution, both among- and within individuals.  

After having established the magnitude, stability and a possible driver for individual variation 

in visual temporal resolution, I will then explore a potential ecological selection pressure 

which may drive variation within a species. I will do this by examining whether physical 

fitness and activity in a visually dynamic setting are correlated with faster temporal 

resolution in healthy human participants. Lastly, I will investigate how the overall ecological 

profile of a species may be linked with its temporal resolution, by correlating CFF with 

multiple mode-of-life characteristics in a large-scale animal dataset. 

 

1.1 Research outline 

Chapter 2: Individual variation in visual temporal resolution 

One of the main drivers of natural selection is individual variation. Variation can be found in 

almost all aspects of biology, including in sensory perception. Here, I conduct a 

psychophysical study to assess the amount of variation among individuals in visual temporal 

resolution, using critical flicker fusion thresholds. I show that in a healthy cohort of similar 

ages, the variation in CFF is greater among- than within individuals, and that CFF is relatively 

stable over time. Additionally, I present a novel testing paradigm for measuring CFF 

thresholds that is low-cost, portable and produces fast and accurate measurements. 

 

Chapter 3: A potential neurophysiological origin for visual temporal resolution 

Within neuroscience, visual gap detection tasks are regularly deployed to measure temporal 

perception ability and its relation to attention. Previous research has suggested variation in 

visual temporal resolution may originate in differences in the peak frequency of distinct 

neural oscillations, but the evidence is controversial. Here, I use both CFF and gap detection 

as behavioural measures for temporal resolution, alongside electroencephalogram (EEG) 

recordings of alpha band oscillations to investigate this potential link. I show that higher 

frequency alpha band oscillations correlate with the ability to perceive shorter gaps in the gap 
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detection task, but not with having a higher CFF threshold. I discuss how the two behavioural 

tasks fundamentally differ, and that any links between the examined neural oscillations and 

temporal resolution may be fragile and highly context-specific.  

 

Chapter 4: Ecological setting and its relation to visual temporal perception 

The presence of individual variation in a trait within a species allows for the potential of 

different ecological settings to place certain selection pressures on the trait. In this chapter I 

investigate whether a physically or visually dynamic ecological setting may select for higher 

temporal resolution in human participants, by comparing CFF thresholds among two different 

groups of athletes and a non-athlete control group. I show that higher temporal resolution is 

significantly correlated with physical fitness, but not with visually dynamic settings, 

suggesting that high levels of cardiovascular fitness may be a facilitator of fast temporal 

processing.  

 

Chapter 5: Evolutionary and ecological correlates of visual temporal perception 

All animals that rely on visual perception must be able to process visual information at a 

certain rate to keep track of an ever-changing environment and to effectively perform the 

types of behaviours for which the species is evolutionarily adapted. In this chapter, I turn to 

the animal kingdom to explore whether certain species-specific ecological characteristics are 

linked with visual processing rate. I show that several of these characteristics, such as habitat 

light levels, foraging strategy and the manner in which a species locomotes through the 

environment, are significantly correlated with their CFF thresholds, suggesting that visual 

temporal resolution is closely linked with a species’ overall ecological profile. 
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Chapter 2 

The speed of sight: individual variation in critical flicker 

fusion thresholds 

 

Author contributions 

I co-conceived the idea, created the testing paradigm, collected and analysed the data and 

wrote the manuscript. Andrew Jackson, Redmond O’Connell and Kevin Mitchell all 

contributed to the conception of the idea, secured funding and contributed to the analysis of 

the data and writing of the manuscript. 

 

Status 

This chapter has been published as:  

Haarlem, C. S., O’Connell, R. G., Mitchell, K. J., & Jackson, A. L. (2024). The speed of sight: 

Individual variation in critical flicker fusion thresholds. PLoS ONE, 19(4 April), 1–13. 
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2.1 Abstract 

The critical flicker fusion threshold is a psychophysical measure commonly used to quantify 

visual temporal resolution; the fastest rate at which a visual system can discriminate visual 

signals. Critical flicker fusion thresholds vary substantially among species, reflecting different 

ecological niches and demands. However, it is unclear how much variation exists in flicker 

fusion thresholds between healthy individuals of the same species, or how stable this 

attribute is over time within individuals. In this study, we assessed both inter- and intra-

individual variation in critical flicker fusion thresholds in a cohort of healthy human 

participants within a specific age range, using two common psychophysical methods and 

three different measurements during each session. The resulting thresholds for each method 

were highly correlated. We found a between-participant maximum difference of roughly 30 

Hz in flicker fusion thresholds and we estimated a 95% prediction interval of 21 Hz. We used 

random-effects models to compare between- and within-participant variance and found that 

approximately 80% of variance was due to between-individual differences, and about 10% of 

the variance originated from within-individual differences over three sessions. Within-

individual thresholds did not differ significantly between the three sessions in males, but did 

in females (P<0.001 for two methods and P<0.05 for one method), indicating that critical 

flicker fusion thresholds may be more variable in females than in males. 

 

2.2 Introduction 

Visual perception is one of the most salient types of sensory processing found in the animal 

kingdom, with around 96% of known animal species alive today possessing image forming 

eyes (Fernald, 2006). Visual systems in nature are incredibly diverse and their specific 

functions and sensitivities vary greatly depending on a species’ ecological demands. However, 

all sensory processing is constrained by the maximum rate at which the system can parse 

information. This processing rate is different among species and is known as their temporal 

resolution (Grothe & Klump, 2000; Healy et al., 2013; Reeves, 1996). A finely tuned visual 

temporal resolution is necessary to respond appropriately to a dynamic environment and it 

determines a species’ ability to gauge how visual scenes change over time and how accurately 

it can detect rapid changes in light intensity. The processing of both spatial and temporal 

information is also crucial for motion perception, and the resolution with which this occurs 

may offer distinct benefits and drawbacks. A high temporal resolution may offer an increased 

ability to track fast-moving objects in high luminance conditions, whereas a lower temporal 

resolution might be more advantageous for the extrapolation of the direction of motion of 
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slower objects and for increased temporal integration under low luminance conditions 

(Donner, 2021; Lappin et al., 2009).   

One commonly used method to quantify visual temporal resolution is with the critical flicker 

fusion (CFF) threshold: the point at which an intermittently flashing light flashes at such high 

a frequency, that individual flashes can no longer be discriminated and the light appears 

constant. An individual’s CFF threshold is dependent on the physical properties of the 

stimulus, such as its intensity, wavelength, size and its distance from the observer (Hecht & 

Shlaer, 1936; Inger et al., 2014; Mankowska et al., 2021). As all visual systems rely on the 

integration and summation of luminous energy, CFF is applicable and generalizable across 

species, making it a useful proxy for visual temporal resolution research. Using simple 

experimental paradigms, CFF thresholds can also be determined in several ways: either 

behaviourally with trained animals, or electro-physiologically with electroretinograms.  

As variation between individuals of the same species is present in many aspects of visual 

perception, we aimed to evaluate whether this is also the case for critical flicker fusion 

thresholds, using healthy human participants. CFF has been well studied in humans, and 

previous research has found that critical flicker fusion thresholds are affected by many 

physiological factors (Muth et al., 2023). For instance, different parts of our retina have 

different levels of sensitivity to flicker (Hecht & Verrijp, 1933; Lloyd, 1952). Since flickering 

visual stimuli are processed by the nervous system, CFF thresholds may also be affected by 

impaired cerebral functioning (Mackie & Beck, 1965; Mark et al., 1958) and by neurological 

conditions such as Alzheimer’s disease (Curran & Wattis, 2000).  

Certain physiological stresses such as exercise or physical exhaustion may directly, but 

temporarily, affect an individual’s CFF threshold (Godefroy et al., 2002; Lambourne et al., 

2010; Maciejewska et al., 2020). It has also been suggested that CFF might be used as a 

measure for cortical arousal and central nervous system activity (Clemente-Suarez, 2017; 

Davranche & Audiffren, 2004; Fuentes et al., 2018; Parkin et al., 1997). Flicker fusion 

thresholds may even be affected by an individual’s blood oxygen content (Hemelryck et al., 

2013). CFF thresholds also tend to be lower in older people than in younger people (Brozek & 

Keys, 1945; Misiak, 1947; Wilson, 1963). 

Due to numerous external and internal factors that may affect CFF measurements, many 

different methods and techniques have been designed to quantify this trait, making it 

extremely difficult, if not impossible, to compare study results directly. Some methods, such as 

the classical psychophysical “method of constant stimuli,” require a large number of 

repetitions of each stimulus to produce an accurate measure of performance, resulting in 
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extremely long testing times and subsequently introducing fatigue as a possible confounding 

factor (Eisen-Enosh et al., 2017; Gescheider, 1984). 

Additionally, CFF studies often rely on small sample sizes and thresholds are generally only 

reported as group averages, for example when assessing the effects of sex or age on CFF 

thresholds (Ginsburg et al., 1982; Misiak, 1947; Regal, 1981). Previous research has also 

placed considerable focus on how CFF thresholds may be affected by physiological or 

psychological phenomena, or by pharmacological intervention (Carmel et al., 2007; 

Hindmarch, 1982; Leigh, 1982; Smith & Misiak, 1976). This research is valuable, but leaves 

the question of how much natural variation exists in CFF thresholds, and whether varying 

thresholds represent stable individual traits or more fluctuating variation due to other 

factors. 

In the current study, we hypothesized that a considerable amount of natural individual 

variation exists in CFF thresholds. Additionally, we hypothesized that CFF thresholds are a 

stable trait within individuals. Quantitatively these predictions will manifest as larger 

variation among individuals compared to the variation within individuals. To quantify this, we 

employed a modified combination of several commonly used testing methods to address 

several questions: 

1. We measured the amount of natural variation in CFF thresholds in a healthy cohort of  

similar age, in the absence of other stressors. 

2. We measured the test-retest stability of CFF thresholds over time in order to quantify  

within-individual variation. 

3. We assessed the level of correlation between the different testing methods, and the  

robustness of using a testing protocol that drastically decreases testing time by 

combining several methods. 

 

2.3 Methods 

2.3.1 Participants 

88 participants (53 female, age range 18-35 years) were recruited from Trinity College 

Dublin. 47 participants completed the task as part of a larger perception study. 11 of these 

participants were researchers in the School of Psychology and participated voluntarily. The 

remaining 36 were compensated with either a 10 Euro gift voucher per hour or by teaching 

credits forming part of their postgraduate research degree at the rate of 1 credit per half-hour 

of participation, according to the European Credit Transfer System (ECTS). 41 participants 

completed only the CFF threshold task associated with this study and participated on a 
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voluntary basis. All participants provided written, informed consent and all participants had 

normal or corrected-to-normal visual acuity. The study was approved by the Ethics 

Committee of Trinity College Dublin’s School of Psychology (approval ID SPREC052022-01). 

Participant recruitment and data collection commenced on 1 August 2022 and ended on 6 

July 2023. 

2.3.2 Apparatus 

We measured critical flicker fusion thresholds using a novel measuring device, consisting of 

an Arduino Uno R3 microprocessor and a standard 5mm diameter, round-lens 4500K white 

LED light, housed in a black container. An opaque, black viewing tube and goggles with 

blacked out frames were mounted on top of the container, to standardize viewing distance at 

~16 cm and to eliminate almost all ambient light. Flicker frequency of the LED could be 

adjusted with a rotary encoder dial that either increased or decreased flicker rate in 1 Hz 

increments (Fig 2.1)1. We measured luminance and colour temperature with a ColorCal Mk II. 

Mean luminance of the LED was ~255 lux. The device was powered by a personal laptop, 

using a USBC cable. We measured the power input with a Tektronix TDS 210 oscilloscope to 

ensure stability. The precision and stability of the LED flash timings were measured using a 

photometer, both before the start of, and after completion of the study. Participants 

completed the task while seated, with the box placed in front of them on a desk. Participants 

were allowed to hold or tilt the box as needed to suit their comfort and to prevent neck- or 

back strain while operating the device.   

 

 

 

 
1 Flicker was produced with a square waveform, with equal on-off duty cycle. 
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Fig 2.1. CFF measuring apparatus. The LED light and electronic components were housed in 

an opaque, black box. On top were mounted a viewing tube and goggles with blacked-out 

frame. 

 

2.3.3 Testing protocol 

The experiment was conducted throughout the day, between 9am and 5:30pm. The protocol 

consisted of a combination of two commonly used psychophysical experimental techniques: 

the method of limits (MOL) and the method of constant stimuli (MOC). As the method of 

limits generally produces a fast result, but the method of constant stimuli has a higher level of 

precision and stability (Eisen-Enosh et al., 2017), we combined the two methods to produce a 

protocol that took less than 10 minutes to complete. The MOL can be employed in two distinct 

manners (ascending and descending) and we used both, to give us three different CFF 

threshold values per participant, per session. 

The protocol started with two different measurements of the method of limits: participants 

observed a constantly lit LED light through the viewing tube and were then instructed to turn 

the rotary encoder clockwise, to make the light source start flashing. Participants were then 

asked to keep rotating the dial to increase the flash frequency in 1 Hz increments until flashes 

could no longer be perceived and the light appeared steady. The frequency at which this 

occurred was recorded (ascending measurement). The LED light source was then set to a 

flash frequency of 65 Hz, which a previously conducted pilot study found to be well above the 

threshold at which participants were generally able to perceive light flashes at the described 

intensity. This threshold was also consistent with previous findings (Brozek & Keys, 1945; 
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Eisen-Enosh et al., 2017; Hecht & Shlaer, 1936; Hecht & Verrijp; 1933; Muth et al., 2023). For 

the second measurement, participants were instructed to observe the light source again, but 

this time they were asked to turn the dial counter-clockwise to decrease flash frequency, until 

they first observed flashing. The frequency at which this happened was again recorded 

(descending measurement). One participant indicated during one session that they were able 

to perceive flashing at the starting point of 65 Hz. For this session, the starting point was set 

to 80 Hz instead. 

The third step consisted of the method of constant stimuli: for each participant, we took the 

highest of the two aforementioned recorded thresholds, and created a series of 10 flash 

frequencies in 1 Hertz steps: 5 frequencies below the recorded threshold, and 4 frequencies 

above it. Each of the frequencies in the series was then multiplied by 5 to produce a set of 50 

stimuli. We then randomized the entire set and presented it to the participant. Participants 

were then instructed to cycle through all of the 50 frequencies in the series, one by one, using 

the rotary encoder dial to instantiate the next stimulus in the set. Participants were asked to 

inform the experimenter for each stimulus whether they observed a steady light or not. The 

final critical flicker fusion threshold for the individual was determined by calculating the 

highest frequency in the series at which the user was able to perceive flashing 80% of the 

time.  

2.3.4 Within-individual variation 

To investigate the stability of CFF thresholds within individuals, 49 participants completed 

the task three times, with a minimum of 24 hours between each measurement. Each 

participant was retested during the same part of the day: either in the morning or in the 

afternoon. 

2.3.5 Statistical analysis 

We performed statistical analyses using R version 4.2.1 (R Core Team, 2022) and RStudio 

version 2023.3.0.386 (Posit Team, 2023). We calculated method of constant stimuli 

thresholds by creating a binomial generalized linear model for each participant, using the 

proportion of responses per frequency at which flicker was perceived as response variable 

and the frequency in Hertz as the explanatory variable. In these models, the range for y was 

set to 0 – 1, with 0.8 corresponding to an 80% correct score. We therefore calculated the x-

value at which y = 0.8 (Fig 2.2). We analysed the between- and within- individual variation 

with random mixed effects models, using the lme4 package (Bates et al., 2015) and we used 

Pearson’s correlation coefficient to analyse the level of correlation between the three different 

measurements. Normality of the data was assessed numerically with Shapiro tests and 

visually with quantile-quantile-plots of model residuals. Quantile-quantile plots were created 
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using the car package, which contains functions and tools for statistical regression analysis 

(Fox & Weisberg, 2019). 

 

Fig 2.2. Example of CFF-threshold calculation for the method of constant stimuli. We 

created and plotted binomial models for each participant. The CFF threshold was then 

calculated for each participant as the x-coordinate at which the proportion of correct 

responses was equal to 0.8. Shown here as the intersection point of the two dashed blue lines, 

where y = 0.8 and x = 57.08. 

CFF thresholds followed a normal distribution for the method of constant stimuli (P = 0.12) 

and descending method of limits (P = 0.57), but not for the ascending method of limits (P < 

0.05). Visual inspection indicated this was likely due to two extremely low values of 20 and 21 

Hz. (Fig 2.3) Quantile-quantile plot indicated a normal distribution otherwise, and Shapiro-

Wilks test with the two outliers excluded confirmed normality of the data (P = 0.07). As the 

two outliers represent natural population variation, they were not excluded from the dataset 

and parametric analyses were carried out for all three methods. 

 

2.4 Results 

2.4.1 Correlation between methods 

We obtained three CFF-threshold values for each participant (n = 88): one using the 

ascending method of limits, one using the descending method of limits and one using a 

shortened version of the method of constant stimuli. We found a high level of correlation 

(P<0.001) between all three methods, with Pearson’s r = 0.93 between MOC and MOL 
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descending, r = 0.76 between MOC and MOL ascending and r = 0.68 between MOL descending 

and MOL ascending (Fig 2.3).  

 

Fig 2.3. Correlation between the different methods. A: correlation between MOC and MOL 

descending, b: correlation between MOC and MOL ascending, and c: correlation between MOL 

ascending and MOL descending. 

 

2.4.2 Variation in CFF thresholds 

We tested a total of 88 participants and recorded three CFF threshold measurements for each 

participant. The distribution of CFF values was similar for each method (Fig 2.4). Table 2.1 

lists the results for each method used. 

Table 2.1. Comparison of the three CFF measuring methods.  

Method Min. Max. Mean SD Variance 95% PI 

MOC 34.09 60.71 49.59 5.41 29.29 ± 10.6 

Asc. MOL 20 64 46.81 7.63 58.27 ± 15 

Desc. MOL 33 61 49.66 5.54 30.69 ± 10.9 

Results of CFF measurement for the method of constant stimuli (MOC), ascending method of 

limits (Asc. MOL) and descending method of limits (Desc. MOL). Columns indicate method, 

minimum and maximum measured values, group mean, standard deviation (SD), variance and 

95% prediction interval (PI), respectively.  
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Fig 2.4. Distribution of CFF thresholds for the three different measurements. The 

method of constant stimuli and descending method of limits both followed a normal 

distribution (Shapiro-Wilk normality test: P = 0.12 and P = 0.57 respectively). Due to two 

influential extremely low values, the ascending method of limits does not follow a normal 

distribution (P < 0.05). 

 

We found no difference in mean CFF-thresholds between males and females for any of the 

methods (P>0.05) (Fig 2.5). 

 

 

 

Fig 2.5. Boxplots of CFF-thresholds for each method, separated by sex. T=1.93 for MOC, 

t=0.54 for Asc. MOL and t=1.96 for Desc. MOL. M = males, F = females. 

 

2.4.3 Test-retest variability 

Of the 88 participants, 49 participants completed three sessions of CFF measurements. For 

each method, all three sessions were highly correlated with each other (Table 2.2). Within- 

and between individual variation in CFF thresholds for all three methods were analysed using 

mixed effects models, where the CFF threshold was used as the response variable, session as 

explanatory variable, sex as a fixed effect and participant as random effect. As we 

hypothesized that the magnitude of within-participant variation might not be equal between 
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participants, we performed the analyses using both random intercept and random slope 

models. The random slopes allow for different rates of change in CFF over the course of the 

three sessions. We used ANOVA to compare full (random slope and intercept) models against 

random-intercept-only models and against null models. To investigate possible effects of sex 

on CFF, best-fitting models were also compared against similar models that did not include 

the “sex” variable.  

 

Table 2.2. Correlations between each session for each method.  

Method S1 – S2 S1 – S3 S2 – S3 

 R P R P R P 

MOC 0.9 <0.001 0.82 <0.001 0.9 <0.001 

Asc. MOL 0.61 <0.001 0.43 <0.01 0.82 <0.001 

Desc. MOL 0.83 <0.001 0.72 <0.001 0.86 <0.001 

The level of correlation is indicated with Pearson’s r, between session one and two (S1-S2), 

session one and three (S1-S3) and session two and three (S2-S3). 

 

For all three methods, data was best explained with the inclusion of a random intercept and 

slope. For all three methods, full models were significantly different from random-intercept-

only models and null-models, indicating that CFF thresholds within the same participants 

differed between sessions (Table 2.2.  P<0.01 for all methods).  Session correlated positively 

with CFF for all three methods, with 0.89 Hz for MOC, 1.22 Hz for ascending MOL and 1.3 for 

descending MOL, which accounted for about 10% of the variance for each method. About 80% 

of the variance in the multiple-measures data was explained by between-participant 

differences. The remaining 4 - 9% variance can be assumed to be due to within-individual 

differences (Table 2.3). 
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Table 2.3. Overall mean CFF, mean CFF difference between sexes and variance 

distribution for each method. 

Method Mean 

CFF 

Female – male 

difference in Hz 

Between-

participant 

variance 

Session  

variance 

Residual  

variance 

MOC 49.88 -2.56 17.20 1.88 1.8 

Asc. MOL 46.32 -1.58 56.91 8.43 6.36 

Desc. MOL 49.76 -3.03 26.73 3.37 3.17 

 

 

2.4.4 Sex differences in within-individual variation 

For the descending MOL, the model including sex was significantly different from the model 

where it was not included as a fixed variable (P<0.05) and for the MOC the two models were 

near-significantly different (P=0.055). For both models AIC values were lower with sex 

included as a fixed variable. For the ascending MOL, AIC values were similar and removing the 

variable “sex” did not have an effect on the model (P=0.29). Due to this possible effect of sex 

on the models, we conducted a post-hoc analysis of the multiple-measures data for each sex 

separately. We again created random slope fixed effects models with CFF threshold for each 

method as the response variable, session as explanatory variable, and participant as a random 

effect. This time, for all three methods, full models were no different from null-models for 

male participants (n = 20), indicating that for males, CFF-thresholds were relatively stable 

between sessions (P=0.38 for MOC, P=0.17 for asc. MOL and P=0.31 for desc. MOL). For 

females (n = 29) however, full models were significantly different from null models for each 

method (P<0.001 for MOC and desc. MOL, and P<0.05 for asc. MOL) (Fig 2.6). In males, CFF 

increased by about 0.4 Hz. between sessions on average, whereas in females it increased by 

about 1.6 Hz (Table 2.4). 
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Fig 2.6. CFF test-retest variability for males and females. Correlation plots comparing 

CFF-thresholds between session one and two, session two and three and session one and 

three for the method of constant stimuli (top row), the ascending method of limits (middle 

row) and the descending method of limits (bottom row). Male CFF displayed in blue, female 

CFF displayed in purple. 
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Table 2.4. Model summaries of multiple-measures CFF per method for each sex. 

Method Mean 

CFF 

Difference 

between sessions 

in Hz 

Between-

participant 

variance 

Session  

variance 

Residual  

variance 

Male MOC 48.02 0.24 13.55 0.45 2.08 

Male asc. MOL 45.93 0.63 22.67 1.78 4.23 

Male desc. MOL 48.12 0.4 20.06 1.39 3.35 

Female MOC 49.4 1.34 19.16 2.37 1.6 

Female asc. MOL 45.49 1.64 78.86 12.6 7.83 

Female desc. 

MOL 

48.81 1.91 29.08 3.79 3.04 

 

 

2.5 Discussion 

With our current study, we have validated a quick, low-cost and portable method to test CFF 

thresholds. Results from all three methods followed a similar range and standard deviation 

(Table 2.1). The CFF threshold range discovered for the method of constant stimuli is also in 

agreement with the one found in Eisen-Enosh et al. (2017). Similar to our results, Eisen-

Enosh et al. also reported a slightly lower test-retest repeatability for the method of limits 

than for the method of constant stimuli. This, according to our findings, may in most part be 

due to the ascending part of the measurement. Our results indicate that a shortened version 

of the method of constant stimuli can still provide an accurate result, while greatly reducing 

testing time. The ascending method of limits may be slightly more prone to extreme results. It 

is common in psychophysical paradigms to calculate a mean threshold from only an 

ascending- and a descending method of limits measurement (De Así s Ferna ndez et al., 2019; 

Eisen-Enosh et al. 2017; Ginsburg et al., 1982), which may skew the results and may not 

represent an individual’s true CFF threshold if one of the values turns out to be an outlier. CFF 

thresholds may potentially be made more robust by adding the shortened version of the 

method of constant stimuli.  

Much of the existing literature relating to CFF compare measured thresholds to other physical 

and/or psychophysical attributes. Our study placed focus on variation in CFF thresholds both 

within- and between individuals of similar age. With this study, we have shown that there are 

considerable individual differences in CFF thresholds and that CFF is relatively stable over 

time. We found no significant difference in mean CFF thresholds between males and females, 
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which is in agreement with previous findings (Kaur et al., 2020; Liu et al., 2015; Misiak, 1947; 

Wilson, 1963). However, the results from our post-hoc analysis do show a clear difference 

between sexes in the test-retest repeatability of CFF. This could be an indication that CFF 

might be more stable in males than in females, but replication studies are needed to further 

explore this possibility.  

As all participants in our study were within a small age range, had normal or corrected-to-

normal visual acuity and all declared to be in general good health, the observed variation in 

CFF thresholds cannot be explained by variation in these factors. However, visual perception 

involves many physiological and psychological processes. It is therefore difficult to determine 

from where this variation might arise. For example, at the physical level, differences in the 

anatomy of the primary visual cortex can affect the processing of visual information 

(Himmelberg et al., 2022). At the higher level of psychological processing, the formation of a 

percept and subsequently, the generation of a decision about that percept, also influence 

whether an individual determines they are perceiving a stimulus as constant or not-constant. 

Additionally, natural variation in brain wave oscillations may result in a difference in visual 

integration window sizes in different individuals (Samaha & Postle, 2015).   

The magnitude of the variation in CFF we found between individuals is quite large, and we 

calculated a prediction interval of roughly 21 Hz (± 10.6 Hz from the calculated mean). This 

amount of variation is comparable with the variation reported among closely related species 

that occupy different ecological niches, such as having habitats with different luminance 

levels (Jenssen & Swenson, 1974; McComb et al., 2010) or having a preference for faster or 

slower moving prey (Potier et al., 2020). This suggests that the spread of CFF thresholds in 

humans is in a range that could have important effects on function. It would therefore be 

interesting to explore how individual variation in visual temporal resolution in humans may 

translate to perception and behaviour in real-world scenarios, especially those requiring 

high-speed perception and action, such as athletic performance or competitive gaming.  
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Chapter 3 

Individual peak alpha frequency correlates with visual 

temporal resolution, but only under specific task conditions 

 

Author contributions 

I co-conceived the idea, collected and analysed the data and wrote the manuscript. Redmond 

O’Connell, Kevin Mitchell and Andrew Jackson all contributed to the conception of the idea, 

secured funding and contributed to the analysis of the data and writing of the manuscript. 

Redmond O’Connell provided access to electroencephalogram testing facilities. 

 

Status 

This chapter has been published as: 

Haarlem, C. S., Mitchell, K. J., Jackson, A. L., & Connell, R. G. O. (2024). Individual peak alpha 

frequency correlates with visual temporal resolution, but only under specific task 

conditions. European Journal of Neuroscience, August, 1–14. 

  



21 

3.1 Abstract 

The study of alpha band oscillations in the brain is a popular topic in cognitive neuroscience. 

A fair amount of research in recent years has focused on the potential role these oscillations 

may play in the discrete sampling of continuous sensory information. In particular, the 

question of whether or not peak frequency in the alpha band is linked with the temporal 

resolution of visual perception is a topic of ongoing debate. Some studies have reported a 

correlation between the two, whereas others were unable to observe a link. It is unclear 

whether these conflicting findings are due to differing methodologies and/or low statistical 

power, or due to the absence of a true relationship. Replication studies are needed to gain 

better insight into this matter. In the current study, we replicated an experiment published in 

a 2015 paper by Samaha & Postle. Additionally, we expanded on this study by adding an extra 

behavioural task, the critical flicker fusion task, to investigate if any links with peak alpha 

frequency are generalizable across multiple measures for visual temporal resolution. We 

succeeded in replicating some, but not all of Samaha & Postle’s findings. Our partial 

replication suggests that there may be a link between visual temporal resolution and peak 

alpha frequency. However, this relationship may be very small and only apparent for specific 

stimulus parameters. The correlations found in our study did not generalize to other 

behavioural measures for visual temporal resolution. 

 

3.2 Introduction 

The question of whether perception is discrete, continuous or a combination of both has been 

a subject of ongoing debate in the fields of sensory neuroscience, psychology and philosophy 

for many years (VanRullen & Koch, 2003; Herzog et al., 2016; Ruzzoli et al., 2019). Many 

different “flash fusion” paradigms have been developed based on the notion that our sensory 

system may sample information in discrete time windows: if two sensory stimuli, usually 

visual and/or auditory, are quickly flashed within the same time window, they are fused to 

form a single percept. If one of the stimuli falls outside of the window, they are segregated and 

two separate percepts are formed. 

The rhythmic nature of brain activity is often proposed as a possible mechanism to support 

the idea of discrete sampling and is theorized to be a driving factor behind the integration and 

segregation of sensory information (Schroeder & Lakatos, 2009; Keitel et al., 2022; VanRullen 

& Koch, 2003). More specifically, the phase and frequency of neural oscillations are thought to 

determine the size of the temporal sampling window. 
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Neural oscillations are generally grouped into five distinct bands: delta (1 – 4 Hertz), theta (5 

– 8 Hertz), alpha (8 – 13 Hertz), beta (13 – 30 Hertz) and gamma (30+ Hertz) (Başar et al., 

2001; Ward, 2003; Keil & Senkowski, 2018). As alpha band oscillations are the dominant 

oscillations in the brain, they have been studied extensively and have been found to be 

affected by the activity of the visual system in multiple ways, with one of the most basic 

findings being that alpha power is high when eyes are closed, but suppressed when eyes are 

open (Adrian & Matthews, 1934; Klimesch, 2012). One popular theory is that alpha-band 

oscillations may play a role in the modulation of visual stimulus detection (Ergenoglu et al., 

2004; Hanslmayr et al., 2005; Morrow & Samaha, 2022; Mathewson et al., 2009). Some 

studies have found that the phase and frequency of alpha oscillations may affect whether or 

not a near-threshold stimulus is perceived, with higher frequency alpha oscillations being 

correlated with a more finely tuned capacity to segregate visual asynchronous stimuli (Busch 

et al., 2009; Mathewson et al., 2009; Samaha & Postle, 2015). Other studies however, failed to 

replicate this effect (Buergers & Noppeney, 2022; Ruzzoli et al., 2019). It is unclear whether 

this failure to replicate is due to the absence of a true relationship or because the previously 

mentioned studies all differed in their task paradigms and analysis methods. As pointed out 

by Keitel et al. (2022), the lack of direct replications is one of the main issues this field suffers 

from, along with small effect sizes and low statistical power. 

To address this issue, we carried out a replication of a visual perception experiment 

conducted by Samaha & Postle in 2015. In this experiment, a two-flash fusion task was used 

to investigate how alpha-band oscillations may affect the perception of near-threshold visual 

stimuli. The study found that both pre-stimulus and eyes-closed peak alpha frequency 

correlated with flash-fusion thresholds between subjects. Moreover, the study found that 

within subjects, instantaneous peak alpha was correlated with perceptual accuracy. 

Samaha & Postle’s 2015 study design is perfectly suited for a replication study for several 

reasons: first, the task itself is both easy to reproduce and easy to understand for participants. 

Second, the use of a stimulus with multiple gap lengths allows for the construction of 

psychometric functions similar to those of other measures for visual temporal resolution, 

making the results of different paradigms comparable. Third, Samaha & Postle’s study design 

facilitates the exploration of possible correlations between temporal resolution and multiple 

aspects of peak alpha frequency: both at rest and during task performance, and both 

between- and within individuals. Lastly, the results of the original study reported a relatively 

large effect size. As the potential link between temporal resolution and brain rhythmicity has 

proven to be controversial in the field, it can be beneficial to conduct replications of studies 

that have observed large effects. 
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In the current study, we employed the two-alternative-forced choice gap detection task 

(hereafter: flash-fusion task) used by Samaha & Postle with a larger sample size, and carried 

out similar electroencephalogram (EEG) data analyses to compare flash-fusion thresholds in 

relation with peak alpha frequency for resting-state and pre-stimulus scenarios. We also 

replicated within-participant analyses to investigate potential correlations between 

instantaneous alpha frequency and perceptual accuracy, using methods developed by Cohen 

(2014).  

Additionally, we hypothesized that, if natural variation in peak alpha frequency is indeed 

indicative of an individual’s visual temporal resolution, it should correlate with different 

behavioural measures of visual perception speed. We therefore expanded the original study 

by also including a second visual perception speed task: the critical flicker fusion threshold 

task (hereafter: CFF task), which utilizes a continuously flickering stimulus to estimate 

individual temporal resolution thresholds. 

 

3.3 Methods 

3.3.1 Sample size and effect size analysis 

To calculate the necessary minimum sample size for our replication, we used the effect sizes 

of the two main findings of the original study. Samaha & Postle reported an effect size of r = -

0.503 for the observed correlation between eyes-closed data and peak alpha frequency, and r 

= -0.605 for the observed correlation between pre-stimulus data and peak alpha frequency. 

We aimed to have a statistical power of at least 90% (beta = 0.9). As our aim was to replicate 

the finding that higher peak alpha frequency is correlated with a lower flash-fusion threshold, 

we employed a one-sided hypothesis approach and a significance level of 5% (alpha = 0.05). 

We calculated the minimum sample size necessary for replication using the R package “pwr” 

(Champely, 2020). The results of the calculations suggested a minimum sample size of 31 

participants for the eyes-closed data, and 20 participants for the pre-stimulus data. 

3.3.2 Participants 

We recruited 32 participants (17 female, age range 18 – 35 years) from Trinity College Dublin. 

All participants provided written, informed consent and all participants had normal or 

corrected-to-normal visual acuity. Participants were compensated for participating with 

either a € 10,- gift voucher per hour or with teaching credits forming part of their 

postgraduate research degree worth 1 ECTS per half hour of participation. The study was 

approved by the Ethics Committee of Trinity College Dublin’s School of Psychology (approval 
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ID SPREC052022-01). One participant was excluded from analysis due to near chance 

performance on the flash-fusion task at all stimulus levels. Two participants showed no alpha-

band peak in pre-stimulus EEG recordings and were excluded only from the pre-stimulus 

analyses. 

3.3.3 Computerized flash-fusion task 

We modelled the flash-fusion task after the one used in Samaha & Postle and followed a 

similar protocol (Fig 3.1). Participants were seated ~60 centimetres (cm) away from a 

computer monitor with a 100 Hertz (Hz) refresh rate. The task consisted of white disk stimuli 

appearing against a black background. Each trial started with a white fixation cross in the 

middle of the screen, at 0.98 degrees visual angle. The fixation cross reduced in luminance 

before stimulus onset to prepare participants. The duration of this period was drawn from a 

uniform distribution between 1000 and 1500 milliseconds (ms). The fixation cross remained 

present for the duration of the trial. Disk stimuli, at 1.23 degrees visual angle, were presented 

either to the left or to the right side, at 2.45 degrees visual angle (0.20 candela per square 

meter) of the fixation cross, with equal probability. Fifty percent of the trials were two-flash 

trials, in which a disk appeared for 40 ms, then disappeared for either 10, 20, 30, 40 or 50 ms, 

and then reappeared for 40 ms. The other fifty percent were one-flash trials, in which a disk 

appeared for durations that varied to match the stimulus onset to stimulus offset lengths for 

each stimulus type of the two-flash trials. 800 ms after stimulus offset the fixation cross 

increased in luminance to prompt participants to make a response. Participants held a mouse 

in both hands during the task and responded by clicking the left button with their left thumb 

to indicate when they perceived a single flash trial, or by clicking the right button with their 

right thumb to indicate when they perceived a two-flash trial. The next trial did not start until 

a response had been made and participants were instructed to focus on accuracy over speed. 

Participants completed 20 practice trials, followed by 600 test trials divided into 6 blocks. 

Each of the five inter-stimulus intervals thus appeared 120 times during test trials, with 60 

trials being two-flash stimuli and 60 trials being one-flash stimuli. Participants took self-

paced breaks in between each block.  

Our task design deviated from Samaha & Postle’s design in three minor ways: due to the 

physical set-up of equipment in our lab, participants were seated at ~60 cm away from the 

monitor, whereas in the original design this was ~70 cm. Because the original task design did 

not specify any specific colour values for the stimulus disks, or the amount with which 

fixation luminance decreased before stimulus onset, we were unable to replicate these 

variables exactly. We therefore opted to use white stimulus disks to optimize contrast, and we 

decreased the luminance of the fixation cross by 40% before stimulus onset. 
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Figure 3.1. Task set-up and stimulus conditions. Reproduced from Samaha & Postle 

(2015). The image presented here has been altered from the original by removing a 

“confidence” step at the end of each trial, which was not analysed in the original study and 

therefore is not included here. 

A: Depiction of a trial. The start of a trial was indicated with a white fixation cross, which 

reduced in luminance to prompt for an upcoming stimulus. Stimulus consisted of a single 

flash event in half of the trials and a double flash event in the other half. Flash events were 

presented either to the left or to the right of the fixation cross with equal probability.  

B: Double flash events consisted of a white stimulus disk appearing for 40 ms, followed by a 

gap of 10 – 50 ms, after which the stimulus disk reappeared for another 40 ms. Lengths of 

single flash events were varied to match the duration of the double flash events.  

 

3.3.4 Psychometric functions 

We used the results from the flash-fusion task to create a psychometric function for each 

participant, using the Palamedes toolbox (Prins, N. & Kingdom, F.A.A., 2018) for MATLAB (The 

Mathworks Inc., 2022). Following the methods used in Samaha & Postle (2015), we employed 

a logistic function with four parameters: “guess rate,” “threshold,” “slope” and “lapse rate” to 

estimate the correct response rate for the different stimulus conditions. Guess rate was fixed 
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at 0.5. The other three parameters were estimated for each participant. Lapse rate was set to 

the limits of 0 – 0.06. We used goodness-of-fit testing to compare the deviance of the fit to the 

real data with deviance of the fit to 1,000 simulated datasets for each participant. No 

participant’s fit exceeded the 95th percentile, indicating that all created psychometric 

functions fell within the expected range for the type of data and no function was deemed an 

outlier. 

3.3.5 CFF threshold measurement 

We measured critical flicker fusion thresholds using a novel measuring device and custom 

methods, the accuracy and robustness of which were validated in a separate, parallel study 

(Chapter 2, published as Haarlem et al., 2024b). The protocol for measuring CFF thresholds 

outlined below are reproduced from that study’s methods section. All CFF thresholds 

measured in the current study were also included in the dataset used in Haarlem et al. 

(2024b). 

The device consisted of an Arduino Uno R3 microprocessor and a 4500K white light-emitting 

diode (LED), housed in a black container. An opaque, black viewing tube was mounted on top 

of the container, to standardize viewing distance at ~16 cm and to eliminate almost all 

ambient light. Flicker frequency of the LED could be adjusted with a rotary encoder dial that 

either increased or decreased flicker rate in 1 Hz increments. We measured luminance and 

colour temperature with a ColorCal Mk II. Mean luminance of the LED was ~255 lux. The 

device was powered by a personal laptop, using a USBC cable. We measured the power input 

with a Tektronix TDS 210 oscilloscope to ensure stability. The precision and stability of the 

LED flash timings were measured using a photometer, both before the start of, and after 

completion of the study. 

The protocol consisted of a measurement of 3 different quantifications of a participant’s 

ability to perceive flashes and was based on a combination of two commonly used 

psychophysical experimental techniques: the method of limits and the method of constant 

stimuli. The protocol started with the method of limits: participants observed a constantly lit 

LED light through the viewing tube and were then instructed to turn the rotary encoder 

clockwise, to make the light source start flashing. Participants were then asked to keep 

rotating the dial to increase the flash frequency in 1 Hz increments until flashes could no 

longer be perceived and the light appeared steady. The frequency at which this occurred was 

recorded. The LED light source was then set to a flash frequency of 65 Hz, which is above the 

threshold at which humans are able to perceive light flashes at the described intensity. For the 

second measurement, participants were instructed to observe the light source again, but this 
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time they were asked to turn the dial counter-clockwise to decrease flash frequency, until 

they first observed flashing. The frequency at which this happened was again recorded.  

The third step consisted of the method of constant stimuli: for each participant, we took the 

highest value measured with the method of limits, and created a series of 10 flash frequencies 

in 1 Hertz steps: 5 frequencies below the recorded threshold, and 4 frequencies above it. Each 

of the frequencies in the series was then multiplied by 5 to produce a set of 50 stimuli. We 

then randomized the entire set and presented it to the participant. Participants were then 

instructed to cycle through all of the 50 frequencies in the series, one by one, using the rotary 

encoder dial to instantiate the next stimulus in the set. Participants were asked to inform the 

experimenter for each stimulus whether they observed a steady light or not. The final critical 

flicker fusion threshold for the individual was determined by calculating the highest 

frequency in the series at which the user was able to perceive flashing 80% of the time.    

Participants completed the CFF task roughly 30 minutes prior to the first eyes-closed EEG 

recording. 

3.3.6 EEG-recording and processing 

We recorded EEG from 128 scalp electrodes, using the Active Two Biosemi system, arranged 

according to the 10-5 system (Oostenveld & Praamstra, 2001). We recorded electrooculogram 

vertically, with one electrode just above the eyebrow and one approximately 3 cm below the 

eye. EEG was recorded with a sampling rate of 512 Hz. 

We recorded eyes-closed resting state EEG for two minutes before participants started the 

computerized perceptual task, and again for two minutes after participants completed the 

task. Participants were asked to relax and sit still during this period. The four minutes of eyes-

closed EEG recordings were then cut into 1-second, non-overlapping epochs for analysis. 

Epoched data was then detrended and we used spherical-spline interpolation to interpolate 

an average of 2.9% of electrodes due to high noise levels. 

Pre-stimulus-EEG data was recorded during task performance and was epoched from -700 – 

0 ms relative to stimulus onset. Epoched pre-stimulus data was then detrended and an 

average of 3.4% of electrodes was interpolated. 

We used Matlab (Mathworks, 2022) for the pre-processing of all EEG-recordings, using 

custom Matlab scripts. Current source density (CSD) transformation is used in many EEG 

studies in order to reduce volume conduction effects and signal mixing (Kayser & Tenke, 

2006; 2015). This step was not carried out in Samaha & Postle’s original study. We therefore 

opted to analyse the data both with- and without applying CSD transformation in order to 

determine its impact.  
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For the CSD-transformed eyes-closed EEG data, we rejected epochs when voltages exceeded a 

CSD-transformed amplitude threshold of 500 microvolts per square meter (µV m2) for both 

scalp and eye electrodes. An average of 47 (standard deviation (SD) 53.5) epochs were 

rejected per participant. For CSD-transformed pre-stimulus EEG data, we rejected epochs 

when voltages exceeded a threshold of 500 µV m2 for scalp electrodes or 100 µV for eye 

electrodes (eye electrodes were not included in the CSD-transformation and therefore 

required a lower threshold). We rejected an average of 125 (SD 108.2) epochs per participant. 

For the non-CSD-transformed eyes-closed EEG-data, we rejected epochs when voltages 

exceeded a threshold of 100 µV for scalp electrodes and 500 µV for eye electrodes. We 

rejected an average of 32 (SD 28) eyes-closed EEG-data epochs per participant. For non-CSD-

transformed pre-stimulus EEG-data, we rejected epochs when voltages exceeded 100 µV for 

all electrodes. We rejected an average of 52 (SD 58.8) epochs of pre-stimulus EEG-data per 

participant.  

Epochs were then multiplied by a hamming window and fast Fourier transformed with a 

frequency resolution of 0.1 Hz. Individual alpha peak frequency was defined as in Samaha & 

Postle and was extracted from the highest amplitude in the power spectrum within the 

frequency range 8 – 13 Hz. All participants showed a clear peak within this range at all scalp 

electrodes for eyes-closed data. Similar to the original study, not all electrodes showed a peak 

in the 8 – 13 Hz frequency range and no electrode showed a peak for all participants for pre-

stimulus data. We therefore followed the original methodology and chose whichever 

electrode had the highest power amplitude within the alpha band range for each participant.  

Because it has been shown that peak alpha frequency can change over time within an 

individual (Cohen, 2014), we computed instantaneous alpha to assess if pre-stimulus alpha 

frequency is higher prior to correct task responses compared to incorrect responses. 

Instantaneous alpha corresponds to the first temporal derivative of the phase angle time 

series. To calculate instantaneous alpha, we replicated Samaha & Postle’s method, and chose 

the electrode that had the highest amplitude in the alpha band range for the pre-stimulus 

recordings at the group level, which we interpreted as the electrode that had the highest 

alpha amplitude for most participants: electrode Fp2. Following our same reasoning as with 

the previous analysis, we again also computed instantaneous alpha frequency for electrode 

PO8. We epoched the pre-stimulus EEG-recordings from -700 to 0 ms relative to stimulus 

onset, and then copied, flipped and appended each epoch to avoid edge artifacts. Using code 

developed by Cohen (2014), we then defined frequency boundaries of 8 – 13 Hertz, and 

applied a zero-phase bandpass filter with 15% transition zones. We extracted the analytic 

signal with a Hilbert transform and median filtered using default parameters set by Cohen: 

we applied the median filter ten times with different window sizes ranging from 10 to 400 
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ms, in steps of 10 ms. As Samaha & Postle only reported instantaneous frequency for the 500 

ms prior to stimulus onset, we followed their method and only calculated instantaneous alpha 

for the timepoints ranging from -500 – 0 ms. 

3.3.7 Statistical analysis 

We used R (version 4.2.1; R Core Team 2022) and RStudio (version 2023.3.0.386; Posit Team 

2023) to carry out the statistical analysis. All data was checked for the presence of significant 

outliers and we used linear models to assess linearity, distribution of residuals and 

homogeneity of variance. Unless otherwise stated, no statistically significant outliers were 

detected and all data met assumptions of linearity, homogeneity of variance and normal 

distribution of residuals, and two-tailed correlations were tested with Pearson’s correlation 

coefficient (see Appendix A for full results of linear modelling). We used cluster-based 

permutation testing for the analysis of within-participant variation in peak alpha frequency 

(instantaneous alpha), using the “permutes” (Voeten, 2022) and “permuco” (Frossard, 2021) 

packages. 5000 permutations of randomly shuffled data were used to create a distribution of 

cluster sizes expected under the null- hypothesis. Clusters of real data that exceeded the 95th 

percentile of this null distribution were deemed statistically significant.  

As an additional check for correlation robustness, we also carried out post-hoc correlation 

analyses for the main findings with the Matlab toolbox “Robust correlation” (Pernet et al., 

2013). This toolbox calculates several alternative correlation methods, one of which being the 

“skipped-correlation,” which protects against bivariate outliers by taking into account the 

structure of the data (Rousseeuw, 1984; Rousseeuw & Van Driessen, 1999; Verboven & 

Hubert, 2005). For the main findings, we reported the results from both correlation analysis 

methods. Note that the skipped-correlation method does not produce P-values, but calculates 

significance by thresholding T-values instead. Unless otherwise stated, we reported Pearson’s 

r, and significance of the skipped-correlation method matches that of the results obtained in 

our R analysis. 

 

3.4 Results 

For all participants, alpha power was highest at occipital and parietal electrodes, both for the 

eyes-closed and pre-stimulus EEG data. Alpha power for pre-stimulus EEG-recording was 

substantially reduced compared to eyes-closed EEG recording (Fig 3.2).  
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Figure 3.2. Topography of resting state alpha band (8 – 13 Hz) power, recorded from 

128-electrode EEG. The topographies display data averaged over all participants. Alpha band 

power was highest in the occipital region for both eyes-closed EEG recording (left) and pre-

stimulus EEG recording (right).   

 

3.4.1 Effect of Current Source Density (CSD)-transforming on peak alpha 

frequency  

We extracted peak alpha frequencies from the dataset both after applying CSD-transformation 

during EEG pre-processing and without applying CSD-transformation (see Methods). For 

resting state data, the two versions of the dataset were highly correlated (r = 0.96, df = 29, P < 

0.001) and the mean difference between the two was 0.07 Hz (t = 1.9, df = 30, P = 0.064). Pre-

stimulus CSD transformed data was also highly correlated with its non-CSD transformed 

counterpart (r = 0.62, df = 28, P < 0.001). The mean difference between these versions was 

0.27 Hz. Though the two datasets did not differ from each other significantly (t = 1.96, df = 29, 

P = 0.06), a difference of 0.27 Hz in the alpha band range could potentially be meaningful. We 

therefore conducted all further correlation tests with both the CSD transformed and the non-

CSD transformed versions of the data. Unless otherwise stated, we found no difference 

between the two versions of the data and only reported results from the non-CSD 

transformed dataset.   

3.4.2 Flash fusion task 

Psychometric functions 
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We fitted a psychometric function based on each participant’s accuracy in the flash-fusion 

task (Fig 3.3) and calculated flash-fusion thresholds, defined as the interstimulus-interval at 

which accuracy is 75%. 

 

Figure 3.3. Psychometric functions fitted for each participant. Flash-fusion threshold 

corresponds to the inter-stimulus interval at which the participant performed with 75% 

accuracy. 

  

Eyes-closed EEG analysis 

Eyes-closed EEG data consisted of a 2-minute pre-task and a 2-minute post-task recording, 

which were highly correlated with each other (r = 0.91, 29 degrees of freedom (df), P < 

0.001). Pre- and post-task recordings were therefore analysed as one dataset for each 

participant. We detected a moderate correlation in the expected direction between eyes-

closed peak alpha frequency and flash-fusion thresholds (Fig 3.4, left) with both the Pearson 

correlation analysis method in R (r = -0.43, df = 29, P = 0.016) and the skipped-correlation 



  

32 

method in Matlab (r = -0.43, correlation coefficient confidence interval (CI) = [-0.685, -0.021], 

one outlier detected). We found no correlation between eyes-closed alpha power and flash-

fusion thresholds with either analysis method (R analysis: r = 0.14, P = 0.438; skipped-

correlation analysis: r = 0.240893, CI = [-0.11, 0.614], no outliers detected). 

Pre-stimulus EEG analysis 

Following the original study's protocol for pre-stimulus data, we calculated peak alpha 

frequency from the electrode that showed the highest amplitude in the alpha band range for 

each participant. We detected no significant correlations between peak alpha frequency and 

flash-fusion thresholds with the R analysis (r = -0.29, df = 28, P = 0.124) (Fig 3.4, middle) or 

the post-hoc skipped-correlation analysis (r = -0.2, CI = [-0.571, 0.292], no outliers detected). 

Pre-stimulus peak alpha power and flash-fusion thresholds were also not correlated (R 

analysis: r = 0.18, df = 29, P = 0.336; skipped-correlation analysis: r = 0.179416 CI = [-0.149, 

0.489], one outlier detected).  

Having initially failed to replicate Samaha & Postle’s original result with the pre-stimulus 

dataset, we included a second analysis, post-hoc. Previous findings (Pfurtscheller et al., 1996; 

Busch et al., 2009; Ruzzoli et al., 2019) have indicated that high alpha power may be 

indicative of suboptimal performance or the absence of sensory processing, and a suppressed 

alpha power may be indicative of focused attention. Therefore, selecting the electrodes with 

highest amplitudes during task performance to extract peak alpha frequency may not be the 

most informative for pre-stimulus data. For our second analysis, we thus selected the 

electrode that had the highest amplitude in the alpha band in the eyes-closed data instead of 

the pre-stimulus data and used this same electrode to analyse peak alpha frequency in the 

pre-stimulus data. The electrode with the highest amplitude in the alpha-band for most 

participants was electrode PO8, located in the occipital region (Fig 3.5). The location of this 

electrode was close to the location of the electrode identified as having the highest power at 

the group level in Samaha & Postle’s study (electrode O2). Two participants did not show a 

peak in the alpha band in pre-stimulus recordings for electrode PO8 and we therefore 

excluded these participants from the respective analyses. This time, we found a moderate 

correlation between flash-fusion thresholds and pre-stimulus peak alpha frequency (n = 29, 

df = 27, r = -0.42, P = 0.023, no outliers detected) (Fig 3.4, right). With our post-hoc skipped-

correlation analysis, we found a correlation of a similar strength. However, using this method, 

the correlation was deemed not significant (r = 0.4, CI =  [-0.693, 0.015], one outlier detected). 
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Figure 3.4. Correlations between flash fusion thresholds and peak alpha frequency. 

Left: we found a moderate correlation between flash fusion threshold and peak alpha 

frequency extracted from resting state EEG-recording. Middle: Peak alpha frequency 

extracted from the electrode that has the highest amplitude in the alpha band for pre-

stimulus EEG-recording was not correlated with flash fusion thresholds. We found a 

moderate correlation between flash fusion threshold and peak alpha frequency extracted 

from electrode PO8 for pe-stimulus EEG-recording.  

 

 

Figure 3.5. Electrode distribution. Topography shows the distribution and location of 

electrodes, arranged according to the 10-5 system. The two electrodes used for group level 

analyses are marked in blue (electrode PO8) and orange (electrode Fp2). 

 

Intermediate stimulus comparisons 

To ensure that the found correlation was not an artifact of the extracted thresholds, Samaha & 

Postle also conducted tests with the proportion of correct responses on the intermediate 

stimulus. The intermediate stimulus is defined as the median in the series of the tested 

stimuli with onset asynchronies of 10, 20, 30, 40 and 50 ms (i.e. the 30 ms stimulus). We 

replicated this analysis, and found a moderate correlation between the proportion correct 

and peak alpha frequency from eyes-closed EEG-recording (r = 0.33, df = 29, P = 0.035, one-
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tailed). This correlation was not significant with the skipped-correlation analysis method (r = 

0.27, CI = [-0.031, 0.535], one outlier detected). We found no statistically significant 

correlation between the proportion of correct responses and pre-stimulus peak alpha 

frequency, neither for the original method (R analysis: r = 0.28, df = 28, P = 0.07; skipped-

correlation analysis: r = 0.06, CI = [-0.309, 0.382], three outliers detected) nor for peak alpha 

frequency extracted from electrode PO8 (R analysis: r = 0.28, df = 27, P = 0.07, one-tailed; 

skipped-correlation analysis: r = 0.06, CI = [-0.228, 0.343], two outliers detected). 

Instantaneous alpha 

We extracted instantaneous alpha, according to Cohen’s method, as a within-participant 

measure for time resolved changes in peak alpha frequency between trials. We computed 

instantaneous alpha for the electrode used in the previous analysis, PO8 and, following the 

protocol of the original study, also for electrode Fp2, which had the highest amplitude in the 

alpha band for most participants in the pre-stimulus EEG data (see Fig 3.5 for the location of 

the electrode). We then compared pre-stimulus instantaneous alpha frequency between 

correct and incorrect responses. The mean instantaneous alpha extracted from electrode PO8 

was 10.361 Hz (SD = 0.023) for correct responses and 10.363 Hz (SD = 0.025) for incorrect 

responses. For electrode Fp2, mean instantaneous alpha frequency for correct answers was 

10.318 Hz (SD = 0.039). For incorrect answers it was 10.326 Hz (SD = 0.026). Cluster-based 

permutation testing revealed no time clusters with a statistically significant difference in 

instantaneous alpha between correct and incorrect answers for either electrode (Fig 3.6). 

 

 

Figure 3.6. Within subject analysis of instantaneous alpha for correct (blue) versus 

incorrect (orange) responses. Left: instantaneous alpha extracted from electrode Fp2. 

Right: instantaneous alpha extracted from electrode PO8. Shaded regions indicate ± standard 

error of the mean.          
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3.4.3 CFF task 

Eyes-closed EEG analysis 

Participants completed the CFF task prior to EEG recording. Mean CFF was 50.01 Hz (SD = 

6.32). We found no correlation between the task and eyes-closed peak alpha frequency (R 

analysis: r = 0.01, df = 29, P = 0.955; skipped-correlation analysis r = 0.01, CI = [-0.360, 0.434], 

no outliers detected). Quantile-quantile-plots showed a slight deviation from normality for 

the CFF task data. We therefore also conducted our correlation test using Spearman’s rank 

correlation, but this did not significantly alter analysis results: Spearman’s r = 0.04, P = 0.833. 

Peak alpha power also did not correlate with CFF (R analysis: Pearson’s r = 0.14, df = 29, P = 

0.348; skipped-correlation analysis: r = 0.17 CI = [-0.133371, 0.467874], no outliers 

detected). 

Comparison of the two behavioural tasks   

We compared the thresholds obtained with the CFF task with those obtained with Samaha & 

Postle’s flash fusion paradigm. We found no correlation between the two (R analysis: r = -

0.13, df = 29, P = 0.49; skipped-correlation analysis: r=-0.13, CI = [-0.455, 0.301], no outliers 

detected).  

A summary of all main results is outlined in Table 3.1. 
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Table 3.1. Overview of main results. Overview of all the analyses performed in this study, 

comparing our findings with those of Samaha & Postle’s (2015) where relevant. Significant 

correlations shown in bold.  

Analysis Current study Samaha & Postle (2015) 
Flash fusion task and eyes-closed 
peak alpha frequency 

r = -0.43 
P = 0.016 

r = -0.503 
P = 0.023 
(effect size and 
significance mentioned for 
a single electrode; O2) 

Flash fusion task and eyes-closed 
peak alpha power 

r = 0.14 
P = 0.438 

r not specified 
P > 0.19 

Proportion of correct responses 
on intermediate stimulus and 
eyes-closed peak alpha frequency 

r = 0.33 
P = 0.035 

r = 0.53 
P = 0.015 

Flash fusion task and pre-
stimulus peak alpha frequency 

r = -0.29 
P = 0.124 

r = -0.605 
P = 0.004 

Flash fusion task and pre-
stimulus peak alpha power 

r = 0.18 
P = 0.336 

r = -0.093 
P = 0.695 

Proportion of correct responses 
on intermediate stimulus and 
pre-stimulus peak alpha 
frequency 

r = 0.28 
P = 0.07 

r = 0.4 
P = 0.044 
 

Flash fusion task and pre-
stimulus peak alpha frequency 
extracted from electrode PO8 

r = 0.42 
P = 0.023 

- 

Proportion of correct responses 
on intermediate stimulus and 
pre-stimulus peak alpha 
frequency extracted from 
electrode PO8 

r = 0.28 
P = 0.07 

- 

Pre-stimulus peak alpha 
frequency and within-individual 
perceptual accuracy 

No significant 
difference 
between correct 
and incorrect 
responses 

Significant difference 
between correct and 
incorrect responses for 
certain time points 

Critical flicker fusion threshold 
and eyes-closed peak alpha 
frequency 

r = 0.01 
P = 0.955 

- 

Critical flicker fusion threshold 
and eyes-closed peak alpha 
power 

r = 0.14 
P = 0.348 

- 

Critical flicker fusion threshold 
and flash fusion task 

r = -0.13 
P = 0.49 

- 

 

 

3.5 Discussion 

Though the study of alpha band oscillations in the brain and their potential effect on sensory 

perception is a popular area of research, conflicting results illustrate a need for more 
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replication studies. Our results add more insight into the possible role of peak frequency and 

amplitude of rhythmic brain patterns in sensory perception. Our study replicated some of the 

findings of Samaha & Postle, but not all.  

Flash fusion task 

Similar to the original study, we found a moderate correlation between peak alpha frequency 

from eyes-closed EEG data and flash-fusion thresholds. Following the original paper’s 

methods for pre-stimulus EEG recording analysis, we analysed the electrode that showed the 

highest amplitude in the alpha band range for pre-stimulus EEG recording for each 

participant, and found no correlation between peak alpha frequency and flash fusion 

thresholds for pre-stimulus EEG recordings. However, regions with high alpha power during 

visual task performance might not be indicative of the areas where focused, fast temporal 

processing might be taking place. We therefore also analysed electrode PO8, which had the 

highest alpha band amplitude for most participants during eyes-closed EEG recording. For 

electrode PO8, we found a moderate correlation between pre-stimulus peak alpha frequency 

and flash fusion thresholds. This correlation was significant for our first analysis conducted in 

R, but not for our post-hoc skipped-correlation analysis method. Correlation strength 

remained similar. Consistent with Samaha & Postle’s findings, flash-fusion thresholds were 

not correlated with either eyes-closed or pre-stimulus peak alpha power.  

Intermediate stimulus 

Similar to the original study, we found a correlation between the proportion of correct 

responses on the intermediate stimulus and peak alpha frequency from eyes-closed EEG data. 

This correlation was however not significant in our post-hoc, alternative correlation analysis. 

We did not replicate the correlation of r = 0.4 found in the original study for pre-stimulus EEG 

data. With n = 20 and alpha = 0.05, the original finding yielded a statistical power of 0.56. 

With our sample size, the effect size needed to match this power is 0.32. Our level of 

correlation, r = 0.28, came close to that of the original study, but it did not reach statistical 

significance. The low power and effect size of both the original and current results make it 

difficult to draw conclusions about any true relationships regarding peak alpha frequency and 

the proportion of correct responses on the intermediate stimulus. The lack of stronger 

correlations could suggest that a potential relationship between peak alpha frequency and 

temporal perception may be small and only apparent for near threshold stimuli. As the 

intermediate stimulus onset asynchrony is designed to be observable for most participants in 

more than 50% of the trials, it makes sense that correlations with a potential indicator for 

finely tuned temporal perception may be weak or even absent, as observing this stimulus 

would not require extremely fast visual processing. As such, there is a higher chance for 
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incorrect responses to be due to other factors than slower temporal processing, such as lack 

of attention or blinking.  

Instantaneous alpha 

Samaha & Postle reported a correlation between instantaneous alpha and response on the 

flash fusion task, with correct responses being linked with a higher instantaneous alpha. Such 

an effect was not observed in the present study. We analysed electrodes that had the highest 

alpha amplitudes at the group level for both eyes-closed (PO8) and pre-stimulus (Fp2) EEG-

recording, and neither showed any time clusters within the -700 – 0 ms pre-stimulus window 

where instantaneous alpha frequency was significantly different for correct versus incorrect 

responses. Data from several other recent studies have also failed to support this link 

(Buergers & Noppeney, 2022; Ruzzoli et al., 2019). Though we have attempted to model our 

task as closely to Samaha & Postle’s as possible, there were some differences in our 

methodology which could potentially account for the discrepant results. For instance, from 

Samaha & Postle’s methods, it is not reported by how much the fixation cross decreased in 

luminance to prompt the participant of the upcoming stimulus. If this luminance shift was 

more drastic in our study, it could have caused a stronger phase reset effect, possibly 

nullifying any natural phase differences between trials (Harris, 2023). 

CFF task and peak alpha frequency 

We found no correlation between thresholds obtained with the CFF task and peak alpha 

frequency from eyes-closed EEG recording. This result illustrates how the choice of 

behavioural task may influence the results obtained in brain rhythmicity studies. As already 

touched upon by Buergers & Noppeney (2022), the effect alpha frequency may have on 

temporal perception may be very small and brittle, and may only be apparent for very specific 

stimulus parameters. A lack of correlation between the CFF task and peak alpha frequency 

may also be due to the continuous nature of the task stimulus. For example, alpha power is 

expected to reduce greatly during perception of a continuous stimulus, which in turn might 

affect alpha frequency as well, as the two are found to be intrinsically linked (Nelli et al., 

2017). Additionally, previous literature has suggested that peak alpha frequency may only be 

indicative of perceptual sensitivity when the stimulus last for less than one alpha cycle (Keitel 

et al., 2022; Michail et al., 2022). 

CFF and flash fusion task comparison 

We also found no correlations between the thresholds obtained with the two different tasks. 

Though this may initially seem surprising, the flash fusion task fundamentally differs from the 

CFF task in several ways. For example, the former is essentially a two-alternative-forced 
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choice task, in which participants need to choose between two possible responses in each 

trial. This introduces a guess rate which may skew “true” flash-fusion thresholds. The 

responses may also be influenced by a pre-existing bias for one of the two options (Buergers 

& Noppeney; 2022). The flash fusion task also requires 600 trials for the proper fitting of a 

psychometric curve. This causes fatigue to become a significant factor and, though 

computationally corrected for during psychometric function fitting, introduces a certain lapse 

rate. The two tasks also differ in the number of different stimuli: the flash fusion task has five 

different fixed gap lengths, whereas no practical upper bound for flicker-fusion threshold 

exists in the CFF task, making the latter perhaps more suitable to assess inter-individual 

differences in the absolute maximum threshold, but less so for employing standardized tests 

to investigate brain activity correlates. Thresholds obtained with the CFF task may also not be 

directly comparable to those obtained with the flash fusion task due to a steady increase of 

mean luminance over time as flicker frequency increases in the former, which effectively 

increases flicker fusion thresholds up to a certain point.  It is also important to note that 

Samaha & Postle’s flash fusion task was designed to assess possible correlates with alpha 

oscillations; which are a specific measure for visual attention and focus (Clayton et al., 2018; 

Pfurtscheller et al., 1996). The gap detection style task is very suitable to investigate the level 

of attention a participant pays to each stimulus. Any moment of inattention may mean that 

the gap in the stimulus is missed and a trial is considered incorrect. This is not the case for 

the critical flicker fusion task, in which the stimulus is always present, giving participants the 

opportunity to refocus and reconsider what they are perceiving throughout the whole task. 

The latter reason would not only explain the lack of correlation between the two behavioural 

task responses, but also between the CFF task and peak alpha frequency. 

In conclusion, we have replicated some, but not all of the results from a previous study 

investigating the possible relationship between peak alpha frequency and visual temporal 

resolution. Our work adds to the ever-expanding body of research data aiming to tease apart 

the link between brainwave oscillations and visual perception. We have additionally shown 

that the choice of behavioural task is key in exploring these possible relationships. 

 

 

 

 

 



  

40 

Chapter 4 

Quick eyes win the prize: Trained athletes have faster 

perception than non-athletes 
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4.1 Abstract 

Studies into the temporal processing abilities of different visual systems in the animal 

kingdom have suggested that temporal resolution may be linked with distinct ecological 

settings. Higher temporal resolution appears to be more common in fast-moving, highly 

manoeuvrable species, indicating that high visual processing rates may confer direct 

functional benefits in dynamic environments. As visual temporal resolution is found to vary 

substantially, not only among, but also within species, it is possible that these links are also 

observable among individuals. In this study, we tested this hypothesis by using high-level 

sports as a proxy for different ecological settings. We measured variation in temporal 

resolution using critical flicker fusion thresholds in two groups of highly trained athletes, one 

specialising in a visually dynamic sport, and the other specialising in a visually-non-dynamic 

sport. We found no significant difference in mean critical flicker fusion threshold between the 

two groups. However, both athlete groups had significantly higher thresholds than a non-

athlete control group, suggesting that high visual temporal resolution may be linked with 

higher levels of cardiovascular fitness, rather than visual dynamics. 

      

4.2 Introduction 

All biological visual systems are constrained by the maximum rate with which information 

can be sampled and processed over time. This rate, also known as temporal resolution, is 

generally measured using the critical flicker fusion (CFF) threshold: the frequency at which a 

flickering light stimulus flickers so fast, that the flicker can no longer be perceived. This 

frequency can not only be quantified behaviourally, but also electrophysiologically, using 

electroretinogram, making CFF applicable across virtually all of the animal kingdom, from sea 

stars (Petie et al., 2016) to mammals (Healy et al., 2013; Inger et al., 2014; Lafitte et al. 2022). 

This has allowed researchers to compare the temporal resolution of visual systems among 

numerous species. 

Previous works have found that CFF varies greatly in the animal kingdom. This variation can, 

at least in part, be attributed to specific aspects of a species’ ecological setting. For example, 

highly agile and manoeuvrable species generally have high CFF thresholds, and animal species 

that track and hunt fast-moving prey items possess higher CFF thresholds than their close 

relatives that hunt slower prey (Autrum, 1950; Bostro m et al., 2016; Kingston et al., 2020; 

Potier et al., 2020). These observations suggest that a higher visual temporal resolution 

confers a direct behavioural benefit in highly dynamic environments. 
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Variation in CFF thresholds is present not only among, but also within species. Our recent 

research has shown that, in healthy humans of similar ages, this variation is quite substantial, 

yet stable (Chapter 2, published as Haarlem et al., 2024b). The magnitude of the variation in 

CFF thresholds we observed in humans is large enough to be comparable with the variation 

observed among different animal species that occupy significantly different ecological niches 

(Jenssen & Swenson 1974; McComb et al., 2010). This could suggest that the naturally present 

variation in visual temporal resolution within a species might have an important effect on 

function.  

To study how individual variation in visual processing speed within a species may be linked 

with ecological function, humans are perfectly suited to serve as study species, as we have 

created multitudes of distinct settings in which individuals interact with their environment in 

ways that push certain aspects of their physiology to their limits. Elite sport is a prominent 

example of such a setting. To engage effectively in any type of sport, athletes must possess a 

combination of highly developed, situationally relevant, skills and traits. As such, a selection 

process occurs in which individuals who possess the most finetuned characteristics relevant 

to their respective sport, reach higher levels of performance and competition (Tucker & 

Collins, 2012). This selection pressure is at its strongest at the elite level. Consequently, elite 

athletes often exhibit markedly different neurophysiological, sensory or cognitive attributes 

compared to non-athletes or amateur athletes. For example, in a study with karate 

practitioners, researchers found that neural synchronization in the visual cortex after 

observing a visual stimulus was modulated differently between athletes and non-athletes. 

This difference was most extreme for the elite practitioners, with amateurs showing an 

intermediate modulation (Del Percio et al., 2007). In another study, elite fencers were found 

to have faster reaction times on a discriminative reaction task, as well as altered brainwave 

modulation associated with attention, stimulus discrimination, response selection and motor 

inhibition, compared to non-athletes (Di Russo et al., 2006). A recent large scale study 

involving athletes of multiple different types and expertise levels found that elite level 

athletes performed better on a battery of visual-motor tasks than athletes with less expertise. 

Interestingly, the same study also found that the type of sport played was correlated with 

different performance parameters: athletes practicing interceptive sports scored higher on 

visual sensitivity tasks, whereas athletes practicing strategic sports performed better on a 

spatial working memory task (Burris et al., 2019).  

Here, we hypothesize that a link exists between athletic ability and visual temporal 

resolution, as quantified with CFF thresholds, and that this link is sport-specific. We predict 

that highly trained athletes who engage in visually dynamic sports possess higher CFF 

thresholds compared to highly trained athletes who engage in sports that are visually less 
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dynamic, due to a strong selection pressure favouring fast visual processing in the former. As 

physical fitness is correlated with improved nervous system functioning and cognitive 

performance (Chodzko-Zajko & Moore, 1994; Etnier et al., 1997; Ploughman, 2008), we 

additionally predict that physically fit athletes in general will also exhibit higher CFF 

thresholds than non-athletes. To test these hypotheses, we will measure CFF thresholds in 

three groups: highly trained athletes who engage in visually dynamic sports, highly trained 

athletes who engage in non-visually dynamic sports and a non-athlete control group. 

To represent the athlete group engaging in visually dynamic sports, we focus on the sport of 

hurling, one of Ireland’s national sports. Hurling is a 15 a-side stick-and-ball game played on a 

field of approximately 145 by 90 metres. The game shares some similarities with field hockey. 

It is one of the world’s fastest field sports, and during a match the ball (sliotar), which is 

caught with the hands and struck with the stick (hurley), can reach speeds of up to 160 km/h 

(Murphy et al., 2012). Hurling is a highly dynamic game, requiring players to perform both 

offensive and defensive manoeuvres at high speeds and demanding a high degree of hand-eye 

coordination (Collins et al., 2022; Young et al., 2018). It is a men-only amateur sport (the 

female equivalent is named camogie and shares many similarities with hurling) and elite 

players compete at inter-county level. 

We believe that trained rowers are perfectly suited to represent the athlete group engaging in 

non-visually dynamic sports. Rowing is a full-body, strength-endurance type sport, and thus 

requires exceptional physical fitness (Li et al., 2021; Ma estu et al., 2005). The sport is 

performed with athletes sitting facing the stern of the boat, with their backs towards the 

finish line, and rowing a pre-determined distance (Hosea & Hannafin, 2012; Li et al., 2021). 

Navigation of the boat is managed by an on-board coxswain, who uses auditory cues to direct 

the rowers. As such, rowers are not required to visually focus on a goal or stimulus. This 

defining characteristic means that the sport can be performed at elite level with visual 

impairments and even with 100% blindness (Rich et al., 2022; Schaffert et al., 2014). Rowing 

is popular worldwide, and elite athletes compete on international level. 

 

4.3 Methods 

4.3.1 Participant recruitment 

The study was approved by the Ethics Committee of Trinity College Dublin’s School of 

Psychology. All participants were aged 18 – 35, had normal or corrected-to-normal visual 

acuity and all participants provided written, informed consent. As the definitions of terms 

such as “elite” or “highly trained” are highly subjective and differ between sports, we 
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determined athlete performance level for each sample group based on the framework and 

suggestions from McKay et al., 2022 (Table 4.1). We only included athlete participants that 

most closely matched tier 3 of this framework, and we only included non-athletes that most 

closely matched tiers 0 or 1. Due to one of our target groups consisting of athletes from a 

men-only sport, we only recruited male participants for this study. 

Table 4.1. Participant classification framework. Based on McKay et al., 2022. Tier 3 

criteria were utilized for athlete participant recruitment, criteria for tiers 0 -1 were utilized to 

select the non-athlete control group. 

Tier Criteria for classification 

Tier 5: World class • Olympic or world medallists 

• Athletes achieving within 2% of world-record 

performance 

• Maximal or near-maximal training, within given 

sport norms 

• Exceptional skill level 

Tier 4: Elite/International level  • Competing at international level 

• Division I athletes 

• Highly proficient in skills required to perform sport 

• May perform within ~7% of world leading 

performance 

Tier 3: highly trained/national level • Competing in national or state 

leagues/tournaments 

• Completing structured and periodized training 

• Developing towards maximal or nearly maximal 

norms for the given sport 

• Developing proficiency in skills required to perform 

the sport 

Tier 2: trained/developmental • Limited skill development 

• Training with intention to compete  

• Regularly train ~ 3 times a week 

• Identify with a specific sport 

Tier 1: recreationally active  • Completing 150 – 300 minutes moderate-intensity 

activity or 75 – 150 minutes of vigorous-intensity 

activity per week 

• May participate in multiple sports/forms of activity 

• No specific focus or commitment to competition 

Tier 0: sedentary • No minimum activity guidelines 
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• Occasional or incidental physical activity (walking 

to work, household activities) 

 

Athlete participants 

Athlete participant recruitment and data collection started in January 2024 and ended in 

October 2024. For the two athlete groups, we recruited participants that most closely 

matched McKay et al.’s (2022) criteria for tier 3 performance, defined as highly trained 

athletes who exhibit “proficiency in skills required to perform their sport at the highest level.” 

McKay et al. also suggest that athletes in this tier “can be expected to provide reliable 

measures of performance in familiar tasks and are therefore well suited to both laboratory- 

and field-based research.” 

We recruited 10 hurlers and 12 rowers. Hurlers were recruited in Dublin, Ireland, through 

local Gaelic Athletic Associations (GAA’s). All hurling participants were Senior Division II or III 

players and regularly competed at club level championships or higher. Mean training volume 

of the hurlers was 3.3 hours a week, and mean experience was 16.8 years (based on 9 players, 

as information for one participant was not available). Note: Senior is the highest classification 

within a local GAA, with lower classifications designated as either Intermediate or Junior. 

Senior Division I players have the potential to compete at inter-county level, which is the 

highest competitive level available within the sport and is thus comparable to international 

competition in other sports. Based on these categorizations, we estimated that Senior 

Division II and III players most closely match tier 3 of McKay et al.’s framework.  

Rowers were recruited in the counties of Dublin and Wicklow, through local rowing clubs. All 

rowing participants regularly competed at national or international level, except for one 

participant who regularly competed at local level. Mean training volume for the rowing 

participants was 11.3 hours a week and mean experience was 6.3 years. 

Non-athlete participants 

For the non-athlete control group, we used CFF data available from a previous study (Haarlem 

et al., 2024b, ethics approval ID SPREC052022-01). From this dataset, we filtered out only 

male participants who fit tier 0 (sedentary) or 1 (recreationally active) of McKay et al.’s 

classification system. 25 individuals fit these criteria and were used in this study. 

4.3.2 CFF measurement 

We measured CFF thresholds using a custom measuring device and custom methods 

employed in two previous studies (Chapter 3, published as Haarlem et al., 2024a and Chapter 



  

46 

2, published as Haarlem et al., 2024b). CFF was measured with a 4500K white light-emitting 

diode (LED), with a mean luminance of ~255 lux. The LED was housed in an opaque black 

container, and an opaque black viewing tube was mounted on top of the container to 

standardize viewing distance at ~16 cm and to eliminate almost all ambient light. The flicker 

frequency of the LED was adjustable using a rotary encoder dial that either increased or 

decreased the flicker rate in 1-Hz increments. The device was powered with a personal 

laptop, using a USBC cable. Mean luminance and colour temperature were measured with a 

ColorCal Mk II, and stability of the power input was measured with a Tektronix TDS 210 

oscilloscope, before the start of our previous two studies. The precision and stability of the 

LED flash timings were measured using a photometer, both before the start of our previous 

two studies, and before the start of the current study. 

The protocol consisted of a measurement of three different quantifications of a participant’s 

ability to perceive flashes and was based on a combination of two commonly used 

psychophysical experimental techniques: the method of limits and the method of constant 

stimuli. The protocol started with the method of limits: participants observed a constantly lit 

LED light through the viewing tube and were then instructed to turn the rotary encoder 

clockwise, to prompt the light source to start flashing at a rate of 1 Hz. Participants were then 

asked to keep rotating the dial to increase the flash frequency in 1-Hz increments until flashes 

could no longer be perceived and the light appeared steady. The frequency at which this 

occurred was recorded. The LED light source was then set to a flash frequency of 75 Hz, which 

is above the threshold at which humans are able to perceive light flashes at the described 

intensity. For the second measurement, participants were instructed to observe the light 

source again, but this time, they were asked to turn the dial counter-clockwise to decrease 

flash frequency in 1-Hz increments, until they first observed flashing. The frequency at which 

this happened was again recorded. The third step consisted of the method of constant stimuli: 

for each participant, we took the highest value measured with the method of limits and 

created a series of 10 flash frequencies in 1-Hz steps: five frequencies below the recorded 

threshold and four frequencies above it. Each of the frequencies in the series was then 

multiplied by 5 to produce a set of 50 stimuli. We then randomized the entire set and 

presented it to the participant. Participants were instructed to cycle through all of the 50 

frequencies in the series, one by one, using the rotary encoder dial to instantiate the next 

stimulus in the set. Participants were asked to inform the experimenter for each stimulus 

whether they observed a steady light or not. The final critical flicker fusion threshold for the 

individual was determined by calculating the highest frequency in the series at which the user 

was able to perceive flashing 80% of the time. Only this final value was used in our statistical 
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analysis, as this threshold was found to be the most accurate in our previous study (Chapter 2, 

published as Haarlem et al., 2024b). 

Athlete participants were tested either at rest or during light training sessions consisting of 

anaerobic exercises (i.e. light weight-lifting, technique drills). Previous studies have shown 

that moderate exercise has either no, or a minimal, effect on CFF threshold, with any noted 

variation still falling within the range of natural intra-individual variation observed in 

Haarlem et al. 2024b (Al-Nimer & Al-Kurashy, 2007; Clemente-Suarez & Diaz-Manzano, 2019; 

Davranche & Audiffren, 2004; Davranche & Pichon, 2005; Godefroy et al., 2002). However, 

aerobic exercise to the point of exhaustion may temporarily significantly affect CFF 

(Lambourne et al., 2010; Presland et al., 2005). We therefore avoided testing athlete 

participants during any type of aerobic- or high-intensity training. All non-athlete 

participants were tested at rest. 

4.3.3 Statistical analysis 

We performed statistical analyses using R (version 4.2.1; R Core Team, 2022) and RStudio 

(version 2023.3.0.386; Posit Team, 2023). We calculated CFF thresholds for the method of 

constant stimuli by creating a binomial generalized linear model for each participant, using 

the proportion of responses per frequency at which flicker was perceived as response 

variable and the frequency in Hertz as the explanatory variable. In these models, the range for 

y was set to 0–1, with 0.8 corresponding to an 80% correct score. We therefore calculated the 

x-value at which y = 0.8 (For an example see Fig 2.2 in Chapter 2). 

We analysed our data using ANOVA, with CFF as our response variable and a factor named 

“Sport” as explanatory variable. The explanatory variable consisted of three levels; “hurling,” 

representative for a visually dynamic sport, “rowing,” representative for a non-visually 

dynamic sport and “general” to represent the control group. Normality of residuals was 

assessed visually with quantile-quantile plots of model residuals. Quantile-quantile plots 

were created using the car package (Fox & Weisberg, 2019). We utilized the post-hoc test 

Tukey’s Honest Significant Differences to examine the differences in mean CFF thresholds 

between factor levels. 

 

4.4 Results 

The explanatory variable “Sport” had a significant effect on CFF thresholds (ANOVA, f = 12.23, 

p < 0.001). Mean CFF for the non-athlete control group was 47.87 Hz, with a standard 

deviation (SD) of ± 4.30 Hz. Mean CFF for the rowing group was 55.25 (SD ± 5.133) Hz and 
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the mean CFF for the hurling group was 53.25 (SD ± 4.56) Hz. Both the rowing and the hurling 

groups had significantly higher CFF thresholds than the “general” non-athlete control group, 

but there was no significant difference in mean CFF between the rowing and hurling groups 

(Table 4.2, Fig 4.1). 

 

Table 4.2. Comparison of mean CFF thresholds of the three sample groups. Differences in 

mean CFF thresholds in Hz, for the sample groups “General” (n = 25), “Hurling” (n = 10) and 

“Rowing” (n = 12). Middle column shows 95% confidence intervals (CI) and last column 

indicates p-values, with significant values shown in bold. 

Group comparison Difference in Hz  95% CI P-value 

General - Hurling 5.38 [1.23, 9.53] 0.0083 

General - Rowing 7.38 [3.48, 11.28] 0.0001 

Hurling - Rowing 2.00 [-2.75, 6.75] 0.567 

 

 

 

Figure 4.1. Boxplot of CFF thresholds for the three sample groups. CFF distributions for 

the non-athlete “General” group (n = 25) and the athlete groups “Hurling” (n = 10) and 

“Rowing” (n =12). 
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4.5 Discussion 

Visually dynamic versus non-visually dynamic sports 

We found no statistically significant difference in CFF thresholds between the athlete group 

engaging in a visually dynamic sport and the athlete group engaging in a non-visually 

dynamic sport. In fact, contrary to our prediction, mean CFF was marginally higher for the 

rowing group compared to the hurling group. Thus, the results of the current study do not 

support our hypothesis that CFF thresholds are higher in individuals trained in visually 

dynamic sports compared to non-visually dynamic sports. It must be noted however that the 

recruitment of highly trained athletes proved a difficult task, and as a result the sample sizes 

of both athlete groups are relatively small. A post-hoc power analysis using the pwr package 

for R (Champeley, 2020) indicated that, with the smallest sample group containing only 10 

observations, and assuming a large effect size (f = 0.4), we achieved a statistical power of b = 

0.44. While we speculate below on the possible causes for the results of our current study, we 

stress that with this level of statistical power, we were unable to draw any firm conclusions 

from our results with regards to our original hypothesis.  

Previous studies have found that trained athletes perform better on specific cognitive tasks 

than non-athlete controls, and this observation has been made for many different aerobic 

sports (Burris et al., 2019; Chodzko-Zajko, 1994). Thus, it is possible that the results in the 

current study are mainly due to the level of cardiovascular fitness of athletes, rather than the 

specific type of sport played. This could also explain why mean CFF is slightly higher in our 

sample group of rowers compared to the hurlers. Though both athlete groups most closely 

matched tier 3 of McKay et al.’s (2022) framework, the specific requirements to perform the 

respective sports differ substantially, with rowing athletes likely placing more focus on 

cardiovascular fitness, while hurlers might place more emphasis on technique and hand-eye 

coordination. The marked difference in weekly training volume between the two groups may 

also be an indication of a higher level of cardiovascular fitness in the rowing group, with the 

mean volume being over three times higher in rowers.  

More research needs to be conducted into the possible effect of cardiovascular fitness on CFF, 

so that this may be unlinked from any potential sport-specific variables of interest, such as 

the different levels of visual dynamics examined in the current study. One possibility to better 

account for the effects of physical fitness in follow up research would be to replace Division II 

and III hurlers with Division I players. These athletes likely have a higher training volume 

than hurlers competing in lower Divisions, and might therefore better match the 

cardiovascular fitness levels of highly-trained rowers. However, for the current study we were 

unfortunately unable to recruit hurlers of this level. Additionally, another focus group may be 
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identified for which visual dynamics plays an integral part of the ecological setting, but a high 

level of cardiovascular fitness does not. Such a group may consist of e-sports athletes or 

practitioners of shooting sports. 

Athletes versus non-athletes 

Mean CFF thresholds were significantly higher for the two athlete groups compared to the 

non-athlete group. This result suggests that physical fitness may play a role in visual 

processing rates. The relationship between fitness and cognitive function has been well-

studied over the years, and researchers have found a host of differences between individuals 

of higher and lower levels of aerobic fitness in several cognitive and neurobiological traits. For 

example, physical fitness has been linked with increased neurogenesis, size differences in 

brain tissue, enhanced spatial memory, faster information processing, faster reaction times 

and better performance on specific tasks. These findings, along with many others, have been 

comprehensively highlighted in multiple review papers, such as those published by Chodzko-

Zajko & Moore (1994), Etnier et al. (1997) and Gomez-Pinilla & Hillman (2013), which 

together summarize most of the research conducted on this topic to date. Though previous 

studies have investigated the immediate effect of aerobic exercise on CFF (Al-Nimer & Al-

Kurashy, 2007; Clemente-Suarez & Diaz-Manzano, 2019; Davranche & Audiffren, 2004; 

Davranche & Pichon, 2005; Godefroy et al., 2002; Lambourne et al., 2010; Presland et al., 

2005), potential associations with overall aerobic fitness or chronic exercise have, to our 

knowledge, not been explored specifically in the context of CFF thresholds. However, it is 

likely that visual temporal resolution (as measured with CFF) follows a similar trend of higher 

processing rates in more aerobically fit individuals.  

Our finding that CFF thresholds are higher in the trained athlete groups compared to the non-

athlete group is indeed interesting, but it is important to note the potential confounding 

factors that may be present in studies comparing highly-physically fit individuals with 

individuals who are either sedentary or only recreationally active. Physical fitness, as 

quantified by the amount and type of exercise an individual engages in, is only a single marker 

of overall health and may correlate with other markers of a healthy lifestyle. For example, 

physically fit individuals who regularly exercise may also be more likely to incorporate 

healthy diets, adopt healthier sleep schedules, practice more self-care and/or have lower 

rates of detrimental habits such as excessive drinking and/or smoking. Each of these factors 

may affect CFF thresholds on their own and can thus introduce collinearity with overall 

physical fitness in statistical analyses. It is also possible that individuals who naturally 

possess higher CFF thresholds are more likely to become high-performing athletes, rather 

than high CFF being a causal effect of athleticism.  As research into individual variation in 

visual temporal resolution and CFF thresholds develops further, it is important to decouple 
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causal- from correlational relationships, and to identify which lifestyle factors may be most 

tightly linked with visual processing speed, while maintaining awareness of potential 

confounding factors.   

Conclusions 

Previous animal studies suggest that the temporal aspect of visual processing may be 

influenced by distinct ecological settings in which highly dynamic visual scenes may select for 

higher processing rates. Whether these ecological pressures may also drive variation in 

temporal processing within a species may be assessed by drawing comparisons with the 

diversity of ecological settings that humans have created, specifically in the form of sports. 

However, much is still unknown about individual variation in visual temporal resolution, and 

many physiological, anatomical and environmental factors may influence variation, making it 

difficult to isolate and examine specific variables. With our study, we have made a first 

attempt at assessing whether temporal resolution, as measured by CFF thresholds, varies in 

groups that experience different visual dynamics. Though we were unable to draw any direct 

conclusions regarding this hypothesis, we did make the original observation that CFF 

thresholds were significantly higher in trained athletes than in non-athletes. More research is 

warranted to assess if this observation is also seen in larger, and more varied samples. If so, 

this could suggest that CFF could potentially be used as a general screening tool for overall 

physical fitness level, and could possibly aid health and well-being diagnostics.      
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Chapter 5 

Visual temporal resolution is linked with multiple aspects 

of a species’ ecological profile 
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5.1 Abstract 

Visual perception varies widely in the animal kingdom and is closely tied to species ecology 

and evolution. The temporal processing capabilities of the visual system directly determine 

how much visual information a species has access to per timeframe, and may thus be a 

driving factor for the pace at which species can interact with their environment. How the 

temporal aspect of sensory perception may influence the occupation of specific ecological 

niches is still poorly understood, but recent, small-scale case studies have suggested that 

visual temporal resolution may be linked with species manoeuvrability and environmental 

dynamics. Here, we assess the relationship between different types of environmental 

dynamics and visual temporal resolution in the animal kingdom using a large-scale dataset. 

We collated critical flicker fusion thresholds, a quantification of visual temporal resolution, 

for over 200 animal species, along with multiple representations of different environmental 

dynamics. We found that high temporal resolution is found in species with more dynamic 

environmental interactions, such as those with active foraging strategies or the ability to fly. 

Species that may experience less dynamic visual ecologies, such as ambush predators, are 

found to have lower temporal resolution. Additionally, temporal resolution varies greatly in 

the animal kingdom, not only among, but also within taxa. These results suggest that the 

temporal processing abilities of species are linked with their distinct ecological profile, and 

that processing rates can both increase and decrease relatively quickly over evolutionary 

time, according to ecological demand.   

 

5.2 Introduction 

For most animal species, visual perception is a crucial facilitator of environmental 

interactions. Vision is used to navigate, manoeuvre, forage and reproduce, and as such, it is 

subject to strong selection pressures. However, sensory processing is costly, and natural 

selection tends to favour only the most efficient visual systems, which detect and process only 

information that is relevant for the species’ respective ecology (Laughlin, 2001). As a result, 

the visual perception capabilities of different animal species are as diverse as the ecological 

niches they occupy. This diversity is apparent in many attributes of vision, such as spatial 

acuity, colour discrimination, depth perception and field of view, all of which vary widely 

between species (Land & Nilsson, 2012; Laughlin, 2001). Depending on the species, some 

attributes may even be absent entirely.  

There is however one characteristic of visual perception that is ubiquitous in the animal 

kingdom, and that is that all visual processing must happen at a certain rate. This processing 
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rate arises from the dependence of all visual systems on the integration and summation of 

photon energy. Quanta of photon energy are summed over an integration period and only 

when a threshold is reached will the information be processed and perceived by the 

individual (Donner, 2021; Reeves, 1996). The quicker the threshold is reached, the higher the 

rate of visual processing. The maximum rate at which this processing occurs is known as 

temporal resolution. Visual temporal resolution can be generalized and quantified for any 

species using the critical flicker fusion (CFF) threshold, which is defined as the maximum rate 

at which a flickering light can no longer be perceived as such, and instead appears constant 

(Brozek & Keys, 1945; Misiak, 1947). This aspect of visual perception, as all the others, has 

been found to vary greatly between species (Healy et al., 2013; Inger et al., 2014; Lafitte et al., 

2022). CFF can be quantified either with electroretinogram (ERG), by measuring the 

electrophysiological response of the retina to flickering light, or behaviourally, by assessing a 

trained or reflexive (such as the nystagmus reflex) response to flickering stimuli (Inger et al., 

2014; Lafitte et al., 2022).  

Visual temporal resolution is strongly dependent on the amount of light available in the 

environment (Kelly, 1961; Rider et al., 2019). This link can be observed at the species level, 

where visual processing rates are positively correlated with habitat light levels (Jenssen & 

Swenson, 1974; Lafitte et al., 2022; McComb et al., 2010). However, temporal perception 

across species varies over several orders of magnitude, and much of this variation is yet to be 

explained. It is likely that CFF is shaped, not solely by environmental light levels, but rather by 

a species’ overall ecological profile, consisting of a combination of anatomical, physiological, 

behavioural and environmental factors. 

For example, previous research has shown that CFF thresholds are positively correlated with 

a species’ metabolic rate, and negatively with body mass (Healy et al., 2013). High metabolic 

rates directly facilitate faster neuronal processing (Atwell & Laughlin 2001; Bullmore & 

Sporns, 2012; Laughlin et al., 1998), whereas higher body mass is linked with reduced 

manoeuvrability (Dudley, 2002; Sato et al., 2007; Stockwell, 2001). The relationship observed 

in Healy et al. (2013) might thus suggest that CFF thresholds could be indicative of a species’ 

ability to respond to highly dynamic environments. After all, fast visual processing is only 

useful if one has the physical capacity to act on fleeting information. 

Small-scale studies that have examined CFF thresholds in closely related species appear to 

support this idea. For example, Bostro m et al. (2016) measured exceptionally high CFF 

thresholds in three highly manoeuvrable and fast-moving passerines, that often catch prey on 

the wing. Potier et al. (2020) compared CFF in three different raptor species and found that 

the two faster species had higher thresholds than the third, which moves more slowly and 

hunts slower prey. 
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Here, we hypothesize that variation in CFF thresholds in the animal kingdom is directly linked 

to the dynamics of a species’ environmental interactions. We test this hypothesis by creating a 

large-scale dataset consisting of CFF thresholds of vertebrate and invertebrate species, 

collected from literature, and by correlating CFF with quantifications of multiple different 

proxies for species’ environmental dynamics. We have chosen three different proxies to 

represent different aspects in which animal species visually interact with their environment: 

movement dimensionality, foraging dimensionality and foraging strategy.  

Animal species locomoting and foraging in three dimensions (3D) likely have a more dynamic 

visual experience than those moving in two-dimensions (2D), due to a higher potential for 

environmental encounters in the form of obstacles, conspecifics, predators or prey items. We 

hypothesize that more visually dynamic environments select for faster visual processing 

rates, and that animal species that locomote in 3D possess higher CFF thresholds than species 

locomoting in 2D. 

Some species may forage on a dimensional level that differs from their locomotion 

dimensionality. For example, some volant species (i.e. species that fly, and thus locomote in 

3D) may only visually scan two-dimensional planes, such as the ground or plant surfaces, 

when foraging (Pawar et al., 2012). Foraging dimensionality may therefore result in different 

visual dynamics for different species. We hypothesize that animals that forage in three 

dimensions will have a more dynamic visual experience, and will have higher CFF thresholds 

than species foraging in two dimensions. 

Lastly, different types of foraging strategies likely place specific demands upon a species’ 

visual system. For instance, species that engage in high-speed chases experience highly 

dynamic visual percepts and would need to be able to process visual information very quickly. 

In contrast, ambush predators generally remain sessile, and this lack of self-generated motion 

results in a less dynamic visual experience (Fajen & Matthis, 2013; Harris et al., 2000; Warren, 

1995). We hypothesize that active predators with prolonged pursuit or burst-pursuit style 

foraging strategies possess the highest CFF thresholds, and that species with an ambush 

foraging strategy have the lowest CFF thresholds. We hypothesize that grazing species 

possess intermediate CFF’s.   

 

5.3 Methods 

5.3.1 Data collection 
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We collected CFF values of the visual systems of vertebrate and invertebrate animal species 

from literature, using Web of Science, Google Scholar and Google. For each source, we used 

the following search terms: 

“CFF” OR “flicker fusion” OR “flicker frequenc*” OR “flicker threshold*” AND “ecolog*” OR 

“animal” OR “species”  

We screened publications appearing in the search results both for direct mention of animal 

CFF values and for citations referencing additional animal CFF studies. When multiple CFF’s 

were available for the same species, we only included the maximum value.  

We included values from both behavioural and electroretinogram (ERG) measures, as 

previous studies have found no statistically significant differences between the two 

methodologies (Healy et al. 2013; Inger et al., 2014; Lafitte et al., 2022). For behavioural 

measures, we included both trained responses, such as those assessed with two-alternative-

force-choice tasks, and reflexive responses, such as those assessed with eye- or head 

nystagmus. Though most CFF experiments were conducted with a flickering light source, 

some of the experiments in which the nystagmic reflex was assessed employed the rapid 

alternation of high- and low contrast bars or stripes to produce a flicker effect. All values were 

recorded in Hertz. Because the collected CFF thresholds spanned several orders of magnitude, 

we employed a log10 transformation of CFF-values in our models. 

5.3.2 Environmental dynamics categorization 

Movement dimensionality  

To examine the effect of movement dimensionality on CFF thresholds, we categorized all the 

species for which CFF thresholds were available into one of three groups: volant (3D), 

terrestrial (2D) and aquatic. All species who utilized flight as the main mode of locomotion 

were categorized as volant. All species that spend the majority of their time on land were 

categorized as terrestrial. This included some species that have the ability to fly, but only 

rarely do so, such as the American cockroach and several mantid species. Though all aquatic 

species also locomote in either 3D or 2D, these species experience environmental light levels 

in a unique manner due to the medium they occupy, making them not directly comparable 

with the other groups. We therefore categorized these species as a separate group. The 

aquatic group comprised all species that spend most of their time under water. 

Foraging dimensionality 

To explore the potential effect of foraging dimensionality on CFF thresholds, we categorized 

each species according to Pawar et al.’s (2012) measure for consumer search space: species 
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that scan habitat volume (such as the air or the water column) were scored as having 3D 

foraging dimensionality, and species that scan habitat surfaces (such as the ground, plant 

surfaces or the benthos) were scored as having 2D foraging dimensionality.  

Foraging strategy 

To investigate if CFF thresholds correlate with foraging strategy, we categorized species based 

on methods adapted from Pawar et al. (2012). Species were classified as “active” foragers if 

both the forager and its food source actively locomote throughout the forager’s focus habitat 

during foraging behaviour. This includes species that display typical pursuit predation, and 

species that engage in short burst-chase attempts to catch prey. Species that actively locomote 

during foraging, but whose food sources are sessile or moving passively throughout the focus 

species’ habitat (such as plankton) were classified as “grazer.” Lastly, species that remain 

sessile during foraging, but whose food sources actively locomote throughout the focus 

species’ habitat were classified as “ambush” foragers. 

5.3.3 General modelling variables  

Environmental luminance levels 

As previous research has shown that environmental luminance levels are strongly correlated 

with species’ CFF, we included information for the luminance level in a species’ ecological 

niche as a categorical variable using methods adapted from Healy et al. (2013). Diurnal 

species and species inhabiting clear/surface waters were classified as inhabiting high light 

levels, and nocturnal and crepuscular species and species inhabiting turbid or deep waters 

were classified as inhabiting low light levels. Habitat light levels per species were in the first 

instance chosen based on available scientific literature, using Google Scholar and Web of 

Science. In cases where no reference was available using these online databases, we searched 

other online catalogues, such as Animal Diversity Web, FishBase or online museum 

collections (see Appendix B, Table B.1 for full list of references).   

Body length 

Healy et al. (2013) found a correlation between species CFF and body mass, and we aimed to 

take this potential link into account in our models. However, for some species groups, such as 

Insecta, body mass records were not sufficiently available. We therefore opted to include the 

variable body length instead, which is expected to scale roughly as the one-third power of 

body mass (Dick & Clemente, 2017; Witting, 2023) and thus provides a suitable alternative. 

Mean body lengths in metres were collected from literature and included as a numerical 

variable. We searched for mean body length values using Google Scholar and Web of Science. 

Similar to our methodology for habitat light levels, in cases where references were not 
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available with these databases, we searched in other online catalogues (see Table B.1 in 

Supplementary info). Because the collected values spanned several orders of magnitude, we 

employed a log10 transformation of body length measures in our models.   

Phylogeny 

Lastly, to account for possible non-independence of data due to phylogenetic background, we 

included the taxonomic class of each species in the dataset. Note: a full, phylogenetically 

controlled analysis has been performed on the dataset in Haarlem et al., 2025 (in prep). 

However, the results of this more extensive analysis do not alter the main conclusions 

presented in this study. 

5.3.4 Statistical analysis 

We performed statistical analyses using R version 4.2.1 (R Core Team, 2022) and RStudio 

version 2023.3.0.386 (Posit Team, 2022). Normality of model residuals and homogeneity of 

variance were visually assessed with quantile-quantile plots and residual plots, using the 

“car” package (Fox & Weisberg, 2019). We analysed our dataset with linear mixed models, 

using the “lme4” package (Bates et al., 2015).  

We included taxonomic class in our models as random term. Because vertebrates differ 

greatly from invertebrates, both in eye anatomy and overall physiology, we also included a 

random term to account for possible differences between vertebrate and invertebrate groups. 

Movement dimensionality, foraging dimensionality, foraging strategy, body length and light 

level were included in our models as fixed terms. We additionally assessed potential 

interaction effects by including interaction terms between all fixed variables. 

Best fitting models were chosen according to Akaike’s Information Criterion (AIC). We 

analysed the variance explained by each model by calculating two R2 values, using the MuMIn 

package (Barto n, 2023): the marginal R2 (R2glmm(m)), the value for the variance explained by 

the fixed variables and the conditional R2 (R2glmm(c)), the value for the variance explained by 

both fixed and random variables. 

 

5.4 Results 

We collected CFF thresholds and information on environmental interaction dynamics for 229 

animal species across 15 taxonomic classes. The largest group for which CFF thresholds were 

available was Insecta, with 60 observations. 43 observations were collected for 

Actinopterygii, 35 for Malacostraca, 21 for Reptilia and 20 for Chondrichthyes. The Mammalia 

and Aves classes each provided 17 observations. The fewest CFF thresholds were found for 
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the classes Amphibia, Annelida, Arachnida, Cephalopoda, Cnidaria, Echinodermata, 

Gastropoda and Hyperoartia, with only one to three observations each (Fig 5.1) (see 

Appendix B, Table B.1 for full dataset).    

 

 

Figure 5.1. CFF distribution for different taxonomic classes. Act = Actinopterygii (n = 43), 

Amp = Amphibia (n = 3), Ann = Annelida (n = 3), Ara = Arachnida (n = 3), Ave = Aves (n = 17), 

Cep = Cephalopoda (n = 1), Cho = Chondrichthyes (n = 20), Cni = Cnidaria (n = 1), Ech = 

Echinodermata (n = 1), Gas = Gastropoda (n = 1), Hyp = Hyperoartia (n = 3), Ins = Insecta (n = 

60), Mal = Malacostraca (n = 35), Mam = Mammalia (n = 17), Rep = Reptilia (n = 21). 

 

As the number of CFF thresholds available for some of the taxonomic classes was extremely 

limited, these data may skew the effect of the random term and paint an inaccurate picture of 

the influence of phylogenetic class on variation in CFF thresholds. We therefore created our 

models with both the full dataset and with a reduced version of the dataset that excluded all 

taxonomic classes with three or fewer observations. The reduced dataset consisted of 213 

CFF thresholds from seven classes and was only used to explore the potential effect of 

phylogeny on CFF. The full dataset was used to assess all other variables, as the additional 

data contained valid CFF measures for exploration of the fixed effects. Unless otherwise 

stated, all results presented below regarding fixed effects were analysed with the full dataset. 

The most parsimonious model based on AIC value was made with the reduced dataset and 

included the fixed effects movement dimensionality, foraging strategy and luminance level 

(Table 5.1). According to this model, almost all explained variance in the data is explained by 

our fixed effects (Rglmm(m)2 = 0.57, Rglmm(c)2 = 0.6). In contrast, the same model made with the 
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full dataset including all 15 classes explains considerably more of the total variance (Rglmm(c)2 = 

0.90), but this time only a small portion is attributed to the fixed effects (Rglmm(m)2 = 0.18) 

(Table 5.2). The random variable grouping vertebrates and invertebrates contained no 

variance and was dropped after the first model. The fixed variables foraging dimensionality 

and body length were not significant factors in any tested model, but removal of these 

variables did not substantially improve model fit. 

 

Table 5.1. Coefficients of the most parsimonious model 

Model 1    

Random effects Variance Standard deviation  

Class 0.00 0.06  

Residual 0.04 0.22  

Fixed effects Estimate Standard error t-value 

Intercept 1.68 0.05 33.78 

MD - terrestrial 0.26 0.06 4.55 

MD - volant 0.46 0.06 7.6 

FS - ambush -0.28 0.06 -4.45 

FS - graze -0.04 0.04 -1.09 

Luminance - low -0.22 0.03 -6.325 

Model with response variable log10(max CFF); MD = movement dimensionality; FS = foraging strategy 

 

Table 5.2. Comparison of model fits of the most parsimonious model made with the 

reduced dataset (M1) and the full dataset (M2) 

Model Variable P-value AIC Rglmm(c)2 Rglmm(m)2 

M1   -22.41 0.6 0.57 

 Movement dimensionality 2.77 x 10-13    

 Foraging strategy 2.84 x 10-5    

 Luminance level 2.53 x 10-10    

M2   25.15 0.90 0.18 

 Movement dimensionality 7.18 x 10-6    

 Foraging strategy  1 x 10-4    

 Luminance level  1.16 x 10-9    

 

Movement dimensionality 
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Movement dimensionality significantly affected CFF thresholds (ANOVA, P<0.001, Table 2). 

Mean CFF for the 3D group, represented by volant species, was 128.7 Hz, with a standard 

deviation (SD) of ± 61.61 Hz. Mean CFF for the 2D group, represented by terrestrial species 

was 61.25 (SD ± 41.34) Hz. Aquatic species had the lowest mean CFF, with 39.79 (SD ± 26.42) 

Hz. (Fig 5.2). All three groups significantly differed from the other two (Mann-Whitney test, U 

= 4195 for Aquatic:Terrestrial, U = 6261.5 for Aquatic:Volant, U = 2819 for Terrestrial:Volant, 

all Holm-Bonferroni corrected P-values <0.001). 

 

 

Figure 5.2. CFF distribution for the three different movement dimensionality groups. 

Distribution of CFF threshold for aquatic (n = 112), terrestrial (n = 57) and volant (n = 60) 

species. Mean CFF of all three groups were highly significantly different (P < 0.001) from 

those of the other groups.  

 

Foraging strategy 

Foraging strategy had a significant effect on CFF (ANOVA, P<0.001, Table 5.2). Active foragers 

did not differ significantly from grazers (Mann-Whitney U = 3845.5, Holm-Bonferroni 

corrected P = 0.93), with mean CFF thresholds of 67.31 (SD ± 43.56) Hz. and 77.35 (SD ± 

62.24) Hz. respectively. Ambush foragers however had a mean CFF of 32.15 (± 18.01) Hz., 

significantly lower than both active foragers (Mann-Whitney U = 1433, Holm-Bonferroni 

corrected P<0.001) and grazers (Mann-Whitney U = 3412.5, Holm-Bonferroni corrected 

P<0.001 ) (Fig 5.3). 
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Figure 5.3. CFF distribution for different foraging strategies. Distribution of CFF 

thresholds for species with an active foraging strategy (n = 55), ambush foragers (n = 33) and 

grazers (n = 141). Ambush foragers had significantly lower CFF thresholds than both active 

and grazing foragers (P < 0.001 for each). CFF thresholds were not significantly different 

between active foragers and grazers.  

 

Environmental luminance levels 

Environmental luminance levels had the strongest effect on species’ mean CFF (ANOVA, 

P<0.001, Table 5.2). Species inhabiting high-luminance habitats had a mean CFF of 88.24 (SD 

± 57.78) and species inhabiting low-luminance habitats possessed a mean CFF of 44.62 (SD ± 

42.71). 

It is possible that the high CFF values found in volant species was due to the strong effect of 

the luminance variable (i.e. there could be a higher proportion of high-luminance species in 

the volant group compared to the other groups). To assess this possibility, we conducted a 

post-hoc analysis separating terrestrial and volant species into high-luminance and low-

luminance groups. Both groups had a roughly equal number of volant and terrestrial species, 

and we found that volant species had significantly higher CFF thresholds than terrestrial 

species, both in the high-luminance group (Mann-Whitney U = 1201, Holm-Bonferroni 

corrected P<0.001) and in the low-luminance group (Mann-Whitney U = 338, Holm-

Bonferroni P<0.001) (Fig 5.4).  
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Figure 5.4. CFF comparison between volant and terrestrial species in both high- and 

low-luminance groups. Volant species have significantly higher CFF thresholds, regardless of 

the light levels in the habitat. The high luminance group consisted of 36 terrestrial species 

and 42 volant species. The low-luminance group consisted of 21 terrestrial species and 18 

volant species. 

 

5.5 Discussion 

Movement dimensionality 

Volant species possess substantially higher CFF thresholds than terrestrial species, which is 

consistent with previous findings made with smaller datasets (Bo stro m et al., 2016; Inger et 

al., 2014; Lafitte et al., 2022). To the best of our knowledge, this is the first demonstration that 

CFF thresholds are higher for volant compared to terrestrial species both in high-luminance 

and in low-luminance habitats. In low-light conditions, where sensory information in the form 

of photon energy is scarce, the visual system is constrained by the necessary trade-off 

between high temporal resolution or high-spatial resolution. Visual systems require a 

minimum amount of information before it can process input. To reach this minimum 

information threshold, the system can either sample photon energy for short periods over a 

large area, resulting in low spatial resolution and high temporal resolution, or it can sample 

photon energy for longer periods over a smaller area, resulting in high spatial resolution but 

low temporal resolution (Donner, 2021; Reeves, 1996; Warrant, 1999). Most nocturnal 

species are theorized to be able to see in darkness by integrating the limited available light 

over relatively long periods (Donner, 2021; Laughlin & Weckstro m, 1993; Warrant, 1999; 

Warrant, 2008). Our finding that volant species possess high CFF thresholds even in low-
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luminance habitats suggest that volancy places a strong demand on fast visual processing, 

even if this results in lower spatial acuity. Because the volant group is entirely comprised of 

only two phylogenetic classes, Aves and Insecta, it is not clear whether these higher CFF 

thresholds are truly due to the dimensionality aspect of volancy, or to other characteristics 

such as the velocity component linked with this mode of locomotion (O’Carroll et al., 1996) or 

shared evolutionary backgrounds and/or morphologies. One possibility to gain further 

insight into this is to assess whether 3D motion results in higher CFF thresholds in aquatic 

species as well. However, with the current dataset, we were unable to investigate this, as the 

number of aquatic species that move in a truly two-dimensional fashion is extremely limited. 

Additionally, aquatic species locomoting in two dimensions are generally benthic species 

inhabiting environments with very low luminance levels, which introduces a significant 

confounding factor. Aquatic species in general had the lowest CFF thresholds, which is most 

likely attributable to the different physical properties of light in water compared to air.  

Foraging strategy 

Foraging strategy had a highly significant effect on CFF thresholds. Active predators and 

grazers had similar CFF thresholds. Active predation by means of pursuit requires high-speed 

locomotion by both predator and prey and thus, a visual system capable of rapid integration 

of sensory information. During pursuit, the predator needs to maintain awareness of its own 

body in relation to its surroundings, as well as of the location of its prey. Escape behaviour of 

prey may consist of bursts of speed, along with rapid turns, which demand highly reactive 

sensory processing of both predator and prey (Moore & Biewener, 2015). It is therefore likely 

that fast visual perception has co-evolved in both active predator species and most grazing 

species. 

Ambush predators had significantly lower CFF thresholds compared to the other two groups. 

As ambush predators are sessile during foraging, they do not experience the visual dynamics 

associated with self-generated motion, and need only to track motion induced by external 

sources. Ambush predators rely on rapid striking to capture prey, which is often the result of a 

fixed-action pattern, and as such, they also do not need to predict the prey’s movement 

(Moore & Biewener, 2015). These adaptations make high temporal resolution less important 

and allow for a trade-off between a situationally more favourable high spatial resolution 

instead (Warrant, 1999).   

Environmental luminance levels, body length and phylogeny 

Consistent with previous studies, the strongest correlate with species’ CFF in our models was 

environmental luminance level. Body length, as a measure for body size, was not a significant 

factor in any of our models. The effect of body size on CFF thresholds is presently unclear, as 
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Healy et al. (2013) found a negative relation, but Lafitte et al. (2022) found no relation. This 

discrepancy is possibly due to the larger datasets used, along with the inclusion of 

invertebrate species in both Lafitte et al. (2022) and the current study, as allometric 

relationships between physiological and ecological measures vary substantially both between 

invertebrates and vertebrates, and between different invertebrate taxonomic groups 

(Eberhard et al., 2011; Hendriks, 2007; Hirt et al., 2017). 

For our most parsimonious model, we did not include the taxonomic classes that had three or 

fewer observations. In this model, almost all variance was explained by our fixed terms and 

almost none by the random term phylogeny. This result suggests that our measures for 

different environmental interaction dynamics have a larger effect on CFF thresholds in the 

animal kingdom than evolutionary relatedness. Though it is crucial that phylogeny is 

accounted for when comparing species traits, more data from multiple taxonomic classes is 

needed to fully explore the extent to which evolutionary relatedness may influence visual 

processing speed. It is also important to note that including phylogeny into statistical models 

as a random term does not take into account the varying degrees of relatedness of species. As 

such, it can provide relatively good exploratory insights, but additional phylogenetic analysis 

measures may need to be included if evolutionary relationships are the main focus of study.  

Differences in methodology 

Though previous studies have found no statistically significant effect of methodology on 

variation in CFF when comparing ERG with behavioural methods (Healy et al., 2013, Inger et 

al., 2014; Lafitte et al., 2022), it is important to note that CFF can be measured in many 

different ways, and no standardised methodology exists to assess visual temporal resolution 

among different animal species. Here, we have collated all available maximum CFF thresholds 

into a single dataset. Due to the lack of standardisation of methodologies, this does impose 

certain limitations on the type and strength of conclusions that can be drawn from analyses. 

However, the research that has been conducted over the last decades into the temporal 

processing abilities of different species remains highly valuable, and comparative analyses 

such as those carried out in the current study can provide an effective and practical way to 

identify significant ecological trends and patterns that may be linked with visual temporal 

processing in the animal kingdom, especially if the observed effects are relatively large. 

Conclusions 

We have compiled data on animal CFF threshold measurements and species-specific 

quantifications of several ecological parameters into what is to our knowledge the largest 

such dataset to date. Using this data, we have found that variation in CFF thresholds is 

correlated with multiple aspects of species’ ecology. The range of CFF thresholds in the animal 
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kingdom spans several orders of magnitude, and our models did not indicate phylogenetic 

relatedness as a main driver for this variation. Our observations suggest that visual temporal 

processing is a highly flexible trait, both increasing and decreasing within- and across taxa 

over evolutionary time, depending on ecological demand. The high metabolic cost of fast 

sensory processing is likely a major constraint, maintaining high temporal resolution only in 

species occupying ecological niches that allow them to keep up with the high energy 

expenditure, and diminishing processing rates when species settle into metabolically cheaper 

niches. With our work, we have created a large-scale dataset which will be readily available 

for future research, and we have provided original insight into how a species’ overall 

ecological profile directly links to its sensory processing abilities. 
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Chapter 6 

Discussion 

 

6.1 Overview 

The world around us is rife with movement and changes, with forces and energies. In other 

words, we occupy a world full of information. To thrive in this world, it is crucial for 

individuals to make good use of the information available to them. This means not only 

collecting and processing input of varying types, but also doing so at an appropriate rate. A 

processing rate that is either too slow or too fast can mean you miss out on potentially 

valuable information about your environment, something that can have an immediate effect 

on fitness and survival. For animals that rely heavily on visual perception, the timely 

processing of visual information is thus of the utmost importance. It is therefore likely that 

different evolutionary selection pressures drive visual temporal processing towards an 

optimum, within the boundaries of a species’ genetic limitations. What this optimum might be 

varies depending on the specific selection pressures acting on the species, or even the 

individual.  

In this thesis, I examine visual temporal resolution with a holistic approach, investigating 

variation in this trait on multiple levels. The focal point of the first two data chapters is the 

naturally present variation among and within individuals of the same species, with healthy 

humans of similar ages as the focus group. In the last two data chapters, I explore several 

distinct ecological settings which may act as selective forces for visual temporal processing 

ability, both within and among species. 

First, in chapter two, I show that temporal resolution varies considerably among individuals 

of the same species, yet is stable over time within individuals. As individual variation is 

necessary for natural selection to act on a trait, this finding highlights that visual temporal 

resolution indeed has the potential to be subject to selection pressures. The range of visual 

processing rates I’ve uncovered with this study is large enough to suggest that there may be 

real-world differences in how different individuals perceive certain situations. Next, in 

chapter three, I assess whether a specific neural oscillation may predict the rate of visual 

temporal processing within an individual. My results indicate a correlation between the two 

measures, though the link may be brittle and context-specific. The findings outlined in this 

chapter show a similar trend as those in chapter two, with the possible neural representative 

of temporal resolution again showing much greater variation among individuals than within 
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individuals. Additionally, the results of this chapter illustrate a potential neurobiological 

origin for natural within-species variation in temporal resolution, and emphasizes the direct 

metabolic cost of fast processing rates which may pose a constraint for the limits of variation.     

In chapter four I measure visual temporal resolution in two groups of highly trained athletes, 

each of which occupies unique ecological settings with distinct visual dynamics, and compare 

them with a non-athlete control group. Though ultimately the sample sizes are insufficient to 

draw firm conclusions about the selective force of differing visual dynamics between the 

athlete groups, both athlete groups exhibit significantly higher temporal resolution than the 

non-athlete control. This result suggests that different degrees of cardiovascular fitness may 

be linked with variation in visual processing rates within a species. Lastly, in chapter five, I 

broaden my view to examine how different ecological variables may drive selection for 

different visual processing rates in the animal kingdom. I demonstrate that variation in 

temporal resolution among different species is linked with multiple ecological factors, such as 

habitat light levels, foraging strategy and the ability to fly. Moreover, I show that temporal 

resolution varies by several orders of magnitude, not only in the animal kingdom as a whole, 

but even among species within the same phyla. These findings indicate that the rate of visual 

processing is most likely influenced by numerous environmental, anatomical, physiological 

and behavioural factors which together make up a species’ overall ecological profile, and that 

the trait has both increased and decreased, across and within taxa, depending on ecological 

demand.    

The experimental results presented throughout this thesis have shed new light onto how 

visual processing rates vary, both within and among species, and how this variation may be 

linked with distinct ecological niches and environmental interactions. Though my work has 

filled several gaps in knowledge regarding the neurobiological, psychophysical and ecological 

background of this trait, the temporal aspect of sensory processing is a relatively 

understudied field, leaving many more unknowns to explore. Additionally, the findings made 

in each chapter of this thesis also give rise to several new questions. As such, many avenues 

are available for future research in this area. 

 

6.2 Future directions 

CFF measurement and individual variation 

Visual temporal resolution is generally quantified using the critical flicker fusion threshold 

(CFF). For the experiments carried out in this thesis, I designed a novel CFF-measuring tool 

which is low-cost, easy to operate, portable and allows for an accurate CFF measurement in 



69 

under 10 minutes. The tool employs a shortened version of the “method of constant stimuli,” 

the most accurate psychophysical method to measure CFF (Eisen-Enosh et al., 2017; Haarlem 

et al., 2024b). This tool makes it possible to measure CFF quickly, on a large scale and on-

location. Though the research carried out in this thesis provides foundational insight into 

individual variation in visual temporal processing, much is still unclear about how and why 

this trait varies among individuals. For example, it is known that CFF declines with age 

(Brozek & Keys, 1945; Misiak, 1947; Wilson, 1963), and to eliminate this potential effect on 

CFF in my research, my experimental samples consisted only of individuals of similar ages, in 

the range of 18-35 years. However, to better understand how temporal processing ability is 

linked with both cognitive development and decline, measuring CFF thresholds in other age 

groups would be of great scientific value. Determining if and how CFF naturally fluctuates 

over the course of a lifetime could provide novel insights into the neurobiological 

development and deterioration of the trait.  

Previous research has shown that CFF thresholds may temporarily be affected by certain 

physiological, psychological and chemical factors (Carmel et al., 2007; Hindmarch, 1982; 

Lambourne et al., 2010; Leigh, 1982; Presland et al., 2005; Smith & Misiak, 1976). As such, it 

would also be fruitful to investigate to what extent certain day-to-day activities may influence 

CFF in individuals, and whether these activities may have a cumulative effect. For instance, as 

perceptual load has been shown to affect flicker perception (Carmel et al., 2007), it is possible 

that our modern way of life, consisting of near-constant exposure to high intensity visual 

stimuli, high luminance digital images and high frequency flicker, may profoundly affect our 

temporal processing ability. Similarly, the regular use of consumables which may have 

stimulatory, depressing or sedating effects, either as part of our daily diets, or taken as 

supplements, medication or for recreation, may also alter CFF thresholds throughout the day, 

and may have an effect on how we perceive the world from moment to moment (Leigh, 1982; 

Hindmarch, 1982; Smith & Misiak, 1976). 

Real-world perception and functional benefits 

As more becomes known about individual variation in visual processing rates, possibly the 

most compelling question to answer is how this variation is reflected in real-world situations. 

Though the fact that some individuals can perceive flickering lights at frequencies where 

others cannot is in itself a real-life demonstration of differing visual experiences, in the 

context of practical, day-to-day situations, this observation is fairly abstract. Flicker consists 

only of the intermittent presence of photon energy and as such, it conveys very little 

information about an overall visual scene. Still, as I have shown in chapter five, visual 

temporal resolution is tightly linked with multiple ecological variables, suggesting that there 

are likely functional advantages to possessing specific rates of visual processing. The 
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correlations I have established with active foraging strategies and volancy, along with 

previous observations linking CFF with manoeuvrability (Bostro m et al., 2016; Potier et al., 

2020) indicate that CFF may be associated with the ability to quickly react in dynamic 

environments. As such, it is expected that visual processing rate will also be linked with 

particular cognitive and behavioural variables such as physical reaction time, motion 

detection ability and decision making. Though some studies have started to look into this 

(Prabu Kumar et al., 2020; Tikkinen et al., 2016; Umeton et al., 2017), the research in this area 

is currently very limited.   

It would be relatively straight-forward to correlate CFF with other individual measures of 

fast-paced behaviour. However, the potential relationship between CFF and an individual’s 

overall ability to respond quickly and accurately in dynamic environments could probably be 

most thoroughly examined with tools that are capable of assessing links with multiple 

cognitive and behavioural processes at once, such as the neurally-informed computational 

model for perceptual decision making created by Kelly et al. (2021). This model could be 

employed to take into account multiple components of an individual’s sensory environment 

during perception, and can draw links between CFF and neurophysiological variables such as 

evidence accumulation, urgency, decision formation and motor preparation. The utilization of 

a computational model such as this could provide extensive and comprehensive insight into 

the role that CFF plays in the overall perception of, and interaction with, dynamic 

environments.    

Genetics, heritability and trainability  

The finding that visual temporal resolution varies significantly within a healthy population 

leads to the question from where this variation originates. To what extent is perception speed 

an innate trait, and to what extent is it shaped by environmental influences? Twin studies are 

a widely used classical method used to tease apart the relative contribution of genetics and 

the environment to traits in the human population (Boomsma et al., 2002; Evans & Martin, 

2000). As such, they could offer an effective approach to increase our understanding of the 

potential genetic basis of variation in visual temporal resolution and may determine the level 

of heritability and stability of the trait. Assessing variability in sensory experience through 

twin studies is not a new concept, and has been employed in the past to study multiple 

sensory modalities, including visual perception (Knaapila et al., 2012; Norbury et al., 2007; 

Paramei et al., 2004; Polk et al., 2007; Wise et al., 2007). 

Though the research conducted in this thesis suggests that CFF thresholds are relatively 

stable over time within individuals, it is not known how rigid temporal resolution is over long 

periods, and whether certain interventions or environmental influences may induce long-
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term or permanent changes in visual processing rates. This is particularly relevant in the 

context of potential functional benefits and drawbacks of possessing a certain temporal 

resolution. As future research in this area advances, one question will inevitably arise: can we 

train our perception speed? If the trait proves to be sensitive to manipulation, this could 

present the possibility to correct “poor” temporal resolution, or for individuals to alter their 

temporal processing to better suit specific professions or elite sports. Should the trait turn out 

to be rigid and untrainable, the measurement of CFF thresholds could still provide valuable 

information as a screening or selection tool in these same situations.    

Answering questions relating to the genetic basis of temporal resolution and the heritability, 

stability and trainability of perception speed, would require large-scale experimental setups 

and substantial sample sizes. As such, this type of research is well-suited for a citizen science 

approach. By providing access to a standardized CFF measuring paradigm to the general 

public, in combination with surveys and questionnaires, large amounts of data could be 

collected to investigate correlations, not only between variation in CFF and genetic 

relatedness, but also geographical location, cultural background, physical fitness levels, 

profession and much more. This research could then inform which particular lifestyle factors 

and ecological variables may impact the temporal aspect of sensory processing, and could 

provide an indication of how this trait has evolved over time within a species. 

Inter-species research, evolution and ecology 

The critical flicker fusion threshold is not a new concept in science, and the parameter has 

been used to assess the temporal processing abilities of both human and animal visual 

systems since as early as the 1930’s. The works of William John Crozier and Ernst Wolf in 

particular have contributed significantly to our current knowledge of the visual perception 

speed of different animal species (see Appendix B, Table B.1 for a selection of their 

publications). However, it was not until relatively recently that scientists have started to draw 

parallels between visual temporal resolution and the many different environmental, 

physiological and behavioural aspects that make up a species’ ecological niche. We are 

continually gaining greater understanding of how evolutionary pressures drive sensory 

processing, and how variation in sensory processing creates specific ecological niches. 

Understanding sensory niches is crucial in all manner of animal research, from behavioural 

studies to conservation works. Knowledge of the visual temporal processing abilities of 

animal species may be specifically useful in the context of urbanisation and artificialization of 

the natural world, where more and more species are exposed to artificial flickering lights, 

which may affect behaviour. Studies such as those conducted by Inger et al. (2014) and Lafitte 

et al. (2022), which assess the ecological effects of artificial flickering lights on animal species, 

provide valuable information which may be used in mediation and conservation efforts. 
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Moreover, awareness of species’ sensory temporal processing would also be beneficial in 

animal research with certain model species, particularly in the fields of neuroscience and 

comparative psychology. In these fields, the behaviour and cognition of model animal species 

are studied to draw comparisons with human behaviour and psychology, and as such, it is 

essential to understand an animal’s subjective experience as accurately and precisely as 

possible. 

In summary, temporal resolution is an intriguing, but relatively understudied aspect of visual 

processing. Particularly in terms of individual variation, much is still unclear about what 

governs this trait within an individual, how it contributes to sensory experiences and how it is 

driven by natural selection and evolution. As we learn more about variation in temporal 

resolution and its relationships with the environment, more questions arise regarding 

functionality, limits and limitations and the existence of distinct temporal perception niches. 

My thesis has provided new and original data to address some of these questions, and places 

previous research in new context. It also highlights the many more unknowns in this area and 

thus opens up novel avenues for future research in many fields of science. 
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Appendix A | Supplementary material for chapter 3 

Linear modelling results 

Linear models were created to assess the structure of the data before any correlation 

analyses. Analyses were conducted with base R (version 4.2.1, R Core Team 2021) and 

RStudio (version 2023.3.0.386, Posit Team 2023) functions, as well as functions from the 

“car” package (Fox & Weinberg, 2019). The following assumptions were tested for each 

model: 

- Linearity of the data, with the function “ResidualPlots” and Tukey’s one-degree-of-

freedom test, for which the null hypothesis represents a linear relationship (P-values 

listed in tables as “Tukey”). 

- Homoscedasticity of residuals, with Non-Constant Error Variance testing, using the 

function “ncvTest,” for which the null-hypothesis represents homoskedasticity (P-

values listed in tables as “ncv”). 

- Normality of residuals, assessed visually with Quantile-Quantile plots and numerically 

with Shapiro tests (P-values listed in tables as “Shapiro”). 

- Absence of outliers, with the function “InfluenceIndexPlots,” which returns values for: 

1) Cook’s Distance, as a measure for individual point influence (listed in tables as 

“Cook”), 2) hat value, as a measure for leverage of fitted values (listed in tables as 

“Hat”) and 3) Bonferroni p-value, as a measure for individual point significance (listed 

in tables as “Bonf”). 

Additionally, post-hoc correlation analyses were performed on all models using the Matlab 

(version 2.11.0.1837725, The Mathworks Inc, 2022) toolbox “Robust correlations” (Pernet et 

al., 2013), which has the capacity to run correlation analyses both before and after automatic 

outlier removal. Unless stated otherwise, we observed no difference between the correlation 

tests performed in R and those performed in Matlab. 

 

A1. Eyes-closed EEG recording 

Eyes-closed EEG-data was recorded for two minutes prior to starting the flash-fusion task and 

for two minutes after task completion. To assess how these two recordings compare with 

each other, and how the corresponding peak alpha frequency of each recording correlates 

with flash-fusion thresholds, we created the following three linear models: 

Model 1: flash-fusion threshold ~ peak alpha frequency extracted from CSD-transformed pre-

task EEG recording 
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Model 2: flash-fusion threshold ~ peak alpha frequency extracted from CSD-transformed 

post-task EEG recording 

Model 3: flash-fusion threshold ~ peak alpha frequency extracted from mean of CSD-

transformed pre-task and post-task EEG recording 

All three models indicated a correlation between flash-fusion threshold and peak alpha 

frequency (Table a1). Peak alpha frequency extracted from pre-task EEG recording was highly 

correlated with peak alpha frequency extracted from post-task EEG recording (Pearson’s r = 

0.91, P = 1.602e-12), and all models resulted returned similar analysis results. Therefore, all 

further eyes-closed alpha analyses were conducted using the mean of the pre-task and post-

task EEG recordings.  

Table A.1. Results from analyses of linear models 1, 2 and 3. P-values printed in bold 

indicate a significant result. 

Model Tukey ncv Shapiro Cook Hat Bonf Model P 

1 0.178 0.119 0.834 < 0.5 0.05 – 0.3 > 0.05 0.022 

2 0.290 0.249 0.25 < 0.3 0.1 – 0.4 > 0.05 0.019 

3 0.199 0.214 0.422 < 0.5 0.1 – 0.4 > 0.05 0.018 

 

The next set of models was constructed to test if eyes-closed alpha peak frequency was 

correlated with the critical flicker fusion threshold, if either of the behavioural tasks were 

correlated with eyes-closed alpha peak amplitude and if Current-Source Density (CSD) 

transformation had an effect on the main results of the previously created linear models. The 

following models were created: 

Model 4: Critical flicker fusion threshold ~ peak alpha frequency extracted from mean of 

CSD-transformed pre-task and post-task EEG recording 

Model 5: Flash-fusion threshold ~ peak alpha amplitude extracted from mean of CSD-

transformed pre-task and post-task EEG recording 

Model 6: Critical flicker fusion threshold ~ peak alpha amplitude extracted from mean of 

CSD-transformed pre-task and post-task EEG recording 

Model 7: Flash-fusion threshold ~ peak alpha frequency extracted from non-CSD-

transformed mean of pre-task and post-task EEG recording 

Model 8: Flash-fusion threshold ~ peak alpha amplitude extracted from non-CSD-

transformed mean of pre-task and post-task EEG recording 



  

88 

Model 9: Critical flicker fusion threshold ~ peak alpha frequency extracted from non-CSD 

transformed mean of pre-task and post-task EEG recording 

Model 10: Critical flicker fusion threshold ~ peak alpha amplitude extracted from non-CSD 

transformed mean of pre-task and post-task EEG recording 

Residuals were not normally distributed for models 4, 5, 8 and 9. No significant outliers were 

observed (Table a2). We therefore conducted correlation tests using both Spearman’s and 

Pearson’s r. Neither revealed a significant correlation between the two tested variables for 

models 4, 8 and 9. Results from model 5 indicated a significant correlation between flash-

fusion threshold and eyes-closed CSD-transformed peak alpha amplitude, only for Spearman’s 

correlation test (r = 0.383, P = 0.033). This correlation was not statistically significant in our 

post-hoc analysis using the “Robust correlations” toolbox in Matlab, the difference most likely 

being due to its automatic outlier detection functionality, which uses three different methods 

for outlier detection and removal. We observed a significant correlation between the variables 

tested in model 7. 

Table A.2. Results from analyses of linear models 4 – 10. Significant values printed in bold. 

Correlation column shows P-value for the highest R. 

Model Tukey ncv Shapiro Cook Hat Bonf Model P Correlation 

4 0.205 0.098 0.039 < 0.5 0.0 – 0.4 > 0.05 0.963 Pearson r = -0.009 

Spearman  

r = 0.004 

5 0.666 0.143 0.010 < 0.4 0.0 – 0.15 > 0.05 0.192 Pearson r = 0.241 

Spearman  

r = 0.384 

P = 0.033 

6 0.572 0.465 0.142 < 0.14 0.04 – 0.18 > 0.05 0.311 Pearson r = 0.188 

7 0.182 0.182 0.203 < 0.5 0.04 – 0.5 > 0.05 0.016 Pearson r = -0.428 

8 0.514 0.105 0.037 < 0.5 0.0 – 0.15 > 0.05 0.438 Pearson r = 0.145 

Spearman  

r = 0.267 

P = 0.146 

9 0.241 0.227 0.033 < 0.5 0.0 – 0.5 > 0.05 0.955 Pearson r = 0.011 

Spearman  

r = -0.04 

P = 0.833 

10 0.961 0.681 0.107 < 0.5 0.0 – 0.15 > 0.05 0.348 Pearson r = 0.174 
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A2. Pre-stimulus EEG-recording 

Pre-stimulus EEG-data was recorded during behavioural task performance. To assess how 

pre-stimulus peak alpha frequency and amplitude correlate with flash-fusion thresholds and 

critical flicker fusion thresholds, the following linear models were created: 

Model 11: Flash-fusion threshold ~ peak alpha frequency extracted from CSD-transformed 

pre-stimulus EEG-recording 

Model 12: Flash-fusion threshold ~ peak alpha amplitude extracted from CSD-transformed 

pre-stimulus EEG-recording 

Model 13: Critical flicker fusion ~ peak alpha frequency extracted from CSD-transformed 

pre-stimulus EEG-recording 

Model 14: Critical flicker fusion ~ peak alpha amplitude extracted from CSD-transformed 

pre-stimulus EEG-recording 

Residuals of models 13 and 14 were not normally distributed (Table a3). However, no 

significant outliers were detected. We therefore tested for correlations with both Spearman’s 

and Pearson’s r. We observed no significant correlations between the variables of any of the 

tested models. 

Table A.3. Results from analyses of linear models 11 – 14. Significant values printed in 

bold. Correlation column shows P-value for largest R. 

Model Tukey ncv Shapiro Cook Hat Bonf Model P Correlation 

11 0.398 0.063 0.509 < 0.7 0.0 – 0.4 > 0.05 0.234 Pearson r = -0.22 

12 0.324 0.824 0.085  < 0.2 0.0 – 0.4 > 0.05 0.276 Pearson r = 0.202 

13 0.149 0.380 0.017 < 0.5 0.0 – 0.4 > 0.05 0.686 Pearson r = 0.076 

Spearman r = 0.026 

P = 0.889 

14 0.836 0.775 0.039 < 0.3 0.0 – 0.4 > 0.05 0.541 Pearson r = 0.114 

Spearman r = 0.106 

P = 0.572 

 

To assess the possible effect of Current Source Density transformation on the data, we 

analysed the same variables on non-CSD transformed EEG-data. For this, we created the 

following linear models: 

Model 15: Flash-fusion threshold ~ peak alpha frequency extracted from non-CSD-

transformed pre-stimulus EEG-recording 
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Model 16: Flash-fusion threshold ~ peak alpha amplitude extracted from non-CSD-

transformed pre-stimulus EEG-recording 

Model 17: Critical flicker fusion ~ peak alpha frequency extracted from non-CSD-

transformed pre-stimulus EEG-recording 

Model 18: Critical flicker fusion ~ peak alpha amplitude extracted from non-CSD-

transformed pre-stimulus EEG-recording 

Residuals of model 17 were not normally distributed (Table a4). However, no significant 

outliers were detected. We therefore tested for correlations with both Spearman’s and 

Pearson’s r. We found no significant correlations between variables of any of the tested 

models. 

Table A.4. Results from analyses of linear models 15 – 18. Significant values printed in 

bold. Correlation column shows P-value for the highest R. 

Model Tukey ncv Shapiro Cook Hat Bonf Model P Correlation 

15 0.512 0.073 0.717 < 0.5 0.0 – 0.3 > 0.05 0.124 Pearson r = -0.29 

16 0.414 0.699 0.210 < 0.2 0.0 – 0.5 > 0.05 0.336 Pearson r = 0.182 

17 0.205 0.474 0.039 < 0.5 0.0 – 0.4 > 0.05 0.131 Pearson r = 0.282 

Spearman  

r = 0.285 

P = 0.127 

18 0.876 0.936 0.061 < 0.4 0.0 – 0.4 > 0.05 0.66 Pearson r = 0.084 

 

A3. Analysis of individual electrode PO8 with pre-stimulus EEG data 

Linear models were created to assess possible correlations between flash-fusion thresholds / 

critical flicker fusion thresholds and pre-stimulus peak alpha frequency extracted only from 

electrode PO8. Again we tested both CSD-transformed and non-CSD-transformed versions of 

the data. The following models were created: 

Model 19: Flash-fusion threshold ~ peak alpha frequency extracted from CSD-transformed 

pre-stimulus EEG-recording of electrode PO8 

Model 20: Critical flicker fusion ~ peak alpha frequency extracted from CSD-transformed 

pre-stimulus EEG-recording of electrode PO8 

Model 21: Flash-fusion threshold ~ peak alpha frequency extracted from non-CSD-

transformed pre-stimulus EEG-recording of electrode PO8 
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Model 22: Critical flicker fusion ~ peak alpha frequency extracted from non-CSD-

transformed pre-stimulus EEG-recording of electrode PO8 

Residuals of model 22 were not normally distributed (Table a5). However, no significant 

outliers were detected. We therefore tested for correlations with both Spearman’s and 

Pearson’s r. We observed significant correlations for the variables tested in models 19 and 21. 

Table A.5. Results from analyses of linear models 19 – 22. Significant values printed in 

bold. Correlation column shows p-value for the highest R. 

Model Tukey ncv Shapiro Cook Hat Bonf Model Correlation 

19 0.369 0.241 0.164 < 0.5 0.0 – 0.4 > 0.05 0.007 Pearson r = -0.49 

20 0.172 0.902 0.053 < 0.5 0.0 – 0.4 > 0.05 0.097 Pearson r = 0.314 

21 0.158 0.185 0.651 < 0.5 0.0 -0.4 > 0.05 0.023 Pearson r = -0.421 

22 0.211 0.471 0.0438 < 0.5 0.0 – 0.4 > 0.05 0.224 Pearson r = 0.233 

Spearman r = 0.183 

P = 0.341 

 

A4. Analysis of performance of intermediate stimulus 

For the analysis of correlations between peak alpha frequency and the proportion of correct 

responses on the intermediate stimulus of the flash-fusion task, the following linear models 

were created: 

Model 23: Proportion correct ~ peak alpha frequency extracted from mean of CSD-

transformed pre-task and post-task EEG recording 

Model 24: Proportion correct ~ peak alpha frequency extracted from mean of non-CSD-

transformed pre-task and post-task EEG recording 

Model 25: Proportion correct ~ peak alpha frequency extracted from CSD-transformed pre-

stimulus EEG-recording 

Model 26: Proportion correct ~ peak alpha frequency extracted from non-CSD-transformed 

pre-stimulus EEG-recording 

Model 27: Proportion correct ~ peak alpha frequency extracted from CSD-transformed pre-

stimulus EEG-recording of electrode PO8 

Model 28: Proportion correct ~ peak alpha frequency extracted from non-CSD-transformed 

pre-stimulus EEG-recording of electrode PO8 
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All models met the assumptions for linear regression (Table a6). We found significant 

correlations between the variables tested in models 23 and 24. 

Table A.6. Results from analyses of linear models 23 – 28. Significant values printed in 

bold. 

Model Tukey ncv Shapiro Cook Hat Bonf Model P Correlation 

23 0.777 0.35 0.781 < 0.2 0.0 – 0.4 > 0.05 0.06 Pearson r = 0.34 

P = 0.03  

one-tailed 

24 0.779 0.235 0.751 < 0.2 0.0 – 0.5 > 0.05 0.069 Pearson r = 0.33 

P = 0.035  

one-tailed 

25 0.992 0.382 0.267 < 0.2 0.0 – 0.4 > 0.05 0.227 Pearson r = 0.22 

P = 0.113  

one-tailed 

26 0.658 0.234 0.07 < 0.4 0.0 – 0.4 > 0.05 0.14 Pearson r = 0.28 

P = 0.07  

one-tailed 

27 0.516 0.279 0.438 < 0.2 0.0 – 0.4 > 0.05 0.14 Pearson r = 0.28 

P = 0.07  

one-tailed 

28 0.807 0.296 0.312 < 0.3 0.0 – 0.4 > 0.05 0.138 Pearson r = 0.28 

P = 0.069  

one-tailed 

 

A5. Comparison between the two behavioural paradigms 

To analyse if performance on the flash-fusion task is correlated with performance on the 

critical flicker fusion task, we created the following model: 

Model 29: Flash-fusion threshold ~ critical flicker fusion threshold 

Residuals of model 29 were not normally distributed (Table a7). However, no significant 

outliers were detected. We therefore tested for correlations with both Spearman’s and 

Pearson’s r. We found no correlations between performance on the flash-fusion task and 

performance on the critical flicker fusion task. 
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Table A.7. Results from analyses of linear models 29. Significant values printed in bold. 

Correlation column shows p-value for largest R. 

Model Tukey ncv Shapiro Cook Hat Bonf Model P Correlation 

29 0.563 0.564 0.029 < 0.4 0.0 – 0.3 > 0.05 0.49 Pearson’s r = -0.129 

Spearman’s r = -0.024 

P = 0.898 
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Appendix B | Supplementary material for chapter 5 

Animal CFF dataset and references 

Below is the full dataset used in the analysis in chapter 5, along with all references for max 

CFF values, habitat light levels and body length values found in literature and online 

catalogues.  
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Table B.1. Animal CFF dataset. 

 
Species Common name Class 

Max 

CFF CFFRef 

Forag 

strat 

Forag 

dim 

Move 

dim Luminance LumRef 

Body 

length BLRef 

1 

Acanthochromis 

polyacanthus Spiny chromis Actinopterygii 89.0 3 Graze 3D Aquatic High 57 0.14 57 

2 Amia calva Bowfin Actinopterygii 38.0 9 Ambush 3D Aquatic High 58 0.53 57 

3 Anguilla anguilla European eel Actinopterygii 14.0 8 Ambush 2D Aquatic Low 57 0.5 57 

4 Betta splendens Siamese fighting fish Actinopterygii 45.1 2 Active 3D Aquatic High 56 0.065 57 

5 Carassius auratus Goldfish Actinopterygii 67.2 8 Graze 3D Aquatic High 8 0.1 57 

6 Carassius gibelio Prussian carp Actinopterygii 33.0 14 Graze 3D Aquatic High 61 0.27 132 

7 Centropomus undecimalis Common snook Actinopterygii 40.0 16 Active 3D Aquatic High 57 0.5 56 

8 Centropristis striata Black sea bass Actinopterygii 52.0 17 Active 3D Aquatic High 57 0.3 57 

9 Chaetodipterus faber Atlantic spadefish Actinopterygii 60.0 17 Graze 2D Aquatic High 57 0.5 57 

10 Cynoscion nebulosus Spotted seatrout Actinopterygii 60.0 24 Active 3D Aquatic High 57 0.36 57 

11 Cynoscion regalis Weakfish Actinopterygii 42.0 24 Active 3D Aquatic High 57 0.5 57 

12 Dicentrarchus labrax European sea bass Actinopterygii 155.0 25 Active 3D Aquatic High 56 1 56 

13 Enneacanthus gloriosus Blue-spotted sunfish Actinopterygii 50.0 26 Graze 3D Aquatic High 65 0.075 85 

14 Fundulus heteroclitus Mummichog Actinopterygii 52.0 29 Graze 3D Aquatic High 66 0.06 66 

15 Gasterosteus aculeatus Threespined stickleback Actinopterygii 67.0 2 Active 3D Aquatic High 57 0.05 57 

16 Gnathonemus petersii Elephantnose fish Actinopterygii 45.0 31 Graze 2D Aquatic Low 57 0.18 96 

17 Lagodon rhomboides Pinfish Actinopterygii 44.0 16 Active 3D Aquatic High 57 0.18 57 

18 Leiostomus xanthurus Spot Actinopterygii 55.0 24 Graze 2D Aquatic High 56 0.25 57 
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19 

Lepidocybium 

flavobrunneum Escolar Actinopterygii 9.0 36 Ambush 3D Aquatic Low 57 1.5 57 

20 Leuresthes tenuis California grunion Actinopterygii 60.0 33 Active 3D Aquatic High 57 0.19 57 

21 Lutjanus griseus Grey snapper Actinopterygii 47.0 16 Active 3D Aquatic Low 57 0.4 57 

22 Micropogonias undulatus Atlantic croaker Actinopterygii 59.0 24 Active 2D Aquatic Low 57 0.3 57 

23 Morone saxatilis Striped bass Actinopterygii 74.0 24 Active 3D Aquatic High 57 1.2 57 

24 Mugil cephalus Striped mullet Actinopterygii 100.0 33 Graze 3D Aquatic High 57 0.5 57 

25 Oncorhynchus mykiss Rainbow trout Actinopterygii 27.0 8 Active 3D Aquatic Low 57 0.6 57 

26 Oryzias latipes Japanese rice fish Actinopterygii 37.2 8 Graze 3D Aquatic Low 8 0.023 111 

27 Paralabrax nebulifer Sand bass Actinopterygii 50.0 33 Active 3D Aquatic High 57 0.67 57 

28 Paralichthys dentatus Summer flounder Actinopterygii 52.0 24 Ambush 3D Aquatic High 56 0.61 57 

29 Perca flavescens Yellow perch Actinopterygii 40.0 42 Active 3D Aquatic High 56 0.18 56 

30 Poecilia reticulata Guppy Actinopterygii 67.0 2 Graze 3D Aquatic High 57 0.028 57 

31 Pomatomus saltatrix Bluefish Actinopterygii 56.0 24 Active 3D Aquatic High 57 0.6 57 

32 Pterois spp Lionfish Actinopterygii 88.0 45 Active 3D Aquatic Low 56 0.165 45 

33 Rachycentron canadum Cobia Actinopterygii 65.0 24 Active 3D Aquatic High 58 1.1 57 

34 Salmo salar Salmon Actinopterygii 72.0 2 Active 3D Aquatic High 57 1.1 57 

35 Salvelinus fontinalis Brook trout Actinopterygii 71.0 48 Active 3D Aquatic High 57 0.45 56 

36 Sciaenops ocellatus Red drum Actinopterygii 54.0 24 Active 3D Aquatic High 58 1 57 

37 Sebastolobus altivelis Longspine thornyhead Actinopterygii 10.0 33 Ambush 2D Aquatic Low 57 0.33 57 

38 Serranus scriba Painted comber Actinopterygii 25.0 14 Ambush 3D Aquatic Low 68 0.203 119 

39 Tautoga onitis Tautog Actinopterygii 48.0 17 Graze 2D Aquatic High 57 0.54 57 

40 Thunnus albacares Yellowfin tuna Actinopterygii 100.0 33 Active 3D Aquatic High 58 0.88 121 
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41 Thunnus obesus Bigeye tuna Actinopterygii 37.0 52 Active 3D Aquatic Low 52 1.8 57 

42 Xiphias gladius Swordfish Actinopterygii 22.0 2 Active 3D Aquatic Low 71 3 57 

43 Xiphophorus hellerii Green swordtail Actinopterygii 43.0 2 Graze 3D Aquatic High 57 0.028 57 

44 Ambystoma tigrinum Tiger salamander Amphibia 30.0 8 Ambush 2D Terrestrial Low 56 0.25 56 

45 Rana clamitans Green frog Amphibia 21.0 2 Ambush 2D Terrestrial Low 56 0.1 56 

46 Rhinella marina Cane toad Amphibia 6.7 2 Ambush 2D Terrestrial Low 56 0.194 56 

47 

Acromegalomma 

vesiculosum Fan worm Annelida 35.0 6 Graze 3D Aquatic High 6 0.12 83 

48 Harmothoe imbricata Scale worm Annelida 5.0 32 Ambush 2D Aquatic Low 32 0.065 149 

49 Lepidonotus squamatus Scale worm Annelida 7.0 32 Graze 2D Aquatic Low 32 0.05 149 

50 Cupiennius salei Tiger bromeliad spider Arachnida 8.6 22 Ambush 2D Terrestrial Low 22 0.032 81 

51 Lycosa baltimoriana Wolf spider Arachnida 10.0 2 Ambush 2D Terrestrial Low 2 0.016 140 

52 Maevia inclemens Jumping spider Arachnida 40.0 2 Active 2D Terrestrial High 2 0.007 82 

53 Asio flammeus Short-eared owl Aves 70.0 8 Active 2D Volant Low 56 0.38 56 

54 Athene noctua Little owl Aves 50.0 2 Ambush 2D Volant Low 56 0.22 126 

55 Bubo virginianus Great horned owl Aves 45.0 8 Ambush 2D Volant Low 56 0.546 56 

56 Calypte anna Anna's hummingbird Aves 85.0 13 Graze 3D Volant High 56 0.1 56 

57 Columba livia Rock pigeon Aves 143.0 2 Graze 2D Volant High 56 0.28 136 

58 Cyanistes caeruleus Blue tit Aves 131.0 23 Active 2D Volant High 23 0.12 126 

59 Falco cherrug Saker falcon Aves 102.0 28 Active 2D Volant High 56 0.475 56 

60 Falco peregrinus Peregrine falcon Aves 129.0 28 Active 3D Volant High 56 0.47 56 

61 Ficedula albicollis Collared flycatcher Aves 141.0 23 Active 3D Volant High 23 0.13 137 

62 Ficedula hypoleuca Pied flycatcher Aves 146.0 23 Active 3D Volant High 23 0.13 56 
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63 Gallus gallus Domestic chicken Aves 87.0 8 Graze 2D Terrestrial High 8 0.7 56 

64 Melopsittacus undulatus Budgerigar Aves 74.7 8 Graze 2D Volant High 56 0.19 56 

65 Molothrus ater Brown-headed cowbird Aves 114.7 28 Active 2D Volant High 56 0.19 56 

66 Parabuteo unicinctus Harris hawk Aves 81.0 28 Active 2D Volant High 56 0.61 56 

67 Passer domesticus House sparrow Aves 55.0 41 Graze 2D Volant High 56 0.145 126 

68 Sturnus vulgaris Starling Aves 100.0 8 Active 2D Volant High 56 0.215 56 

69 Taeniopygia guttata Zebrafinch Aves 55.0 51 Graze 2D Volant High 56 0.1 56 

70 Sepia officinalis Cuttlefish Cephalopoda 24.0 49 Ambush 3D Aquatic Low 56 0.45 56 

71 Carcharhinus acronotus Blacknosed shark Chondrichthyes 18.0 8 Active 3D Aquatic Low 57 1.57 57 

72 Carcharhinus plumbeus Sandbar shark Chondrichthyes 21.0 15 Active 3D Aquatic Low 57 2.6 56 

73 Chiloscyllium punctatum 

Brown banded bamboo 

shark Chondrichthyes 44.0 19 Active 2D Aquatic Low 58 1.09 57 

74 Galeocerdo cuvier Tiger shark Chondrichthyes 38.0 15 Active 3D Aquatic Low 57 5 57 

75 Haploblepharus edwardsii Puffadder shyshark Chondrichthyes 29.0 19 Active 2D Aquatic Low 57 0.59 57 

76 Hemiscyllium ocellatum Epaulette shark Chondrichthyes 40.0 19 Graze 2D Aquatic High 57 0.83 57 

77 Heterodontus francisci Horned shark Chondrichthyes 20.0 33 Graze 2D Aquatic Low 57 0.97 57 

78 

Heterodontus 

portusjacksoni Port Jackson shark Chondrichthyes 28.0 19 Graze 2D Aquatic Low 57 1.37 57 

79 Leucoraja erinacea Little skate Chondrichthyes 30.0 8 Graze 2D Aquatic Low 57 0.5 57 

80 Mustelus canis Smooth dogfish Chondrichthyes 13.0 15 Graze 2D Aquatic Low 57 1 57 

81 Mustelus manazo Star spotted dogfish Chondrichthyes 10.0 19 Graze 2D Aquatic Low 57 1.41 57 

82 Mustelus mustelus Smooth hounds Chondrichthyes 29.0 19 Active 2D Aquatic Low 57 1 57 

83 Negaprion brevirostris Lemon shark Chondrichthyes 37.0 8 Active 3D Aquatic Low 57 2.4 57 
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84 Platyrhinoidis triseriata Thornback ray Chondrichthyes 60.0 33 Active 2D Aquatic High 57 0.695 57 

85 Raja ocellata Winter skate Chondrichthyes 30.0 46 Graze 2D Aquatic Low 57 0.93 57 

86 Rhinobatos productus Shovelnose guitarfish Chondrichthyes 30.0 33 Graze 2D Aquatic Low 57 1.345 57 

87 Scyliorhinus canicula Smallspotted catfish Chondrichthyes 3.2 14 Graze 2D Aquatic Low 58 1 58 

88 Sphyrna lewini 

Scalloped hammerhead 

shark Chondrichthyes 27.3 8 Active 3D Aquatic Low 57 4.3 57 

89 Sphyrna tiburo Bonnethead shark Chondrichthyes 31.0 2 Graze 3D Aquatic Low 57 0.8 57 

90 Squalus acanthias Spiny dogfish Chondrichthyes 20.0 15 Active 3D Aquatic Low 58 1 57 

91 Tripedalia cystophora Box jellyfish Cnidaria 10.0 54 Graze 3D Aquatic High 54 0.013 146 

92 Acanthaster planci Crown of thorns starfish Echinodermata 0.7 1 Graze 2D Aquatic High 56 0.3 56 

93 Achatina fulica Giant African land snail Gastropoda 0.6 4 Graze 2D Terrestrial Low 56 0.3 56 

94 Lampetra fluviatilis River lamprey Hyperoartia 24.0 35 Active 3D Aquatic Low 57 0.35 57 

95 Mordacia mordax Shortheaded lamprey Hyperoartia 39.6 38 Active 3D Aquatic Low 38 0.375 57 

96 Mordacia praecox Precocious lamprey Hyperoartia 31.1 38 Graze 2D Aquatic Low 38 0.375 57 

97 Acherontia styx 

Lesser death's head 

hawkmoth Insecta 140.0 5 Graze 2D Volant Low 5 0.06 61 

98 Acraea terpsicore Tawny coster Insecta 183.0 5 Graze 2D Volant High 5 0.02 125 

99 Agrius convolvuli Convolvus hawkmoth Insecta 110.0 5 Graze 2D Volant Low 5 0.045 122 

100 Anisoptera Dragon fly Insecta 240.0 2 Active 3D Volant High 2 0.057 82 

101 Antheraea pernyi Chinese tussar moth Insecta 70.0 2 Graze 2D Volant Low 2 0.04 77 

102 Apis mellifera Honeybee Insecta 240.0 2 Graze 2D Volant High 2 0.015 56 

103 Ariadne ariadne Angled castor Insecta 205.0 5 Graze 2D Volant High 5 0.017 125 

104 Atta sexdens rubropilosa Leaf cutting ant Insecta 22.3 2 Graze 2D Terrestrial Low 2 0.013 127 
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105 Bombus morio Bumblebee Insecta 69.4 2 Graze 2D Volant High 2 0.019 128 

106 Calliphoridae Blowfly Insecta 240.0 2 Graze 2D Volant High 2 0.009 129 

107 Camponotus rufipes Ant Insecta 23.5 2 Graze 2D Terrestrial Low 2 0.011 130 

108 Carausius morosus Stick insect Insecta 40.0 2 Graze 2D Terrestrial High 2 0.085 133 

109 Catopsilia pomona Lemon emigrant Insecta 180.0 5 Graze 2D Volant High 5 0.02 125 

110 Catopsilia pyranthe Mottled emigrant Insecta 194.0 5 Graze 2D Volant High 5 0.018 125 

111 Cephonodes hylas Coffee bee hawkmoth Insecta 128.0 5 Graze 2D Volant High 5 0.022 125 

112 Chauliognathus marginatus Soldier beetle Insecta 45.0 18 Graze 2D Terrestrial High 18 0.01 134 

113 Cicindela chinensis Tiger beetle Insecta 45.0 21 Active 2D Terrestrial High 64 0.02 135 

114 Danaus chrysippus African monarch Insecta 211.0 5 Graze 2D Volant High 5 0.012 125 

115 Daphnis nerii Oleander hawkmoth Insecta 116.0 5 Graze 2D Volant Low 5 0.045 125 

116 Delias eucharis Common jezebel Insecta 225.0 5 Graze 2D Volant High 5 0.021 125 

117 Drosophila hydei Fruit fly Insecta 80.0 2 Graze 2D Volant High 2 0.001 84 

118 Erebus macrops Common owl moth Insecta 110.0 5 Graze 2D Volant Low 5 0.04 125 

119 Eristalis tenax Drone fly Insecta 58.8 2 Graze 2D Volant High 2 0.014 134 

120 Eudocima materna Dot-underwing moth Insecta 139.0 5 Graze 2D Volant Low 5 0.029 87 

121 Euploea core Common crow Insecta 208.0 5 Graze 2D Volant High 5 0.033 125 

122 Gangara thyrsis Giant redeye Insecta 173.0 5 Graze 2D Volant Low 5 0.07 92 

123 Glossina morsitans Tsetse fly Insecta 145.0 2 Active 2D Volant High 2 0.011 56 

124 Hasora chromus Common banded awl Insecta 149.0 5 Graze 2D Volant Low 5 0.016 125 

125 Hemianax papuensis Dragon fly Insecta 55.6 2 Active 3D Volant High 2 0.1 124 

126 Hippotion spp Sphinx moth Insecta 146.0 5 Graze 2D Volant Low 5 0.028 98 

127 Hypolimnas bolina Blue moon butterfly Insecta 199.0 5 Graze 2D Volant High 5 0.025 125 
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128 Junonia Lemonias Lemon pansy Insecta 203.0 5 Graze 2D Volant High 5 0.017 125 

129 Locusta migratoria Migratory locust Insecta 65.0 2 Graze 2D Volant High 2 0.046 141 

130 Macroglossum spp Hawkmoth Insecta 182.0 5 Graze 2D Volant High 5 0.02 104 

131 Melanitis leda Common evening brown Insecta 230.0 5 Graze 2D Volant Low 5 0.023 125 

132 Melipona quadrifasciata Tropical bee Insecta 67.1 2 Graze 2D Volant High 2 0.01 142 

133 Moduza procris Commander Insecta 199.0 5 Graze 2D Volant High 5 0.02 125 

134 Musca domestica House fly Insecta 83.3 2 Graze 2D Volant High 2 0.006 56 

135 Myrmecia croslandi Bull ant Insecta 188.7 39 Graze 2D Terrestrial High 39 0.012 107 

136 Myrmecia gulosa Bull ant Insecta 151.6 39 Graze 2D Terrestrial High 39 0.019 108 

137 Myrmecia midas Bull ant Insecta 84.6 39 Graze 2D Terrestrial Low 39 0.016 109 

138 Myrmecia pyriformis Bull ant Insecta 73.3 39 Graze 2D Terrestrial Low 39 0.021 107 

139 Myrmecia tarsata Bull ant Insecta 162.6 39 Graze 2D Terrestrial High 39 0.02 107 

140 Myrmecia vindex Bull ant Insecta 125.2 39 Graze 2D Terrestrial Low 39 0.021 109 

141 Oecophylla smaragdina Green weaver ant Insecta 132.0 62 Active 2D Terrestrial High 62 0.007 143 

142 Papilio demoleus Lime swallowtail Insecta 110.0 5 Graze 2D Volant High 5 0.029 112 

143 Papilio polytes Common mormon Insecta 245.0 5 Graze 2D Volant High 5 0.026 125 

144 Papilio xuthus Asian swallowtail Insecta 107.0 40 Graze 2D Volant High 5 0.045 113 

145 Pareronia hippia Indian wanderer Insecta 165.0 5 Graze 2D Volant High 5 2.68 114 

146 Periplaneta americana American cockroach Insecta 42.5 2 Graze 2D Terrestrial Low 2 0.043 56 

147 Photinus pyralis Firefly Insecta 40.0 18 Graze 2D Volant Low 18 0.012 56 

148 Polistes canadensis Red paper wasp Insecta 42.5 2 Active 2D Volant Low 2 0.021 144 

149 

Pseudomyrmex 

phyllophilus Ant Insecta 108.7 2 Graze 2D Terrestrial High 2 0.005 116 
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150 Psilogramma increta Plain grey hawkmoth Insecta 171.0 5 Graze 2D Volant Low 5 0.051 125 

151 

Rhynchophorus 

ferrugineus Red palm weevil Insecta 100.0 47 Graze 2D Terrestrial High 61 0.026 117 

152 Saturnia pavonia Emperor moth Insecta 75.0 2 Graze 2D Volant Low 2 0.014 122 

153 Tenodera Australasiae Purple-winged mantis Insecta 55.3 2 Ambush 3D Terrestrial High 2 0.085 124 

154 Trigona spinipes Tropical bee Insecta 59.5 2 Graze 2D Volant Low 2 0.005 145 

155 Udaspes folus Grass demon Insecta 105.0 5 Graze 2D Volant High 5 0.019 125 

156 Xenos peckii Twisted-wing fly Insecta 35.0 55 Graze 2D Volant High 70 0.004 70 

157 Acanthephyra purpurea Oplophorid shrimp Malacostraca 18.0 2 Graze 3D Aquatic Low 2 0.017 72 

158 Alpheus heterochaelis Snapping shrimp Malacostraca 160.0 7 Graze 3D Aquatic Low 56 0.03 56 

159 Ancylomenes pedersoni Pedersons cleaner shrimp Malacostraca 48.0 10 Graze 2D Aquatic High 10 0.02 75 

160 Asellus aquaticus Water louse Malacostraca 51.3 12 Graze 2D Aquatic High 60 0.007 78 

161 Bathynectes longipes Crab Malacostraca 14.0 2 Graze 2D Aquatic Low 2 0.051 123 

162 Booralana tricarinata Isopod Malacostraca 4.0 2 Graze 2D Aquatic Low 2 0.053 79 

163 Cambarus spp American crayfish Malacostraca 53.0 2 Graze 2D Aquatic Low 2 0.059 80 

164 Eugonatonotus crassus Caridean shrimp Malacostraca 24.0 2 Graze 3D Aquatic Low 2 0.08 88 

165 Eumunida picta Squat lobster Malacostraca 11.0 2 Ambush 3D Aquatic Low 2 0.05 89 

166 Euphausia gibboides Euphausiid shrimp Malacostraca 24.0 2 Graze 3D Aquatic Low 2 0.02 90 

167 Funchalia villosa Penaeid shrimp Malacostraca 24.0 2 Graze 3D Aquatic Low 2 0.06 91 

168 Gastroptychus spinifer Squat lobster  Malacostraca 10.0 2 Graze 2D Aquatic Low 2 0.019 93 

169 Gelasimus dampieri Fiddler crab Malacostraca 90.0 30 Graze 2D Aquatic High 30 0.015 138 

170 Glyptonotus antarcticus Isopod Malacostraca 11.0 2 Graze 2D Aquatic Low 2 0.09 95 

171 Heterocarpus ensifer Pandalid shrimp Malacostraca 16.0 2 Graze 3D Aquatic Low 2 0.081 97 
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172 Janicella spinicauda Oplophorid shrimp Malacostraca 31.0 2 Graze 3D Aquatic Low 2 0.02 101 

173 Jasus edwardsii Red rock lobster Malacostraca 55.0 2 Graze 2D Aquatic Low 2 0.208 150 

174 Ligia occidentalis Rock louse Malacostraca 120.0 2 Graze 2D Terrestrial High 2 0.025 139 

175 Lysmata amboinensis Pacific cleaner shrimp Malacostraca 42.0 10 Graze 2D Aquatic High 10 0.034 102 

176 Macrobrachium rosenbergii Palaemonide shrimp Malacostraca 44.0 2 Graze 2D Aquatic High 2 0.12 103 

177 

Meganyctiphanes 

norvegica Euphausiid shrimp Malacostraca 23.0 2 Graze 3D Aquatic Low 2 0.033 105 

178 Munidopsis erinacea Squat lobster  Malacostraca 12.0 2 Graze 2D Aquatic Low 2 0.014 106 

179 Nematobrachion boopis Euphausiid shrimp Malacostraca 33.0 2 Graze 3D Aquatic Low 2 0.02 105 

180 Nematobrachion flexipes Euphausiid shrimp Malacostraca 44.0 2 Graze 3D Aquatic Low 2 0.02 101 

181 

Nematobrachion 

sexspinosus Euphausiid shrimp Malacostraca 56.0 2 Graze 3D Aquatic Low 2 0.02 101 

182 Nematoscelis megalops Euphausiid shrimp Malacostraca 28.0 2 Graze 3D Aquatic Low 2 0.025 110 

183 Oplophorus gracilirostris Oplophorid shrimp Malacostraca 32.0 2 Graze 3D Aquatic Low 2 0.08 101 

184 Pagurus spp Hermit crab Malacostraca 53.0 2 Graze 2D Aquatic Low 56 0.08 56 

185 Pasiphaea multidentata Glass shrimp Malacostraca 21.0 2 Graze 3D Aquatic Low 2 0.11 140 

186 Plesionika rossignoli Pandalid shrimp Malacostraca 14.0 2 Graze 3D Aquatic Low 2 0.07 115 

187 Sergestes arcticus Sergestid shrimp Malacostraca 21.0 2 Graze 3D Aquatic Low 2 0.065 148 

188 Sergia filictum Sergestid shrimp Malacostraca 25.0 2 Graze 3D Aquatic Low 2 0.05 101 

189 Stylocheiron maximum Euphausiid shrimp Malacostraca 36.0 2 Graze 3D Aquatic Low 2 0.02 101 

190 Systellaspis debilis Oplophorid shrimp Malacostraca 21.0 2 Graze 3D Aquatic Low 2 0.012 120 

191 Urocaridella antonbruunii Red white cleaner shrimp Malacostraca 40.0 10 Graze 2D Aquatic High 10 0.04 147 

192 Canis lupus familiaris Dog Mammalia 80.0 8 Active 2D Terrestrial High 8 0.57 131 
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193 Cavia porcellus Guinea pig Mammalia 50.0 8 Graze 2D Terrestrial Low 56 0.23 56 

194 Erinaceus europaeus European hedgehog Mammalia 30.0 27 Graze 2D Terrestrial Low 27 0.25 86 

195 Felis catus Domestic cat Mammalia 55.0 8 Ambush 2D Terrestrial Low 56 0.76 56 

196 Homo sapiens Human Mammalia 60.7 34 Active 2D Terrestrial High 56 1.65 99 

197 Macaca mulatta Rhesus macaque Mammalia 95.0 8 Graze 2D Terrestrial High 56 0.54 56 

198 macaca nemestrina Southern pig-tailed macaque Mammalia 89.0 37 Graze 3D Terrestrial High 56 0.51 56 

199 Mus musculus Mouse Mammalia 41.3 2 Graze 2D Terrestrial Low 56 0.08 56 

200 Neotamias amoenus Yellow-pine chipmunk Mammalia 100.0 8 Graze 2D Terrestrial High 56 0.21 56 

201 Pagophilus groenlandicus Harp seal Mammalia 32.7 8 Active 3D Aquatic Low 56 1.75 56 

202 Rattus norvegicus Brown rat Mammalia 39.0 8 Graze 2D Terrestrial Low 56 0.4 56 

203 Sciurus vulgaris Eurasian red squirrel Mammalia 103.0 27 Graze 2D Terrestrial High 27 0.23 118 

204 Spermophilus lateralis Ground squirrel Mammalia 120.0 8 Graze 2D Terrestrial High 56 0.265 56 

205 Tamiasciurus hudsonicus American red squirrel Mammalia 60.0 8 Graze 2D Terrestrial High 56 0.33 56 

206 Trichosurus vulpecula Brushtail possum Mammalia 22.4 53 Graze 2D Terrestrial Low 56 0.45 56 

207 Tupaia belangeri Northern tree shrew Mammalia 60.0 2 Graze 2D Terrestrial High 69 0.165 56 

208 Tupaia glis Common tree shrew Mammalia 90.0 8 Graze 2D Terrestrial High 56 0.195 56 

209 Anolis auratus Anole lizard Reptilia 41.5 2 Ambush 2D Terrestrial High 59 0.038 74 

210 Anolis beckeri Anole lizard Reptilia 26.1 2 Ambush 2D Terrestrial High 59 0.058 73 

211 Anolis carolinensis Anole lizard Reptilia 34.6 2 Ambush 2D Terrestrial High 59 0.06 56 

212 Anolis cristatellus Anole lizard Reptilia 70.0 2 Ambush 2D Terrestrial High 59 0.066 56 

213 Anolis grahami Anole lizard Reptilia 34.7 2 Ambush 2D Terrestrial High 59 0.053 76 

214 Anolis gundlachi Anole lizard Reptilia 55.0 2 Ambush 2D Terrestrial High 59 0.057 73 

215 Anolis limifrons Anole lizard Reptilia 28.5 2 Ambush 2D Terrestrial High 59 0.043 73 
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216 Anolis lineatopus Anole lizard Reptilia 26.0 11 Ambush 2D Terrestrial High 59 0.052 76 

217 Anolis pulchellus Anole lizard Reptilia 63.0 2 Ambush 2D Terrestrial High 59 0.041 73 

218 Anolis sagrei Anole lizard Reptilia 34.4 2 Ambush 2D Terrestrial High 59 0.05 73 

219 Anolis valencienni Anole lizard Reptilia 33.4 2 Ambush 2D Terrestrial High 59 0.058 76 

220 Caretta caretta Loggerhead sea turtle Reptilia 40.0 8 Graze 3D Aquatic High 8 0.925 56 

221 Chelonia mydas Green sea turtle Reptilia 40.0 8 Graze 2D Aquatic High 8 1.1 56 

222 Chrysemis picta Painted turtle Reptilia 31.0 20 Graze 3D Aquatic High 63 0.15 63 

223 Dermochelys coriacea Leatherback sea turtle Reptilia 15.0 8 Graze 3D Aquatic High 8 1.525 56 

224 Gekko gecko Tokay gecko Reptilia 20.0 8 Ambush 2D Terrestrial Low 56 0.138 94 

225 Iguana iguana Green iguana Reptilia 80.0 8 Graze 2D Terrestrial High 56 0.3 100 

226 Phrynosoma cornutum Horned lizard Reptilia 42.4 43 Ambush 2D Terrestrial High 56 0.13 43 

227 Pseudemys scripta Pond slider Reptilia 52.6 44 Graze 2D Aquatic High 67 0.18 67 

228 Sphaerodactylus inaguae Inagua gecko Reptilia 26.5 50 Ambush 2D Terrestrial Low 50 0.07 50 

229 Sphenodon punctatus Tuatara Reptilia 55.4 2 Ambush 2D Terrestrial Low 56 0.5 56 

Abbreviations in columns: Max CFF = CFF in Hertz, CFFRef = reference number for CFF values, Forag strat = foraging strategy, Forag dim = foraging 

dimensionality, Mov dim = movement dimensionality, LumRef = reference number for luminance level, Body length = body length in meters, BLRef = 

reference number for body length. Note: butterfly body lengths were estimated relative to referenced wingspan.  
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