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Abstract 
Despite the potential benefits gained from behavioural lateralisation, defined as the asymmetrical expression of cognitive 
functioning, this trait demonstrates widespread variation within and between populations. Numerous methodologies have 
been applied to investigate lateralisation, although whether different methodologies give consistent results has been relatively 
understudied. In this study, we assess (1) the repeatability of individual Poecilia reticulata’s lateralisation indexes between a 
classic detour assay (I-maze), quasi-circular mirror maze and novel detour assay (a radially symmetric Y-maze); (2) whether 
the methodological standard of analysing only the first ten turns in a detour assay accurately quantifies lateralisation; and (3) 
whether lateralisation indexes produced can be adequately explained by random chance by comparing the observed data to a 
novel unbiased ‘coin-toss’ randomisation model. We found (1) the two detour assays to produce generally consistent results 
in terms of relative lateralisation (directionality) but differed in terms of absolute laterality (intensity). The mirror assay, 
however, demonstrated no similarity to either assay. (2) The first ten turns were generally reflective of all turns undertaken 
during the 15-min trial but reducing the number of turns did exaggerate lateralisation indexes. (3) The observed laterality 
indexes from the assays were found to be similar to corresponding datasets produced by the randomisation model, with 
significant deviations likely explained by individuals’ propensity to perform consecutive turns in the same direction. These 
results demonstrate the need to increase the number of observed turning choices to reduce the likelihood of producing spuri-
ous or exaggerated lateralisation indexes from random chance or external influences.

Significance statement
Published studies investigating lateralisation, or ‘handedness’, in fish species have used a diverse array of methodologies. 
Given the variability in methodologies being employed and the widespread variation in the extent fish are lateralised and 
in which direction (left or right), it is important to assess whether different methods produce consistent laterality indexes. 
From assessing individual Poecilia reticulata in three laterality assays, the direction of lateralisation was found to correlate 
between the two detour assays measuring turn choice, although the absolute strength of this laterality was not consistent. 
There were no correlations between these assays and in an individual’s eye-use when viewing their reflection in a mirror maze 
assay. However, further investigation using a novel unbiased ‘coin-toss’ randomisation model to simulate replica datasets 
for each assay brings into question whether patterns of laterality found in the observed population differ significantly from 
random chance.

Keywords Laterality · Handedness · Repeatability · Fish · Guppy · Detour assay

Introduction

Behavioural lateralisation, or ‘handedness’, describes 
the asymmetrical expression of cognitive brain func-
tions through a directional bias. In fishes, this is generally 
assessed through turning choices (left or right) in a two-
way choice test (Bisazza et al. 1998a, b). This directional 
turning bias, i.e. lateralisation, is believed to be indicative 
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of a split in cognition between brain hemispheres (Walker 
1980; Vallortigara and Rogers 2005). Strongly lateralised 
individuals may have an improved cognitive capacity and 
multitasking capabilities, allowing them to process multi-
ple stimuli simultaneously (Rogers 2000; Vallortigara and 
Rogers 2005). However, despite the potential benefits asso-
ciated with an individual being lateralised, previous stud-
ies have not consistently demonstrated lateralisation, with 
widespread variation in both the intensity and directionality 
of lateralisation within and between populations (Bisazza 
et al. 1998a; Ferrari et al. 2015; Roche et al. 2020). While 
within-population variation exists, lateralisation on an indi-
vidual level should be consistent (i.e. repeatable) over time 
and between different assays (Killen et al. 2016; McLean and 
Morrell 2020; Roche et al. 2020).

One potential explanation for these mixed results is that 
numerous methodologies have been used to assess laterality, 
especially in aquatic organisms. These differing approaches 
may not be assessing the same type of laterality and their 
contexts may not be consistent. Generally, both ‘relative 
laterality’—the directional turning bias of the fish (left or 
right)—and ‘absolute laterality’—the strength or intensity 
of this bias regardless of directionality—can be assessed. A 
common assessment method, popularised by Bisazza et al. 
(1998a) and now prominent within the literature, uses a two-
way choice test or ‘detour test’ conducted in an I-maze or 
T-maze (Jutfelt et al. 2013; Maulvault et al. 2018; Roche 
et al. 2020). In this methodology, an individual fish swims 
down a corridor and is met by an obstacle, forcing them to 
make a choice between turning left or right. In this choice, 
the assay effectively assesses lateralisation by making use 
of the fish’s monocular eye-use. This is typically repeated 
ten times to produce a lateralisation index (further detail in 
“Methods”). However, low numbers of internal repeats (the 
observed turning choices) per individual, especially along-
side small sample sizes of individuals, can increase the like-
lihood of exaggerated or spurious results (Button et al. 2013; 
Roche et al. 2020).

In detour tests, different obstacles have been presented 
to assess laterality in differing contexts, including using a 
neutral, predator or social stimulus. This has often resulted 
in context-specific lateralisation, with stimuli differing in 

valence resulting in varying directionality and intensity of 
lateralisation (Bisazza et al. 1998b; Brown et al. 2007). For 
example, in both Gambusia holbrooki and Girardinus falca-
tus, when a neutral stimulus was presented, and for females 
where a social stimulus was present, a rightward trend was 
identified, while a leftward trend was detected under simu-
lated predation (dummy predator; fish lure) (Bisazza et al. 
1998a). An experiment using a quasi-circular (octagonal) 
mirror apparatus (Sovrano et al. 2001), another popular 
lateralisation assay (Dadda et al. 2015), found the social 
stimulus from the reflected image to elicit a leftward trend 
in lateralisation during the first 5 min of the trial in all tested 
species (Danio rerio, Gambusia holbrooki, Gnathonemus 
petersii, Xenopoecilus sarasinorum and Xenotoca eiseni). 
However, no identifiable trend was found during the remain-
ing 5 min of the trial.

Other methodologies have also been employed for 
assessing lateralisation, including an individual shoaling 
with their reflection in a single-wall mirror test (Sovrano 
1999; Sovrano et al. 2001), visual inspection of a novel 
object (Kareklas et al. 2018) and spontaneous turns in the 
dark (Dadda and Bisazza 2016). Variation in the findings 
of these assays may be a result of them measuring differing 
types of lateralisation; however, distinctions between these 
are often not made. ‘Visual laterality’—an assessment of 
asymmetric eye-use—and ‘motor laterality’—investigating 
unilateral turn choices—may be driven by different external 
and cognitive influences. Given the wide variety of current 
methodologies investigating lateralisation in a range of spe-
cies and disparate results produced from these studies, it is 
important to assess whether differing methodologies pro-
duce consistent, and therefore repeatable, laterality indexes 
while holding other variables, such as the test species, con-
stant. Repeatability within even an I-maze assay has been 
recently brought into question (Roche et al. 2020; Vinogra-
dov et al. 2021) and, therefore, assessment of the consistency 
of results produced from different assays is essential.

The first aim of this study was to assess the repeatability 
of individuals’ (Poecilia reticulata) lateralisation indexes 
between some of the more prominent assays currently 
being utilised in the literature: a ‘motor’ I-maze detour assay 
(Fig. 1A) and a ‘visual’ quasi-circular mirror maze assay 

Fig. 1  Schematic representa-
tion of the A I-maze (double 
T-maze) assay, B quasi-circular 
mirror maze assay and C radi-
ally symmetrical Y-maze assay
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(Fig. 1B). These were tested alongside a novel assay for 
investigating lateralisation, a radially symmetrical Y-maze 
detour assay (‘motor’) (Fig. 1C). If different assays are meas-
uring the same individual-level lateralisation, then lateralisa-
tion indexes across a sample of individuals should be highly 
correlated. The second aim was to assess whether the cur-
rent methodological standard of measuring the first ten turns 
(e.g. Bisazza et al. 1998a; Irving and Brown 2013; Roche 
et al. 2020) is enough to accurately assess laterality. This 
was done by assessing whether the laterality indexes derived 
from only the first ten turns are representative of all turns 
made over the duration of a 15-min trial. The third aim was 
to assess whether patterns of laterality found in a sample of 
individuals can be adequately explained by random chance 
through a comparison to a novel unbiased ‘coin-toss’ ran-
domisation model to simulate replica datasets for each assay. 
To achieve these aims, both relative laterality and absolute 
laterality were assessed.

Methods

Study species

Trinidadian guppies (P. reticulata) have featured promi-
nently in investigations into lateralisation (Irving and Brown 
2013; Dale Broder and Angeloni 2014; Dadda and Bisazza 
2016). Subjects in this experiment were naïve adult guppies, 
descendants of wild guppies of mixed origin caught from 
Trinidad in 2013, which had not previously undergone any 
behavioural trials. Laboratory stock populations were housed 
at the University of Exeter in large mixed sex groups. A sam-
ple population was transferred to the University of Bristol on 
the 15th November 2018 and acclimatised for approximately 
2 months before testing. Subjects were both male (n = 49) 
and female (n = 55) with standard length (mean ± SD) being 
at 17.4 ± 1.6 cm and 19.1 ± 3.0 cm, respectively. Fish were 
maintained in a 90-L holding tank, furnished with gravel and 
plastic foliage. Fish were fed once per day on brine shrimp 
or fish flake during the morning and maintained at 26 to 
28 °C and a 12:12 light:dark cycle. Fish were not fed for 
approximately 24 h prior to testing.

Laterality assays

Trials took place between 09:30 and 16:00 during two trial 
periods: from the 14th January–8th February 2019 and the 
23rd August–2nd September 2019. All assays were shaded 
from direct light using a translucent plastic cover to prevent 
a light-induced turning bias and to reduce reflections at the 
water surface to facilitate computer tracking from video. 
Water temperature was maintained between 26 and 28 °C 
and was replaced every three trials with fresh filtered water 

direct from the filtration system. Individuals were tested in 
three laterality assays consecutively in a randomised order. 
These tests included a classic detour I-maze (also referred to 
as double T-maze), quasi-circular mirror maze assay and a 
novel detour assay using a radially symmetrical Y-maze. For 
each trial, individual P. reticulata were initially introduced to 
an acclimatisation section (white PVC tube; ⌀ 5.5 cm) in the 
centre of the trial tank for 10 min, after which the recording 
was started (Y-maze and quasi-circular mirror maze: Pana-
sonic HC-X920, I-maze: GroPro Hero 5), the acclimatisation 
tube was gently removed by hand, and the trial was run for 
15 min. All fish in the sample population (n = 104) were 
subject to all assays. It was not possible to assess lateralisa-
tion indexes blindly due to individual ID being maintained 
between assays and the difference in the physical appearance 
of assays. However, where possible, tracking and automated 
data extraction was performed to reduce any potential biases. 
The procedures for each assay were as follows.

I‑maze assay (double T‑maze)

Adapted from the dumbbell-shaped apparatus described in 
Irving and Brown (2013), the apparatus consisted of a glass 
tank (L × W × H: 60 × 30 × 60 cm) with a corridor (L × W: 
10 × 9 cm) down the centre constructed from white PVC 
plastic. At each end of the corridor, a black PVC cylinder 
(⌀ 7.5 cm) was positioned forcing a right or left turn choice 
(Fig. 1A). The water level was maintained at 7 cm. For each 
individual, turn direction around the cylinder (left or right) 
was manually assessed from recorded videos and individu-
als with less than ten turns (N = 17: female = 8, male = 9) 
were excluded from the analysis (Irving and Brown 2013; 
Roche et al. 2020). The turns of each individual were used 
to calculate a relative laterality (RL) index (scale of − 1 
to 1) to assess directional bias using: RL = ((right − left) / 
(right + left)). To calculate absolute laterality (AL) to assess 
the intensity of lateralisation, these values were converted 
(scale of 0–1) using the equation: AL = √(RL2).

Quasi‑circular mirror maze assay

Adapted from the octagonal tank setup described in Dadda 
and Bisazza (2016), the apparatus consisted of a plastic tank 
(L × W × H: 26 × 26 × 22 cm) in which an octagonal cylin-
der (L × W × H: 14 × 14 × 8 cm) lined with mirrors on the 
internal surface (W × H: 5 × 7.5 cm) was placed. A transpar-
ent barrier was placed 1 cm from the mirrors to prevent a 
direct interaction with the reflection (Cattelan et al. 2017) 
(Fig. 1B). The water level was maintained at 5 cm. After 
releasing the fish, the acclimatisation tube was returned 
to the trial tank during the experiment to prevent a kalei-
doscopic effect from reflections. For each frame of video 
(10 min; 25–30 frames/s), relative orientation was calculated 
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using χ = arcsin(sin(θ − ϑ)), in which θ is the angle of the fish 
between two frames and ϑ is the angle of the arena radius 
through the position of the fish (Herbert-Read et al. 2015). 
A score of χ < 0 demonstrates an anti-clockwise (right eye-
use) turn, while a score of χ > 0 is a clockwise (left eye-use) 
orientation. All turns were used to calculate the relative and 
absolute laterality indexes, as above.

Radially symmetrical Y‑maze assay

Adapted from the setup described in Ioannou et al. (2017), 
this apparatus consisted of a plastic tank (L × W × H: 
29 × 29 × 14 cm) in which a radially symmetric Y-shaped 
maze (arm: L × W × H: 10 × 6 × 10 cm) constructed from 
white PVC was positioned (Fig. 1C). The water level was 
maintained at 5 cm. Upon releasing the fish, the acclima-
tisation tube was fully removed from the assay. For each 
move into an arm of the maze, the direction of the turn was 
calculated through Y0 > mX0 + c or Y0 < mX0 + c, in which 
m is the gradient of the line across the entrance to the arm, 
c is the y-axis intercept of this line, and Y0 and X0 are the 
coordinates of the fish at point 0. Individuals with less than 
ten turns (N = 7: female = 5, male = 2) were excluded from 
analysis (Irving and Brown 2013; Roche et al. 2020). All 
turns were used to calculate the relative and absolute lateral-
ity indexes, as above.

Data processing

Data extraction

Mirror and Y-maze videos were converted from MTS 
format to.mp4 using Handbrake (v1.2.0; The Handbrake 
Team 2018) to facilitate tracking in idTracker (v2.1; Pérez-
Escudero et al. 2014). The idTracker settings of threshold, 
minimum size and regions excluded were set on a per-video 
basis to allow for the best possible tracking in each instance. 
Trajectories were checked following tracking for accuracy 
and where inconsistencies were identified, parameters were 
adjusted, and tracking was reperformed.

To facilitate data extraction, still images of each video 
from the Y-maze and mirror maze assays were obtained 
using VLC media player (v3.0.8 Vetinari; VideoLan 2006) 
and imported to ImageJ (v1.52a; Rasband 2018). From 
these, coordinate parameters and pixel ratios (pixels to cen-
timetres) were measured for inclusion into the data extrac-
tion template (Supplementary Information 1). Coordinates 
included the corners of the entrance to each arm of the 
Y-maze, and the centre of the arena and acclimatisation 
tube in the mirror maze. These coordinates were used in the 
Y-maze to determine if individuals had turned into an arm of 
the maze and in both the Y-maze and mirror maze to define 
exclusion areas (parts of the assay not possible for the fish to 

access) to facilitate the tracking accuracy. Pixel ratios were 
calculated from measuring distances of known length using 
the ‘Measure’ function (Supplementary Information 1).

All data extraction, statistics and graphical plotting were 
carried out in R (v3.6.1; R Core Team 2019) with RStudio 
(v1.2.1335; RStudio Team 2018). Data extraction included 
the removal of datapoints exceeding maximum speeds for 
Trinidadian guppies (140 cm/sec burst speed: Chappell 
and Odell 2004; Oufiero and Garland 2009). Data was then 
interpolated using the na.interpolation function (imputeTS; 
(Moritz and Bartz-Beielstein 2017) using a linear option 
and allowing a maximum gap of ten successional missing 
points (approximately 0.33 s). In instances where this was 
exceeded, missing datapoints were not interpolated. Follow-
ing this interpolation, the removal of speeds over the maxi-
mum possible threshold was repeated and any points posi-
tioned within exclusion zones were removed (e.g. outside 
of assay). For a trial to be included in analysis, a trial had to 
have a minimum of 80% of the trial tracked post-process-
ing (min. tracking: Y-maze: 91%, mirror maze: 81%) and 
ten turns were set (no. turns: Y-maze (n = 94): mean ± SD: 
42.78 ± 18.61, range: 11–100; I-maze (n = 85): mean ± SD: 
25.69 ± 11.54, range: 10–62; mirror maze (n = 102): 
mean ± SD: 22,240 ± 5032, range: 1057–26,976). Trajec-
tories were used to extract turning choices as described 
in the “Quasi-circular mirror maze assay” section (Mirror 
maze) and the “Radially symmetrical Y-maze assay” section 
(Y-maze). Turning choices were extracted manually from 
recorded video for the I-maze.

Data analysis

Absolute laterality indexes were rescaled from 0–1 to 
0–100 and rounded to the nearest whole number to fulfil 
the assumptions to run a negative binomial generalised lin-
ear mixed-effects model (GLMM) using the glmer.nb func-
tion (lme4; Bates et al. 2015). Relative lateralisation was 
assessed through a binomial GLMM with the total number 
of left and right turns as the dependent variable using the 
glmer function (lme4). Sex, size, assay type, time of day, 
trial period and the testing order of assays were included 
as main effects, with an individual’s ID as a random effect. 
The main effect with the highest p value (when > 0.05) was 
dropped from the model and re-run until only significant 
main effects remained. The assumptions of each model were 
verified with QQ plots and residuals versus fitted values 
using the residual diagnostics for hierarchical (multi-level/
mixed) regression models (DHARMa; Hartig 2019). Vari-
ation in the lateralisation indexes between the assays was 
assessed through Levene’s test of equality of variances.

Repeatability (R) in an individual’s laterality index from 
each assay was calculated using the repeatability estimation 
for Gaussian data rpt function (rptR; Stoffel et al. 2017) with 
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parametric bootstrapping (1000 iterations). For absolute lat-
erality, individuals’ ranks within each assay (with averaged 
tied ranks) were used in the repeatability analysis to avoid 
the assumption of homogeneity of variances in the model 
residuals being violated. For relative laterality, an individu-
al’s raw relative laterality indexes were used as the depend-
ent variable in the model. GLMMs with the repeatability 
model structure were fitted to verify the model assumptions. 
Only individuals with an allocated index for all assays were 
included in these repeatability analyses (n = 77). Pairwise 
comparisons between each assay were assessed using Spear-
man’s rank correlations. Only individuals allocated an index 
for both assays assessed in the pairwise comparisons were 
included.

In previous studies, a laterality index is typically calcu-
lated based on the first ten turns an individual makes in a 
trial (e.g. Roche et al. 2020). It was then, therefore, assessed 
how representative the first ten turns, the methodological 
standard, were of all turns undertaken during the 15-min 
trial for both the I-maze and Y-maze. Overall differences 
between these two standardisations were assessed using 
GLMMs. A zero-inflated negative binomial distribution 
(glmmTMB; Brooks et al. 2017) and binomial distribution 
(lme4) were used for the absolute and relative lateralisation 
indexes, respectively, with the standardisation as the main 
effect and an individual’s ID as a random effect. No other 
extraneous variables were included in the model as main 
effects as all variables were consistent within an individual’s 
trial. Spearman’s rank correlations were performed within 
each detour assay between lateralisation indexes derived 
from each standardisation to assess consistency of scores. 
All data are available in Supplementary Information 2.

Randomisation model

The observed absolute and relative lateralisation indexes 
from the different assays were each compared to models 
based on randomised turn choices (i.e. equivalent to the flip 
of a coin) to investigate whether the observed data could be 
adequately explained by random chance. For each observed 
decision, the model produced a random turn with a 0.5 prob-
ability of choosing left (0) or right (1), replicating the num-
ber of turns made by individuals in the observed population 
for each assay. In the mirror maze, missing datapoints due 
to tracking errors or fish inactivity were also replicated to 
accurately duplicate the dataset for comparison. This was 
important for calculating individuals’ propensity to make 
consistent turns in the same direction, as this measurement 
is calculated using two adjacent datapoints.

For each iteration of the model, an expected relative and 
absolute lateralisation was calculated per individual and 
averaged across the trials. To assess how increasing the 
number of turns influenced the lateralisation indexes, for 

the Y-maze and I-maze assays, the change in mean absolute 
lateralisation and the change in the variation (i.e. standard 
deviation) of relative lateralisation indexes between tri-
als across the first 20 turns were assessed (I-maze: N = 56, 
Y-maze: N = 87, mirror maze: N = 102) using linear regres-
sion (lm function) and extracting the slope of the line; indi-
viduals completing less than 20 turns were excluded from 
this analysis. For the mirror maze, these parameters were 
calculated at discrete timepoints every minute for 15 min 
and the decrease assessed with a self-starting asymptotic 
regression using the SSasymp function (stats; R Core Team 
2019) and the α value extracted. The propensity for an indi-
vidual’s choice of turn to influence the direction of the next 
turn was also investigated through Ct = Ct-1 in which Ct is a 
turning choice at datapoint t and Ct-1 is the previous turning 
choice. This was then calculated as a proportion of total 
turns. Each model was iterated 1000 times per assay, and 
the permutation data were used to calculate p values from 
comparing the observed statistic to the expected distribu-
tion of this statistic from the randomisation model. Further 
details of the randomisation model and associated data can 
be found in Supplementary Information 3A–C (detour tests: 
Y-maze and I-maze) and Supplementary Information 4A–C 
(Mirror maze).

Results

Absolute laterality

A consistently low level of lateralisation was found, with 
95.59% of trials falling below an absolute laterality index 
of 0.5, and 50.74% of observations scoring below 0.1. The 
type of assay was found to significantly impact the abso-
lute laterality scores (Fig.  2A: GLMM: χ2(2) = 113.24, 
p < 0.001). The I-maze (mean ± SD: 0.209 ± 0.175) had sig-
nificantly higher absolute laterality scores compared to both 
the Y-maze (0.176 ± 0.150, p = 0.026) and the mirror maze 
(0.061 ± 0.063, p < 0.001). The Y-maze also demonstrated 
significantly higher absolute laterality scores than the mir-
ror maze (p < 0.001). Variation in absolute laterality indexes 
was found to differ significantly between assays (Levene’s 
test: F(2) = 31.029, p < 0.001), with the mirror maze demon-
strating markedly lower levels of variation than both detour 
assays (Fig. 2A). Trial period was also found to be a sig-
nificant predictor (χ2(1) = 7.55, p = 0.006), with individuals 
tested in the first trial period (0.151 ± 0.150) demonstrat-
ing higher absolute laterality than those in the second trial 
period (0.126 ± 0.144). No other variables were identified as 
being a significant predictor of absolute laterality (p > 0.05).

The repeatability of individuals’ absolute laterality rank 
was found to be non-significant when including all assays 
(LMM: Rall = 0.103, 95% CI = 0–0.250, Nobs = 231, Nind = 77, 
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p = 0.073). Pairwise comparisons showed no significant 
correlation between the absolute laterality indexes in the 
I-maze and Y-maze assays (Fig.  2B: Spearman’s rank: 
rs(75) = 0.194, p = 0.091). The mirror maze also demon-
strated no correlation between the absolute laterality indexes 
for either the I-maze assays (Fig. 2C: rs(82) =  − 0.041, 
p = 0.709) or the Y-maze (Fig. 2D: rs(91) = 0.164, p = 0.116).

It was then assessed whether the laterality indexes calcu-
lated from only the first ten turns made by an individual in a 
trial were representative of those based on all turns over the 
duration of the trial for both the Y-maze and I-maze. Signifi-
cantly higher levels of absolute laterality were found when 
limiting the data to only the first ten turns for both the I-maze 
(Fig. 3A: GLMM: χ2(2) = 53.09, p < 0.001) and Y-maze 
(Fig. 4A: χ2(2) = 103.40, p < 0.001). Alongside this, signifi-
cantly higher levels of variation were found in the reduced 
dataset for both the Y-maze (Levene’s: F(1) = 41.982, 
p < 0.001) and the I-maze (F(1) = 9.151, p = 0.003). Despite 
these differences, absolute laterality was found to be cor-
related between the two measures for the I-maze (Fig. 3B: 
Spearman’s rank: rs(83) = 0.265, p = 0.014), and was close 

to significant for the Y-maze (Fig.  4B: rs(92) = 0.198, 
p = 0.056).

Relative laterality

When assessing the relative lateralisation calculated 
from all directional turns over a trial, fish were found to 
exhibit a low level of relative lateralisation. There was no 
clear directional bias in left or right turns with the rela-
tive laterality (mean ± SD) at − 0.033 ± 0.272, − 0.004 ± 0.
232 and 0.008 ± 0.087 for the I-maze, Y-maze and mirror 
maze assays, respectively (Fig. 5A). No significant differ-
ence in relative laterality was identified between the assays 
(GLMER: χ2(2) = 3.17, p = 0.205). However, variation in the 
relative lateralisation indexes differed significantly between 
assays (Fig. 5A: Levene’s test: F(2) = 24.087, p =  < 0.001), 
with substantially lower variation in the mirror maze assay 
compared to the detour assays (Y- and I-maze). Size was 
also found to have a significant impact on relative lateral-
ity (χ2(2) = 6.46, p = 0.011), with larger individuals being 
significantly more left-aligned. No other variables were 

Fig. 2  A Observed absolute lat-
erality indexes of assays derived 
from all turns made during the 
15-min trial. Medians are illus-
trated by the thick horizontal 
central line, the boxes enclose 
the interquartile ranges (IQR), 
and the whiskers represent cases 
within 1.5 × IQR. The empty 
circles represent datapoints 
outside of the whiskers. B–D 
Pairwise correlation compari-
sons between absolute laterality 
indexes for each assay. Red 
dashed line represents the linear 
regression of the lateralisation 
indexes
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identified as being a significant predictor of relative lateral-
ity (p > 0.05).

The repeatability of individuals’ relative laterality was 
found to be non-significant when including all assays (LMM: 
R = 0.065, 95% CI = 0–0.20, Nobs = 231, Nind = 77, p = 0.173). 
However, pairwise comparisons between assays identified 
a significant correlation between the Y- and I-maze assays 
(Fig. 5B: Spearman’s rank test: rs(75) = 0.280, p = 0.014). 
The mirror maze demonstrated no correlation with either the 
I-maze (Fig. 5C: rs(82) =  − 0.064, p = 0.563) or the Y-maze 
(Fig. 5D: rs(91) =  − 0.065, p = 0.535).

It was then assessed whether relative laterality indexes 
based on only the first ten turns made by an individual were 
comparable to indexes based on all turns over the 15-min 
trial for both the Y-maze and I-maze. No significant dif-
ference in relative laterality was identified from truncating 
the dataset to the first ten turns compared to those derived 
from all turns for the I-maze (Fig. 3C: GLMM: χ2(2) = 1.97, 
p = 0.161) or the Y-maze (Fig. 4C: χ2(2) = 2.93, p = 0.087). 
However, a significant reduction in the variation of rela-
tive laterality indexes was found for both the Y-maze (Lev-
ene’s: F(1) = 28.707, p < 0.001) and I-maze (F(1) = 20.128, 

p < 0.001). The relative laterality indexes were found to be 
significantly correlated between these two measures in both 
instances; I-maze (Fig. 3D: Spearman’s: rs(83) = 0.655, 
p < 0.001) and Y-maze (Fig. 4D: rs(92) = 0.604, p < 0.001).

Coin‑flip randomisation model

For all assays, the models demonstrate that with each addi-
tional turn an individual made, there was a decrease in both 
absolute laterality and in the variation in laterality indexes, 
with lateralisation approaching zero as more turns were 
made. In the Y-maze assay, both the observed and random 
expectation were found to yield low absolute lateralisation. 
However, this was significantly higher in the observed popu-
lation (Fig. 6A: mean: 0.176) compared to the randomised 
model (Fig.  6C: mean ± SD: 0.132 ± 0.011, p < 0.001). 
The observed decrease in absolute lateralisation over the 
first twenty turns (Fig. 6B: slope: − 0.024) did not differ 
to random chance (Fig. 6D: mean slope: − 0.024 ± 0.002, 
p = 0.930). The observed average relative laterality calcu-
lated in the Y-maze assay (Fig. 7A: mean: − 0.004) did not 
significantly differ to the randomisation model (Fig. 7C: 

Fig. 3  Comparisons between 
laterality indexes based on the 
first ten turns and all turns over 
the 15-min trial for the I-maze 
assay. Left (A, C): Variation in 
absolute and relative lateral-
ity indexes. Boxplot graphical 
parameters as described in 
Fig. 2A. Right (B, D): Correla-
tions between individuals’ later-
alisation indexes depicted. Red 
dashed line represents the linear 
regression of the lateralisation 
indexes
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mean ± SD: -0.001 ± 0.018, p = 0.864). Alongside, the 
decrease in variation of relative lateralisation over the first 
twenty turns (Fig. 7B: slope: − 0.025) did not differ to ran-
dom chance (Fig. 7D: mean slope ± SD: − 0.027 ± 0.002, 
p = 0.114). An individual’s observed chance of consistently 
making the same directional turn (mean: 62.4% of total turns 
per trial) was found to be significantly higher than random 
chance (mean ± SD: 49.6% ± 2.1, p < 0.001).

Similar trends were identified in the I-maze assay when 
investigating absolute laterality, with absolute laterality 
higher in the observed population (Fig. 8A: mean: 0.209) 
compared to the randomisation model (Fig. 8C: mean ± SD: 
0.169 ± 0.014, p = 0.010). However, there was no sig-
nificant difference in the decrease in absolute lateralisa-
tion between the observed (Fig. 8B: mean slope: − 0.020) 
and randomly modelled population (Fig.  8D: mean 
slope ± SD: − 0.024 ± 0.002, p = 0.060). Similar again to the 
results from the Y-maze assay, the observed average rela-
tive laterality calculated in the I-maze assay (Fig. 9A: mean: 
0.033) did not differ significantly from the randomisation 
model (Fig. 9C: mean ± SD: 0.000 ± 0.024, p = 0.166). Both 
the original data and randomised data demonstrate decreases 

in variation over the first twenty turns, although the observed 
data demonstrated a significantly slower decrease in variabil-
ity in relative lateralisation indexes (Fig. 9B: slope: − 0.023) 
compared to the randomisation model (Fig.  9D: mean 
slope ± SD: − 0.027 ± 0.002, p = 0.038). This could be 
potentially explained by an individual’s propensity of mak-
ing consistent directional turns (mean: 64.3% of total turns) 
being significantly greater than random chance (mean ± SD: 
48.8% ± 2.7, p < 0.001).

Although both the observed and randomised results 
were found to yield low levels of laterality in the mirror 
maze, the observed mean absolute laterality (Fig. 10A: 
mean: 0.061) was found to be approximately ten-fold 
higher than the randomisation model (Fig. 10C: mean ± SD: 
0.006 ± 0.000, p < 0.001). The decrease in absolute lateral-
ity over the trial for the randomised model (Fig. 10B: mean 
α ± SD: 4.290 ± 0.128) was significantly faster than that 
of the observed data (Fig. 10D: α: 2.337, p < 0.001). The 
observed average relative laterality calculated in the mir-
ror maze assay (Fig. 11A: mean: 0.008) was also found 
to be significantly higher than the randomised expecta-
tion (Fig. 11C: mean ± SD: 0.000 ± 0.001, p < 0.001). The 

Fig. 4  Comparisons between 
laterality indexes based on the 
first ten turns and all turns over 
the 15-min trial for the Y-maze 
assay. Left (A, C): Variation in 
absolute and relative lateral-
ity indexes. Boxplot graphical 
parameters as described in 
Fig. 2A. Right (B, D): Correla-
tions between individuals’ later-
alisation indexes depicted. Red 
dashed line represents the linear 
regression of the lateralisation 
indexes
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variation of the observed population’s relative laterality 
indexes decreased slower over the trial (Fig. 11B: α: 2.012) 
compared to the randomisation model (Fig. 11B: mean 
α ± SD: 4.055 ± 0.149, p < 0.001). Similar to both the detour 
assays, an individual’s propensity to continue in the same 
direction in the mirror maze (mean: 77.6% of total turns) 
was found to be significantly higher than random chance 
(mean ± SD: 50.0% ± 0.1, p < 0.001).

Discussion

Published literature investigating laterality have used a 
diverse array of methodologies. These include detour tests 
with a predation, social or neutral stimulus, mirror assays 
in a quasi-circular array or a one-wall setup, visual and 
electroreceptive inspection of novel objects and spontane-
ous turning in the dark. The results of this experiment show 
that the relative laterality indexes of the two detour assays 
(I-maze and Y-maze) used in this study were positively cor-
related. However, trends identified in absolute laterality were 
markedly different, with no consistency comparing across 

assays. In a similar ‘motor’ I-maze assay using four spe-
cies of fish, Roche et al. (2020) found relative lateralisa-
tion was not repeatable (R = 0.006–0.028) with an interval 
of 48 h between testing, despite many individuals demon-
strating a strong directional bias. Higher repeatability was, 
however, presented in McLean and Morrell (2020) in terms 
of relative laterality in an I-maze assay with 48-h intervals 
between testing of P. reticulata (males: R = 0.324 ± 0.116, 
females: 0.363 ± 0.115), but was markedly less repeatable 
for absolute laterality (males: R = 0.252 ± 0.110, female: 
R = 0.124 ± 0.095). Vinogradov et  al. (2021) similarly 
found relative laterality in female Gambusia holbrooki to 
be significantly repeatable in five of six treatments incor-
porating social and control stimuli (R = 0.280–0.623) and 
non-repeatable in only one assessed treatment (R = 0.036). 
Therefore, while consistency was identified between the two 
‘motor’ detour assays in the current study, repeatability of 
these results over time is brought into question.

Given the array of methodologies used within the litera-
ture to assess the trait of laterality and the widely contrasting 
results identified (Roche et al. 2020), it may be that later-
ality is not a consistently expressed trait, but more likely 

Fig. 5  A Observed relative lat-
erality indexes of assays derived 
from all turns made during the 
15-min trial. Boxplot graphi-
cal parameters as described in 
Fig. 2A. B–D Pairwise cor-
relation comparisons between 
relative laterality indexes for 
each assay. Red dashed line 
represents the linear regression 
of the lateralisation indexes
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context-dependent and stimulus-specific. However, consist-
ency in relative lateralisation between such assays has been 
identified in the past. Bisazza et al. (2001) selectively bred 
Girardinus falcatus from right and left-aligned parentage 
and found the two groups to consistently display an oppo-
site direction of lateralisation between the five lateralisation 
assays investigated: turns in an I-maze, rotation in a circular 
arena, female shoaling (mirror assay), male sexual behaviour 
(I-maze) and male agonistic behaviour (mirror assay). How-
ever, Roche et al. (2020) and Vinogradov et al. (2021) found 
contrasting repeatability results to each other even when 
using a similar ‘motor’ I-maze assay to assess relative later-
alisation. Perhaps use of a stimulus with stronger selection 
pressure through salience and valence, such as a predatory 
or social stimulus, may increase repeatability (Friedlaender 
et al. 2017; Roche et al. 2020; Vinogradov et al. 2021).

Bell et al. (2009) suggest that behaviours which are 
more sensitive to environmental or motivational influ-
ences may be less repeatable, such as those influenced by 
energetic needs (MacGregor et al. 2021), social interac-
tions (Bevan et al. 2018) or ecological variables (Castel-
lano et al. 2002; Smith and Hunter 2005). Environmental 

pressures, such as predation and stress, have been shown 
to alter levels of lateralisation (Berlinghieri et al. 2021). 
Higher levels of absolute laterality were found in Trinidad-
ian guppy offspring reared with predation cues and were 
also more left-aligned in their laterality (Dale Broder and 
Angeloni 2014). Additionally, Pomacentrus amboinensis 
demonstrated a stronger turning bias (absolute lateral-
ity) as a result of injured conspecific cues but with no 
clear pattern of directional alignment (Ferrari et al. 2017). 
This effect has not been consistently found, however, with 
Brown et al. (2007) finding that although absolute later-
alisation indexes were generally higher in fish associated 
with high predation environments, the directional bias dif-
fered between assays. If the lateralisation of activities is 
susceptible to such environmental or ecological influence, 
then the presence and repeatability may be more limited in 
the absence of ecological contexts, as well as in a labora-
tory population with the potential for domestication, as in 
this study. It may therefore be that in these instances the 
benefits associated with an individual being lateralised do 
not outweigh the costs (Dadda et al. 2009; Bisazza and 
Brown 2011).

Fig. 6  Changes to absolute lateralisation indexes over the trial period 
in the Y-maze assay for both the (A, B) observed population and (C, 
D) an example of the randomised coin-flip model population. The 
thick red vertical line indicates ten turns, which is the current meth-
odological standard. Left (A, C): Individual relative lateralisation 
calculated with each additional turn, in which each line represents 

an individual’s relative lateralisation index, with the final index for 
that individual represented with a cross. Right (B, D): Overall varia-
tion up to the first twenty turns (only individuals completing a mini-
mum of twenty turns are included). Boxplot graphical parameters 
as described in Fig. 2A. The thick dashed red line indicates a linear 
regression between the absolute laterality index and number of turns
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Fig. 7  Changes to relative lateralisation indexes over the trial period in the Y-maze assay for both the (A, B) observed population and (C, D) an 
example of the randomised coin-flip model population. Graphical parameters as described in Fig. 6

Fig. 8  Changes to absolute lateralisation indexes over the trial period in the I-maze assay for both the (A, B) observed population and (C, D) an 
example of the randomised coin-flip model population. Graphical parameters as described in Fig. 6
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Sociability in nature is a key survival mechanism, pro-
moting more efficient foraging (Harpaz and Schneidman 
2020) and allowing individuals in groups to reduce per 
capita risk through risk dilution (Foster and Treherne 1981) 
and the confusion effect (Penry-Williams et al. 2018). Given 
the adaptable nature of sociality, repeatability between non-
social ‘motor’ lateralisation assays and those with a more 
social context may be limited (Bell et al. 2009). Previous 
investigation in Girardinus falcatus has identified a negative 
association in visual laterality between two methods (quasi-
circular mirror maze assay and detour assay with predator 
valence: r =  − 0.440) and motor laterality between two meth-
ods (spontaneous turns in the dark and rotational prefer-
ence: r =  − 0.341). However, no relationship was identified 
between these types of lateralisation (r =  − 0.068–0.167) 
(Dadda et al. 2012). The social ‘visual’ quasi-circular mir-
ror maze assay, which was found to produce lateralisation 
indexes uncorrelated with those from either ‘motor’ assay in 
our study, demonstrated a greatly reduced level of variation 
between individuals and no apparent asymmetry in monocu-
lar eye-use. However, it is also possible that the reduced 
level of variation demonstrated in the mirror maze assay is 
due to the much greater number of turns recorded, with each 
new frame providing the potential for a new directional turn 
(see “Data extraction”). As was seen across all assays, each 

new turn generally saw individuals’ laterality index approach 
zero and effectively remove a directional bias. Therefore, the 
larger number of turns provided by this methodology gives a 
higher potential of reducing laterality scores across the pop-
ulation, effectively removing variation in the scores. These 
results further demonstrate that context and assay selection 
is important when investigating laterality, and the necessity 
for distinctions to be made between these methodologies.

Other, even more subtle, differences in methodologies 
may be responsible for inconsistent findings within the lit-
erature, such as some studies interacting with the test sub-
jects to ‘encourage’ the individual down the runway of a 
detour test by ‘gently pushing’ the individual with an acrylic 
paddle to initiate a turn in instances where the fish does not 
advance independently (Jutfelt et al. 2013; Sundin and Jutfelt 
2018; Roche et al. 2020). It would be difficult to standardise 
such procedures in terms of speed or asymmetrical influ-
ence, potentially biasing an individual’s turn of direction. 
This may also elicit a more stress-induced response in indi-
viduals where this is used (Fanouraki et al. 2011; Pavlidis 
et al. 2015). Recent research has identified that use of such 
encouragement increased repeatability in relative lateralisa-
tion and the proportion of left turns selected (Vinogradov 
et al. 2021). Therefore, this approach was not utilised in the 
current study, rather the duration of the trial was increased 

Fig. 9  Changes to relative lateralisation indexes over the trial period in the I-maze assay for both the (A, B) observed population and (C, D) an 
example of the randomised coin-flip model population. Graphical parameters as described in Fig. 6
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allowing the subjects to engage with the apparatus in their 
own time to achieve an adequate number of turns per trial 
without introducing potential bias. However, such unma-
nipulated approaches may result in a sampling bias through 
the exclusion of less active individuals if they are unable to 
achieve the threshold number of turns within the time limit.

The results of this study demonstrate that the first ten 
turns were generally representative of the larger timeframe 
(15 min) for an individual. However, it must be noted that 
reducing the number of turns significantly exaggerated the 
absolute laterality indexes and with each additional turn, the 
laterality indexes approached zero and variability between 
individuals was reduced. It has been previously suggested 
that relative lateralisation can be impacted by the novelty 
and familiarity of the assay, which may have decreased as 
the trial progressed resulting in low levels of laterality being 
identified in this instance (Vallortigara and Andrew 1991; 
Sovrano 2004). However, the methodological standard of 
limiting the number of turns to only the first ten turns is 
a potential way that results of previous research may be 
attributed to random chance, further exaggerated by a small 
number of individuals being tested, potentially limiting pop-
ulation-level observations (Roche et al. 2020). In this study, 
through the recreation of the dataset with random turns (a 

0.5 chance of each turn being left or right), the potential 
issues caused from random variance can be statistically 
tested. From this assessment, the results were fairly consist-
ent for all assays. The mean relative lateralisation indexes 
across individuals were not found to differ significantly from 
random chance for the detour assays, and even though rela-
tive lateralisation was found to be significantly lower in the 
modelled population (mean ± SD: 0.000 ± 0.001) than the 
observed population for the mirror maze assay, a lateralisa-
tion bias was not apparent in the observed population (mean: 
0.008). This result in the mirror maze is likely exaggerated 
compared to the Y-maze and I-maze analyses due to the 
vastly greater number of turns incorporated into the later-
alisation index of the mirror maze assay (detailed in “Data 
extraction”). Similarly, although absolute lateralisation was 
found to be significantly higher in all assays in the observed 
population than in the modelled population, the observed 
absolute laterality indexes were low and would generally not 
be classed as lateralised. Interestingly, in all assays, individ-
uals were more likely to repeat the turning choice they had 
previously made than expected from random chance. This 
can potentially be explained by individuals following the 
wall of the test arena, which was noticeable throughout the 
trials. The individuals tended to swim around the edge of the 

Fig. 10  Changes to absolute lateralisation indexes over the trial 
period in the quasi-circular mirror maze assay for both the (A, B) 
observed population and (C, D) an example of the randomised coin-

flip model population. Graphical parameters as described in Fig.  6. 
The thick dashed line indicates an asymptotic regression between the 
absolute laterality index and number of turns

Page 13 of 16    25Behavioral Ecology and Sociobiology (2022) 76: 25



1 3

entire apparatus, consistently selecting the same choice of 
turn. However, Vinogradov et al. (2021) noted individuals in 
their experiment tended to alternate turning choice between 
right and left, following only one wall of the I-maze. Many 
studies investigating laterality using a detour assay have also 
previously had relatively wide corridors compared to the 
size of the study individual (e.g. Irving and Brown 2013). It 
is necessary for future studies to reduce corridor width to a 
minimum to reduce the impact of this extraneous variable. 
The novel randomisation model used within our study to 
investigate whether the extent random chance versus active 
choice is involved in directional turns demonstrates that the 
behaviour of the test subjects was not dissimilar to that of 
flipping an unbiased coin. Use of the novel randomisation 
model further validates that the low number of turns used to 
assess relative laterality (typically ten turns) can lead to spu-
rious and more exaggerated results, with this effect apparent 
in all assays.

In conclusion, the non-social ‘motor’ detour assays 
(I-maze and Y-maze) appear to be generally consistent in 
this study in terms of relative lateralisation, while the social 
‘visual’ mirror maze assay produced inconsistent indexes 
with lower between-individual variation. Despite this, abso-
lute laterality was not found to be correlated between any 
assays, with consistently low levels of laterality found in all 

assays. Increasing the number of turns used to calculate a 
lateralisation index reduces the between-individual varia-
tion in relative lateralisation and reduces most individuals’ 
relative and absolute laterality with each additional turn. 
Our results do not deviate strongly from those produced by 
random chance in a novel randomisation model, bringing 
into question the presence of laterality in the context used in 
this study, with any deviations explained by extraneous vari-
ables such as wall following. It is likely that lateralisation 
is more context- and stimulus-specific, such as in activities 
with a stronger selection pressure (i.e. predator avoidance 
or social dynamics). It would therefore be interesting to 
assess whether previously deemed lateralised populations 
deviate significantly from random chance when incorporat-
ing sample sizes and number of turns. This study provides 
further evidence for the necessity to increase the number of 
directional turns per individual when assessing lateralisation 
to reduce the likelihood of spurious or exaggerated results.
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