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Highlights

e Visual processing was linked to the onset of cannibalism in pikeperch.
e Two retinal layers (ganglion cell layer and inner nuclear layer) were thicker for cannibals.
e The non behavioural differences could explain asynchrony in the onset of cannibalism.

e (Cannibalism would be driven by rearing condition-dependent individual development.



Abstract

Cannibalism is defined as the act of killing and consuming the whole, or major part, of an individual
belonging to the same species, irrespective of its stage of development. Intra-cohort cannibalism in
fish larval or juvenile stages, which is a major economic problem, has been widely studied in captive
fish populations. In our study, we investigated the influence of animal personality (with cross-maze
and conspecific choice tests) on intra-cohort cannibalism using pikeperch Sander lucioperca as a
model species. Furthermore, we investigated the morphological (geometric morphological analysis)
and anatomical (histological analysis of retinal and muscle tissue sections) differences between
cannibal (C) fish (TL = 34.6 £ 9.4 mm, n = 25) and conspecific fish randomly sampled from rearing
tanks, herein called ‘potential non-cannibal fish’ (PNC) (TL =31.4 £ 10.5 mm, n = 42). We did not
find any behavioural differences (swimming activity, exploration, conspecific choice) between
cannibal and potential non-cannibal fish that could explain asynchrony in the onset of cannibalism.
Moreover, we did not observe any morphological differences between the two groups (C and PNC
fish). However, we did detect anatomical differences in two retinal layers (ganglion cell layer and
inner nuclear layer) that were thicker for cannibals. These two layers are involved in the collection of
information by photoreceptors and allow the shapes, colours and movements of objects to be detected
in the water column. The onset of cannibalism therefore appears to be linked to environmental
condition-dependent individual development, with some individuals exhibiting precocious anatomical,

and probably physiological, development, rather than to individual personality.
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1. Introduction

Cannibalism could be considered as a predatory strategy that involves capturing, killing and eating a
part or the whole of individuals of the same species (Polis, 1981; Elgar and Crespi, 1992). It has been
recorded in more than 500 vertebrate species (Soulsby, 2013). Among them, about 200 species are fishes
(Smith and Reay, 1991), for which cannibalism has been reported in the wild and under farming
conditions. The most commonly farmed fish species are piscivorous predators: out of 26 fish species
commonly found in rearing systems, 18 are classified as carnivorous and piscivorous and only 8 are
considered as omnivorous and do not feed on other fish species). In the wild, cannibalism can be
considered as ‘a lifeboat mechanism’ defined as the survival of a cannibalistic population when food for
the adults is too scarce to support a non-cannibalistic population (van den Bosch et al., 1988). Under
farming conditions, where yet there is usually no food limitation since fish are fed ad libitum,
larviculture performance is also often affected by intra-cohort cannibalism. Intra-cohort cannibalism in
fish larval or juvenile stages has been widely studied in captive fish populations since such a behaviour
is a major economic problem in farmed piscivorous species (Naumowicz et al., 2017; Pereira et al.,
2017).

In order to explain intra-cohort cannibalism, size heterogeneity has been largely documented. Indeed, it
is known that the cannibal is larger in size than its prey, reflecting differences in development. Two
types of cannibalism have been described during fish larval and early juvenile development stages: Type
I, which occurs generally during the larval stage, does not imply any size difference between the
cannibal and its prey, which is not entirely ingested (Baras, 2013); Type II, which occurs at a later stage,
is characterized by the entire consumption of the prey and greater size heterogeneity between the
cannibal and its prey (Baras and Jobling, 2002). However, even though size heterogeneity facilitates
cannibalism, and many studies have attempted to identify environmental or population factors that could
affect it (for review, see Pereira et al., 2017). To our knowledge, however, very few studies have used a
multi-trait approach to identify the traits that could be involved in the onset of cannibalism (e.g. Baras
and Jobling, 2002).

In fish, cannibalism implies performing as a piscivorous predator with particular characteristics. First,

it is necessary for a piscivorous fish to have physical abilities to detect (i.e. visual cues), pursue and



capture (developing jaw and trunk musculature), and digest (digestive enzyme function) a prey
(Sakakura and Tsukamoto, 1996; Cahu and Zambonino Infante, 2001). It is easier for a cannibal because
its prey, belonging to the same species, has the same movement abilities. Finally, for fish, the mouth
size is a limiting factor for ingesting a prey, particularly for Type II cannibalism (Hetch and Appelbaum,
1988; Sogard and Olla, 1994). The size of the mouth could be a consequence of an allometric growth of
the mouthparts (Baras and Jobling, 2002). In Type Il cannibalism, the mouth must be large enough to
ingest the prey headfirst, in order to avoid the spiny dorsal fin and pectoral rays that may cause injury
or even death of the cannibal (Qin et al., 2004). These morphological and anatomical characteristics
have been largely studied by comparing cannibals and their prey (Baras and Jobling, 2002; Baras, 2012),
and the former authors have concluded that the cannibals have a larger mouth gape, stronger musculature
and better vision than their prey (Baras, 1998; Baras, 2012). However, the behavioural differences
between cannibals and conspecifics have received less attention, which may be due to the difficulties in
setting up these kinds of experimental designs.

Behavioural traits of personality allowed to reveal consistent behavioural differences over time and/or
in different contexts between individuals of the same population (Koolhaas et al., 1999; Sih et al., 2004;
Réale et al., 2007). This concept of personality makes the difference between bold individuals, which
take risks, and are more aggressive, and shy individuals, which are less active and more sociable. Within
a population, individuals may be classified between these two extremes of behavioural profiles along
the bold-shy axis (Bell, 2007). Personality plays an important role in the onset of several behaviours
during ontogeny, among which foraging performance in birds (Kurvers et al., 2009; Patrick and
Weimerskirch, 2014), mammals (Mella et al., 2015) and fish (Cutts et al., 1998; 2001; Wilson and
McLaughlin, 2007). In fish, foraging abilities are correlated to individual’s level of activity in the
Atlantic Salmon Salmo salar L. (Cutts et al., 1998), and the Arctic charr Salvelinus alpinus L. (Cutts et
al., 2001). In this context, it seems that bold individuals were the best performing foragers (Conrad et
al., 2011). In light of these findings, as personality could influence foraging performances, we can
hypothesize that in a population, cannibals and non-cannibals lie at different points on the bold-shy
continuum.

In our study, we investigated the influence of animal personality on intra-cohort cannibalism using



pikeperch Sander lucioperca as a fish model. This freshwater fish exhibits a high degree of cannibalism
(<50%) under intensive rearing conditions (Molnar et al., 2004; Kestemont et al., 2007). However, it is
necessary to understand what may differentiate a cannibal (C) from the other conspecifics (called
‘potential non-cannibal fish’ (PNC) in this study) to regulate this major bottleneck in pikeperch farming
(Kestemont et al., 2007; 2015). Cannibalism mainly occurs in early development, when pikeperch larvae
are between 14 and 17 days post-hatching (dph), and there is a first peak between 32 and 42 dph at 20°C
(Colchen et al., 2019). In order to complete the comparison between cannibals and their conspecifics,
we also investigated morphological (body shape by geometric morphometric analysis) and anatomical
differences (retina and muscle development by histological analysis). Thereby, we wanted to determine
whether there were behavioural, morphological and/or anatomical differences between cannibals and
their conspecifics. Using behavioural, morphological and anatomical traits evolving during the
ontogenetic development to compare cannibal fish with potential non-cannibal fish of pikeperch, we can
hypothesize that cannibals should (i) be bolder, (ii) have more developed caudal musculature and a
larger gape size, and (iii) have better visual abilities. These predictions mean that, if cannibalism

depends on animal personality, some individuals will never be cannibals in this population.

2. Materials and methods

2.1.Rearing of the fish

The experiment was carried out at the Aquaculture Experimental Platform (AEP, registration number
for animal experimentation C54-547-18) belonging to the URAFPA lab and located at the Faculty of
Sciences and Technologies of the University of Lorraine (Nancy - France). Eggs came from two mature
females (2.7 and 2.9 kg) previously injected with sGnRHa (25 and 50 pug.kg', respectively; ovaRH,
Syndel laboratories, Ltd) and fertilized by one male in a fish farm (SARL Asialor, Pierrevillers, Moselle,
France). At their arrival at the AEP on 1* February 2016, just before hatching, the fertilized eggs were
transferred into eight 700 L tanks where larvae hatched and developed until 52 dph. Artificial lighting
(50 Ix) followed a 12L/12D cycle with light on from 08:00 to 20:00 with 30 min simulation of dawn

and dusk. The water was maintained at 16°C until hatching and then increased by 1°C per day until



reaching 20°C. Water parameters (mean + standard deviation, SD) were measured once or twice a week:
dissolved oxygen = 8.0 = 0.5 mg.L"!, pH = 6.9 + 0.8, salinity = 0.2 + 0.05 g.L"!, ammonia (NH4s") = 5.3
+ 1.0 mg.L"! and nitrite (NO>) = 0.08 + 0.07 mg.L!. Fish were fed seven times per day between 8:30
and 17:30 during light period every one and a half hours. They were fed live prey and a commercial
inert feed as follows: firstly, nauplii of Artemia (550-600 um, Sep-Art Artemia cyst) from 4 to 16 dph,
then Larviva PROWEAN 100, 300, 500, 700 pm (BIOMAR®, France) and INICIOplus 0.8 mm

(BIOMAR®, France), following the protocol used by Schram and Philipsen (2003) for weaning.

2.2.Sampling of the fish

Our aim was to compare traits (anatomical, morphological and behavioural) between cannibal and
potential non-cannibal fish, as we can be sure that at the sampling time fish were not cannibal, but we
have no information about their attack activity on conspecifics before the sampling. In order to detect
fish displaying cannibalism, 5 min observations were made at each tank every morning (after 9:40 a.m.)
from 10 to 52 dph. When a case of cannibalism was observed, the observer attempted to capture the
cannibal with a dip net. Out of 192 observed cases of cannibalism, 25 cannibals were sampled (total
length (mean £ SD) = 34.6 £ 9.4 mm). To allow for comparison, each time we captured a cannibal, we
also captured one or two fish randomly (potential non-cannibal fish) of similar size (total length (mean
+ SD) =31.4 £ 10.5 mm). For these potential non-cannibal fish (n = 42), we verified that they were not
eating a conspecific or that there was no other fish in their digestive tube. All fish (potential non-
cannibals and cannibals) were transferred into individual cages (15 x 12 x 11 cm) in a 52.5 L aquarium
(50 x 35 x 30 cm) for 24 hours before their use in behavioural tests. The light cycle and the water

temperature were the same as those in the 700 L tanks.

2.3.Behavioural tests

To establish the personality of pikeperch larvae and early juveniles, two behavioural tests were used: a

cross-maze test to analyse swimming activity, exploration and boldness, and a choice test between



conspecifics or not to analyse the relationship behaviours.

The cross maze apparatus (16 x 5 cm with 2.5 cm of water) consisted of four arms, divided into five
zones (Fig. 1A) and placed on a translucent table with a light below (50 1x). Fish were tested one by
one. Each fish was placed in an acclimatization zone (7 x 5 cm) separated from the maze by a vertical
divider (Fig. 1A). After a 30 min acclimatization period, the divider was removed and fish behaviour
was video recorded for 20 min Several independent behavioural measures were analysed: i) the
individual latency to emerge from the acclimatization zone (E_LS) (in seconds), if a fish did not emerge
from the acclimatization zone (AZ) during the 20 min period, a latency period of 1,200 s was attributed.
ii) the total number of visited zones (E_NVZ) and iii) swimming activity (E_SA) (in seconds). All
variables were analysed over the entire 20 min period except E_SA, which was calculated over three
periods of time: from the 15 to the 3™ minute, from the 9" to the 11" minute and from the 17" to the 19"
minute (adapted from Pasquet et al., 2015).

The conspecific choice tests were realized in the same type of device. The apparatus consisted of four
arms divided into five zones (Fig. 1B). Three arms of the cross-maze were separated from the central
zone by transparent dividers perforated with small holes (less than 1 mm in diameter). These holes
allowed constant water flow between the arms of the cross-maze. The three zones contained zero, three,
and six pikeperch larvae of the same age and reared under the same conditions as the tested fish, and
unknown from the tested fish. The main goal was to determine if a cannibal prefer stay near conspecifics
or not and if the size of the group impact the choice. Each tested fish was placed in an acclimatization
zone (7 x 5 cm) separated from the maze by a vertical divider (Fig. 1B). After 30 min of acclimatization,
the divider between the acclimatization zone and the cross-maze was removed. The behaviour of the
tested larvae was video recorded for 20 min. Five variables were taken into account during this period:
the latency to emerge from the acclimatization zone (S_LS) (in seconds) and the time spent close (less
than 1 cm from the divider) to the groups of zero (S_Z0), three (S_Z3) or six conspecifics (S_Z6), and
aggressive behaviours (e.g. the attack attempts against the transparent divider). This last behaviour was
never observed, consequently only the first four variables have been considered in the statistical

analyses.



2.4. Geometric morphological analysis

After the behavioural tests, all larvae (cannibal and potential non-cannibal fish) were euthanatized with
an overdose of tricaine methane-sulfonate (MS-222, Sigma; 240 mg.L!). The right side of each fish was
photographed with a digital camera (Panasonic, DMC-FZ18). For each photographed fish, total length
(TL) was measured and the coordinates of 15 morphological landmarks (LMs) were recorded (Fig. 2),
using tpsDig 2.16 (Rohlf, 2008). The scale was calibrated for each photograph. The LMs were selected
to provide a definition of the fish morphology in which the LMs are given as X and y coordinates. The
distances and angles between specific LMs were determined from their coordinates. The LMs were
digitized on the lateral side of each fish by the same observer (Fig. 2). Body shape was analysed using
LM-based geometric morphometric methods (Rohlf, 1990; Bookstein, 1991). The LMs were
superimposed to have a common centroid and rotated to minimize the distances between corresponding
LMs. Once all the fish were aligned, the mean configuration of LMs was computed (consensus or
reference shape). At that time, LM 11 and 12 were excluded because of the inaccuracy of their positions
for each fish, and so were all spine-malformed fish (n = 29) and fish with one LM missing (n = 5).
Finally, we compared the geometrical morphologies of 16 cannibal fish and 17 potential non-cannibal
fish. Fish were projected to a tangent space by orthogonal projection where the distances between shapes
were linear functions. This process then permitted the use of multivariate statistical methods to evaluate
shape variation. Principal component analysis (PCA) was performed after computing the variance-
covariance matrix of the procruster shape coordinates and projecting the data onto the corresponding
eigenvectors. All geometric morphometric-related analyses were carried out with R (version 3.5.3) with
‘shapes’ (Dryden, 2018) and ‘factoextra’ (Kassambara and Mundt, 2017) packages. Thin-plate spline
deformation grids of fish body shape to compare cannibal fish with potential non-cannibal fish were

generated on MorphoJ® software (Klingenberg, 2011).

2.5. Histological data

After taking pictures of each fish for the morphological analysis, larvae were fixed in 10% buffered
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formalin (Sigma-Aldrich, HT501128-4L). Twenty-five cannibals and 18 potential non-cannibal fish
were used for this histological study, whose steps were all conducted at IRTA (Aquaculture Program,
Sant Carles de la Rapita, Spain). Two types of fish tissue were analysed: the eyes, because vision is key
to the development of predatory behaviour, and the muscles, which are essential for mobility to pursue
and capture prey. To perform the various analyses, an eye and caudal muscles (vertical cut just behind
the anus) were collected from each larva. All samples (eyes and muscles) were dehydrated with graded
series of ethanol (from 50% to 100%) and embedded in paraffin with a Histolab ZX-60Myr automatic
tissue processor (Especialidades Médicas MYR SL, Spain). Then, paraffin blocks were prepared in an
AP280-2Myr station and cut into serial sagittal sections (3 pm thick) with a Microm HM automatic
microtome (Leica RM2155 Microsystems Nussloch GmbH, Nussloch, Germany). Paraffin-embedded
eyes and muscle sections were kept at 40°C overnight. Then, samples were deparaffined with graded
series of xylene and stained by means of Hematoxylin (5 min) and Eosin (5 min). Stained sections were
examined using an upright optical light microscope (Nikon Eclipse Ni-U) at 40x magnification (Nikon
France, Champigny-sur-Marne, France).

For each cannibal (n = 19) and potential non-cannibal (n = 10) fish, the thickness of the seven retinal
layers (Ganglion Cell Layer (GCL), Inner Plexiform Layer (IPL), Inner Nuclear Layer (INL), Outer
Plexiform Layer (OPL), Outer Nuclear Layer (ONL), Photoreceptor Layer (P) and Pigmentary
Epithelium (PE)) was measured using Nikon BR software (Fig. 3). Furthermore, the number of muscle
fibres was counted on four defined zones for each cannibal (n = 16) and potential non-cannibal (n = 9)
fish, and maximal and minimal diameters measured on 40 fibres for each fish (Fig. 3). The muscle fibres

were classified as large (> 30 um) or small (< 30 pm) depending on their diameters.

2.6. Statistical analysis

For the behavioural variables, we calculated the mean and standard deviation (SD) to assess the
variability of pikeperch behavioural responses. For each variable of interest, in each group (cannibal
and potential non-cannibal fish), inter-individual variability was assessed by calculating the coefficient

of variation (CV, % = SD/mean x 100) as a normalized measure of dispersion. We checked the normality
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of the data (Shapiro-Wilk test, R Core Team, 2017) and the homogeneity of the variances (Levene’s
test; Fox and Weisberg, 2016). For each group, we assessed the correlation between the values of each
variable of interest between fish with Spearman correlations. Furthermore, comparisons of the same
variables between cannibal and potential non-cannibal fish were carried out with a parametric Student’s
t-test for independent data. A multifactorial analysis (PCA) was conducted taking into account all the
behavioural variables (FactoMineR; Husson et al., 2019) and all the individuals were projected on the
graph of the PCA analysis. Data analyses were performed using R software (version 3.0.3) and the level
of significance used in all tests was P < 0.05.

For the morphological analysis, all the coordinates of the landmarks obtained on cannibal and potential
non-cannibal juveniles were analysed with a generalized procrustes analysis (GPA), with MorphoJ®
software (Klingenberg, 2011). This procedure allowed us to eliminate all variations due to translation,
rotation and scale effects. Then, the standardized coordinates obtained with this method were analysed
with the Relative Warp Analysis (Rohlf, 1993), which is a principal component analysis (PCA).

For the histological parameters, as the data fitted the normality and the homogeneity of the variances,
we used an ANCOVA, taking the TL of each individual as covariate. The analysis was performed with

R software (version 3.5.3) and the level of significance used in all tests was P < 0.05.

2.7. Ethical note
During all procedures, we took care to minimize handling and stress as much as possible for the study
animals. All fish treatments and procedures used in this study were in accordance with the guidelines of
the Council of the European Union (2010/63/UE) and the French Animal Care Guidelines (Animal

approval No. APAFIS#1813-2015111618046759v2).

3. Results

3.1. Behavioural analyses of each group: cannibal and potential non-cannibal fish.

3.1.1. Inter-individual variability

12



The analysis of coefficients of variation revealed considerable inter-individual variability in the
variables measured in both tests carried out for cannibal and potential non-cannibal fish (Table 1),

indicating that there was a high level of behavioural variability in both groups of fish.

3.1.2. Correlations between behavioural variables
Regarding cannibal fish, swimming activity was positively correlated to the total number of visited
zones and the time spent near three conspecifics (S_Z3) (Table 2). Then, the time spent near six
conspecifics was negatively correlated to the latency to emerge from the acclimatization zone (S_LS)
in the conspecific choice test and positively correlated to the time spent near three conspecifics (S_Z3).
Finally, the total number of visited zones was positively correlated to the time spent near three
conspecifics (Table 2). For potential non-cannibal fish, swimming activity was positively correlated to
the total number of visited zones, to the time spent near the zone without conspecifics (S_Z0), to the
time spent near three conspecifics (S_Z3) and to the time spent near six conspecifics (S_Z6) (Table 2).
Then, the total number of visited zones was positively correlated to the time spent near three and six
conspecifics (Table 2). Finally, the latency to emerge from the acclimatization zone in the conspecific
choice test was negatively correlated to the time spent near the zone without conspecifics (S_Z0), to the

time spent near three conspecifics (S_Z3) and to the time spent near six conspecifics (S_Z6) (Table 2).

3.2. Comparison between cannibal and potential non-cannibal fish.

3.2.1. Behavioural test analysis

In the cross-maze test, the swimming activity (E_SA) of cannibal fish was similar to that of potential
non-cannibal fish (t = 1.22; df = 65; p = 0.23; Table 1). The time to emerge from the acclimatization
zone (E_LS) was similar between cannibal and potential non-cannibal fish (t = 0.64; df = 65; p = 0.52;
Table 1). Cannibal fish visited statistically as many maze zones (E_NVZ) as potential non-cannibal fish
did (t=0.95; df = 65; p = 0.34; Table 1).

Regarding the conspecific choice test, cannibal fish emerged nearly as rapidly as potential non-cannibal

fish from the acclimatization zone (S_LS) (t = -1.06; df = 65; p = 0.29; Table 1). Values of S 70 (t = -
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0,4; df=65;p=0.69; Table 1), S Z3 (t=-0.11; df =65 ; p=0.91; Table 1) and S Z6 (t=1.32; df =
65; p =0.2; Table 1) were similar between cannibal and potential non-cannibal fish.

When all these variables were analysed using a PCA, the first two axes of the PCA represented 56.4%
of the total variance (first axis = 39.0%, second axis = 17.4%; Fig. 4). The first axis contrasted the time
to emerge from the acclimatization zone in both behavioural tests from swimming activity and
conspecifics choice variables. This axis highlighted a bold-shy continuum with fish, which emerged
rapidly from the acclimatization zone and were more active and attracted by conspecifics. The second
axis was represented by the time spent near the zone without conspecific fish. Swimming activity
(E_SA) was positively correlated to the total number of visited zones (E NVZ) (r = 0.81; p < 0.001;
Fig. 4A) and to the time spent near zones with conspecifics (S Z3:r=0.44; p <0.001 and S 7Z6: r=
0.33; p < 0.01; Fig. 4A). The time to emerge from the acclimatization zone (S_LS) in the conspecific
choice test was negatively correlated to swimming activity (E_SA) (r = - 0.32; p <0.01; Fig. 4A) and
to the time spent near zones with conspecifics (S Z3:r=-0.34; p<0.01 and S_Z6:r=-0.34; p<0.01;
Fig. 4A). Projection of individuals on axes highlighted that cannibal and potential non-cannibal fish
were equally distributed on both axes and consequently did not demonstrate a difference on behavioural

traits (Fig. 4B).

3.2.2.  Geometric morphological analysis
The PCA of aligned coordinates for the 13 selected landmarks yielded 10 principal components (PCs;
Fig. 5A). The first two axes (PC1 and PC2) explained 38.1% and 22.8% of the body phenotypic
variability, respectively, which accounted for 60.9% of the total variance. In contrast, the third axis
(PC3) only accounted for 13.4% of the variance and, consequently, this axis and the subsequent ones
were not included in further analyses. In addition, the morphospace (ellipses) from each group revealed
no clear separation between cannibal and potential non-cannibal fish, with a total overlap between
groups (Fig. 5B). A transformation grid for visualizing changes in body shape for cannibal and potential
non-cannibal fish did not reflect changes in both relative shifts and body shape in pikeperch juveniles

(Fig. 5C; Supplementary materials).
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3.2.3. Histological analyses

Regarding the retina, the ganglion cell layer (GCL) and the inner nuclear layer (INL) were much thicker
in cannibal fish than in potential non-cannibal fish (Fig. 3; Table 3). There were no marked differences
in the thickness of all other layers between the two groups (Table 3), and fish size (TL) had no effects
on all morphological parameters taken into account (p > 0.05). Considering trunk musculature, cannibal
and potential non-cannibal fish exhibited similar diameters and numbers of muscle fibres. Both
parameters were however found to be significantly affected by fish size (TL) (p < 0.05; Fig. 3; Table

3).

4. Discussion

Inter-individual variability, which is behaviourally, anatomically, morphologically and physiologically
observable, characterizes the pikeperch population analysed in our study. Such variability is clearly
visible under farming conditions leading for example to size heterogeneity, which may be regulated by
control of environmental parameters. Under farming conditions, the existence of intra-cohort
cannibalism has been shown repeatedly in various pikeperch populations (Ljubobratovi¢ et al., 2015;
Steenfeldt, 2015; Krol and Zakes, 2016; Molnar et al., 2018). In our study, we investigated behavioural,
morphological and anatomical potential differences between individuals of a population in order to
explore such differences between a cannibal and its conspecifics and, consequently, the traits that could
be involved in its differentiation from other individuals of the population.

It is well known that rearing factors such as population density, light intensity, feeding frequency, water
turbidity or presence of alternative prey could affect the cannibalism rate (for review, see Naumowicz
etal., 2017; Pereira et al., 2017), and result in individual behaviour changes (Coppens et al. 2010). These
studies have demonstrated a range of individual responses directly influenced by environmental stimuli
that could be associated with behavioural plasticity. Indeed, cannibals react to environmental stimuli by
decreasing or increasing their cannibalism rates (Smith and Reay, 1991; Hecht and Piennar, 1993;
Folkvord, 1997), but it seems that no biotic or abiotic factors can eradicate cannibalism (Baras and

Jobling, 2002). Rather than focusing on individual behavioural plasticity to understand why an
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individual becomes a cannibal at a given time of its development, our study looked at the differences in
several traits between cannibals and other individuals of the population. Thus, it has provided results on
several parameters (behaviour, morphology and anatomy) to highlight differences between cannibals
and their conspecifics of a given population in order to evaluate whether a specific trait could
differentiate them.

The study of personality allowed us to work on behavioural differences between individuals and look
for differences between cannibal fish and their conspecifics (Torres et al., 2017; Meager et al., 2018).
In our study, we demonstrated that there are no behavioural differences between cannibals and
conspecifics. For several years, a number of behavioural differences observed under fish farming
conditions have been explained by the personality paradigm, such as self-feeding triggering (Ferrari et
al., 2014), aggressive behaviour (Martins et al., 2012), susceptibility to infection (Kittilsen et al., 2009a,
b) or resuming feeding after transfer to a new tank (Vaz-Serrano et al., 2011). To our knowledge, no
previous studies have compared the personality of cannibals with that of conspecifics, but several studies
characterized personality first and then observed cannibalism rates in different groups composed of shy,
bold or mixed individuals (Sih et al., 2004; McGhee and Travis, 2010; Réale et al., 2010; Colléter and
Brown, 2011; Dahlbom et al., 2011; Mesquita et al., 2016). A recent study on catfish larvae
Lophiosilurus alexandri showed that when sorting larvae by personality traits, there was a higher
cannibalism rate in bold and mixed groups than in shy groups (Torres et al., 2017), thus suggesting a
link between personality and cannibalism. However, our results were in disagreement with those of the
above-mentioned authors, since we did not find any differences in personality traits associated with
cannibalism. In our study, the non-difference between the two groups could be explained by the fact
that some cannibals may have been mistakenly classified in the potential non-cannibal group because
they did not display cannibalistic behaviour at the time of observation. We do not know if all potential
non-cannibal fish had already been a cannibal or not. However, we were able to demonstrate a
personality continuum in our pikeperch population with extreme personality as shown by a uniform
repartition of fish personality scores on the first axis of the PCA. These results were in agreement with
those previously reported in a study conducted on the same species by our research group (Colchen et

al., 2017). Therefore, even if potential non-cannibal fish were not all non-cannibals, assuming that
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cannibals have a different personality from the others, they should be found on either side of the point
cloud when projecting all individuals on the PCA, meaning that cannibals have extreme personality
(bold or shy). As a second argument, there were potentially few cannibals in the population with 30.9 +
8.6 jumpers (the biggest fish in a population) per week (in 700 L tanks, with initial densities of 100
larvae.L™!, unpublished data). It was therefore unlikely that we had captured a large number of cannibals
when randomly collecting potential non-cannibal fish. So, we could hypothesize that, in pikeperch,
personality is not a major characteristic for distinguishing cannibals from other individuals, but it could
be associated with anatomical and/or morphological variables.

Cannibalism may not occur at the same time in all individuals because it is a piscivorous behaviour and,
in the particular case of larvae, the shift from a planktivorous to a piscivorous diet requires
morphological, anatomical and physiological modifications (Buijse and van Densen, 1992; Galarowicz
and Whal, 2005; Hart and Ison, 1991; Kaji et al., 2002; Mittelbach and Persson, 1998). It has been
shown that the onset of predation in pikeperch larvae is not synchronic for all individuals in a population
and occurs from three to six weeks after hatching when larvae are reared at 20°C (Colchen et al.,
submitted). As cannibalism is an intra-specific predation phenomenon, its onset, like that of predation,
was not synchronic between individuals and therefore could explain the non-behavioural differences
between cannibal and potential non-cannibal fish (fish sampling between 10 and 52 dph). In pikeperch,
cannibalism may have more to do with the onset of piscivory than with personality differences between
individuals in a population.

Furthermore, our results demonstrated that there were no morphological differences between cannibals
and other individuals in the population. In other species, morphological differences between cannibals
and non-cannibals have already been shown such as in salamander (Pfennig and Collins, 1993). At the
early juvenile stage, coloration was the only missing pattern for our pikeperch specimens to look like
adults, they were therefore assumed to be already morphologically developed. Thus, we could
hypothesize that at larval stages morphological differences (e.g. mouth development) may be a good
visual guide for distinguishing a cannibal from another conspecific, but at juvenile stages visual
differentiation is not possible because fish are fully morphologically developed. Moreover, there were

no differences in trunk musculature development between cannibal and potential non-cannibal fish.
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Under farming conditions, where high animal density is common practice, we can assume that capture
conditions may not be complicated, so fish do not need to have developed musculature, they just have
to catch smaller, deformed or sick fish. However, there appeared to be anatomical differences in the
retina between cannibal and potential non-cannibal fish. Although there was the same number of layers
for the two groups, two layers were thicker in cannibals: the ganglion cell layer and the inner nuclear
layer. These two layers are involved in the collection of information by photoreceptors and allow shapes,
colours and movements to be detected, which is useful for prey detection. These retina layers may
therefore play an important role in prey capture. We can speculate that cannibals had better visual
abilities with high detection accuracy. Fish have retinas that keep growing after embryogenesis (Lyall,
1957 ; Fernald, 1989), so the retinal layers increase in size continuously throughout development. The
inner nuclear layer has the cell bodies of Miiller cells (Mack et al., 1998), which are able to undergo a
change and multiply in order to maintain glial functions and improve visual performance in growing
fish (Mack et al., 1998). When larvae grow up, the density of Miiller cells decreases but their total
number increases compensating the thickening of the inner nuclear layer to keep visual performance at
its maximum (Mack et al., 1998). It seems that in pikeperch larval cannibals this compensation was
maximal allowing for better vision. Piscivory feeding habits (including cannibalism) require more
refined detection and sensory-motor abilities compared to planktivory and microzooplankton feeding
habits (Smith and Reay, 1991; Margulies, 1997). In pikeperch cannibals the ontogeny of the visual
system appeared to be more advanced, which may have contributed significantly to a rapid improvement
in their predatory abilities and the development of early piscivory, and thus to cannibalism. In order to
complete the present study, it could also be interesting to look at differences in the development of the

digestive systems of cannibal and potential non-cannibal fish to assess their abilities to digest fish prey.

5. Conclusion
Under the present experimental conditions there were no behavioural differences between cannibal and
potential non-cannibal fish that could explain asynchrony in the onset of piscivory in pikeperch.
Furthermore, no external morphological differences were found between the two groups. However, we

did observe anatomical differences in the development of the eyes with two thicker retinal layers
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(ganglion cell layer and inner nuclear layer) in cannibals, which are involved in the collection of
information by photoreceptors and allow the shapes, colours and movements of objects to be detected
in the water column. These findings have led us to conclude that cannibalism would be driven by rearing
condition-dependent individual development, with some individuals exhibiting precocious anatomical
and probably physiological developments, rather than by individual personality traits governed by

genetic determinism (Stamps, 2007).

Acknowledgements

We would like to thank D. Zarski and J. Roche for providing us with pikeperch larvae, A. Dias and A.
Grisel for their help during the experiment (behavioural tests and pikeperch rearing), Olga Bellot from
the IRTA institute for her help with the histological analysis, and finally C. Merlin (ABC Translation,
Ferriéres, France) for her help to improve the English of this paper. This work received funding from
the European Union’s Seventh Framework Programme for research, technological development and

demonstration (KBBE-2013-07 single stage, GA 603121, Diversify) and the University of Lorraine.

References

Baras, E., 2012. Cannibalism in fish larvae: what have we learned? in: Qin, J.G. (Ed.), Larval Fish
Aquaculture. Nova Science Publishers [ISEM 2012-053], New York, pp. 1-37.

Baras, E., 1998. Bases biologiques du cannibalisme chez les poissons. Cahier d’Ethologie 18, 53-98.

Baras, E., Hafsaridewi, R., Slembrouck, J., Priyadi, A., Moreau, Y., Pouyaud, L., 2013. Do cannibalistic
fish possess an intrinsic higher growth capacity than others? A case study in the Asian redtail catfish
Hemibagrus nemurus (Valenciennes, 1840). Aquaculture Research 45, 68-79.
https://doi.org/10.1111/j.1365-2109.2012.03205.x

Baras, E., Jobling, M., 2002. Dynamics of intracohort cannibalism in cultured fish. Aquaculture research
33, 461-479.

Bell, A.M., 2007. Future directions in behavioural syndromes research. Proceedings of the Royal

Society B: Biological Sciences 274, 755-761. https://doi.org/10.1098/rspb.2006.0199

19



Bookstein, F., 1991. Morphometric Tools for Landmark Data: Geometry and Biology.

https://doi.org/10.1002/bimj.4710350416

Buijse, A.D., Van Densen, W.L.T., 1992. Flexibility in the onset of piscivory and growth depensation
in Eurasian perch, Perca fluviatilis L. Dynamics and exploitation of unstable percid populations.
Wageningen Agricultural University, Netherlands 89—121.

Cahu, C., Zambonino Infante, J., 2001. Substitution of live food by formulated diets in marine fish

larvae. Aquaculture 200, 161-180. https://doi.org/10.1016/S0044-8486(01)00699-8

Colchen, T., Faux, E., Teletchea, F., Pasquet, A., 2017. Is personality of young fish consistent through
different behavioural tests? Applied Animal Behaviour Science.

https://doi.org/10.1016/j.applanim.2017.05.012

Colchen, T., Fontaine, P., Ledoré, Y., Teletchea, F., Pasquet, A., 2019. Intra-cohort cannibalism in early

life stages of pikeperch. Aquac Res 50, 915-924. https://doi.org/10.1111/are.13966

Colléter, M., Brown, C., 2011. Personality traits predict hierarchy rank in male rainbowfish social

groups. Animal Behaviour 81, 1231-1237. https://doi.org/10.1016/j.anbehav.2011.03.011

Conrad, J.L., Weinersmith, K.L., Brodin, T., Saltz, J.B., Sih, A., 2011. Behavioural syndromes in fishes:
areview with implications for ecology and fisheries management. Journal of Fish Biology 78, 395—

435. https://doi.org/10.1111/j.1095-8649.2010.02874.x

Coppens, C.M., de Boer, S.F., Koolhaas, J.M., 2010. Coping styles and behavioural flexibility: towards
underlying mechanisms. Phil. Trans. R. Soc. B 365, 4021-4028.

https://doi.org/10.1098/rstb.2010.0217

Cutts, C.J., Adams, C.E., Campbell, A., 2001. Stability of physiological and behavioural determinants
of performance in Arctic char (Salvelinus alpinus). Canadian Journal of Fisheries and Aquatic

Sciences 58, 961-968. https://doi.org/10.1139/f01-050

Cutts, C.J., Betcalfe, N.B., Caylor, A.C., 1998. Aggression and growth depression in juvenile Atlantic
salmon: the consequences of individual variation in standard metabolic rate. Journal of Fish

Biology 52, 1026-1037.

20


https://doi.org/10.1002/bimj.4710350416
https://doi.org/10.1016/S0044-8486(01)00699-8
https://doi.org/10.1016/j.applanim.2017.05.012
https://doi.org/10.1111/are.13966
https://doi.org/10.1016/j.anbehav.2011.03.011
https://doi.org/10.1111/j.1095-8649.2010.02874.x
https://doi.org/10.1098/rstb.2010.0217
https://doi.org/10.1139/f01-050

Dahlbom, S.J., Lagman, D., Lundstedt-Enkel, K., Sundstrém, L.F., Winberg, S., 2011. Boldness
Predicts Social Status in Zebrafish (Danio rerio). PLoS ONE 6, 23565.

https://doi.org/10.1371/journal.pone.0023565

Dryden, L., 2018. Package ‘shapes’. https://cran.r-project.org/web/packages/shapes/shapes.pdf

Elgar, M., Crespi, A. (Eds.), 1992. Cannibalism: ecology and evolution among diverse taxa. Oxford
Science Publications, Oxford.

Fernald, R.D., 1989. Fish vision, in: Development of the Vertebrate Retina. Springer, pp. 247-265.

Ferrari, S., Benhaim, D., Colchen, T., Chatain, B., Bégout, M.-L., 2014. First links between self-feeding
behaviour and personality traits in European seabass, Dicentrarchus labrax. Applied Animal

Behaviour Science 161, 131-141. https://doi.org/10.1016/j.applanim.2014.09.019

Folkvord, A., 1997. Ontogeny of cannibalism in larval and juvenile fishes with special emphasis on
Atlantic cod., in: Chambers, R.C. (Ed.), Early Life History and Recruitment in Fish Populations,
Fish and Fisheries Series. Chapman & Hall, London, pp. 251-278.

Fox, J., Weisberg, S., 2016. Package ‘car’ Companion to Applied Regression. R Package Version, 2—1.
https://cran.r-project.org/web/packages/car/car.pdf

Galarowicz, T.L., Wahl, D.H., 2005. Foraging by a young-of-the-year piscivore: the role of predator
size, prey type, and density. Canadian Journal of Fisheries and Aquatic Sciences 62, 2330-2342.

https://doi.org/10.1139/f05-148

Hart, P.J.B., Ison, S., 1991. The influence of prey size and abundance, and individual phenotype on prey
choice by the three-spined stickleback, Gasterosteus aculeatus L. Journal of Fish Biology 38, 359—

372. https://doi.org/10.1111/1.1095-8649.1991.tb03126.x

Hecht, T., Appelbaum, S., 1988. Observations on intraspecific aggression and coeval sibling
cannibalism by larval and juvenile Clarias gariepinus (Clariidae: Pisces) under controlled
conditions. Journal of Zoology 214, 21-44. https://doi.org/10.1111/j.1469-7998.1988.tb04984 .x

Hecht, T., Pienaar, A.G., 1993. A review of cannibalism and its implications in fish larviculture. Journal

of the World Aquaculture Society 24, 246-261. https://doi.org/10.1111/.1749-

7345.1993.tb00014.x

21


https://doi.org/10.1371/journal.pone.0023565
https://doi.org/10.1016/j.applanim.2014.09.019
https://doi.org/10.1139/f05-148
https://doi.org/10.1111/j.1095-8649.1991.tb03126.x
https://doi.org/10.1111/j.1749-7345.1993.tb00014.x
https://doi.org/10.1111/j.1749-7345.1993.tb00014.x

2019. Package ‘FactorMineR’. https://cran.r-

Husson, F., Josse, J., Le, S., Mazet, J.,

project.org/web/packages/FactoMineR/FactoMineR.pdf
Kaji, T., Kodama, M., Arai, H., Tagawa, M., Tanaka, M., 2002. Precocious development of the digestive

system in relation to early appearance of piscivory in striped bonito Sarda orientalis larvae.

Fisheries science 68, 1212—1218. https://doi.org/10.1046/].1444-2906.2002.00557.x

Kassambara, A., Mundt, F., 2017. Package ‘factoextra’. https://cran.r-

project.org/web/packages/factoextra/factoextra.pdf
Kestemont, P., Dabrowski, K., Summerfelt, R.C. (Eds.), 2015. Biology and Culture of Percid Fishes.

Springer Netherlands, Dordrecht. https://doi.org/10.1007/978-94-017-7227-3

Kestemont, P., Xueliang, X., Hamza, N., Maboudou, J., Imorou Toko, 1., 2007. Effect of weaning age

and diet on pikeperch larviculture. Aquaculture 264, 197-204.

https://doi.org/10.1016/j.aquaculture.2006.12.034
Kittilsen, S., Ellis, T., Schjolden, J., Braastad, B.O., Qverli, @., 2009a. Determining stress-

responsiveness in family groups of Atlantic salmon (Salmo salar) using non-invasive measures.
Aquaculture 298, 146—152. https://doi.org/10.1016/j.aquaculture.2009.10.009
Kittilsen, S., Schjolden, J., Beitnes-Johansen, 1., Shaw, J.C., Pottinger, T.G., Serensen, C., Braastad,

B.O., Bakken, M., Qverli, @., 2009b. Melanin-based skin spots reflect stress responsiveness in

salmonid fish. Hormones and Behavior 56, 292-298. https://doi.org/10.1016/j.yhbeh.2009.06.006

Klingenberg, C.P., 2011. Morphol: an integrated software package for geometric morphometrics:
11 353-357.

Computer Program Note. Molecular Ecology Resources ,

https://doi.org/10.1111/5.1755-0998.2010.02924 .x

Koolhaas, J.M., Korte, S.M., De Boer, S.F., Van Der Vegt, B.J., Van Reenen, C.G., Hopster, H., De

Jong, I.C., Ruis, M.A.W., Blokhuis, H.J., 1999. Coping styles in animals: current status in behavior

and  stress-physiology. Neuroscience &  Biobehavioral Reviews 23, 925-935.

https://doi.org/10.1016/S0149-7634(99)00026-3

Krol, J., Zakes, Z., 2016. Effect of dietary |-tryptophan on cannibalism, survival and growth in pikeperch

(L)  post-larvae.  Aquaculture International 24, 441-451.

Sander  lucioperca

https://doi.org/10.1007/s10499-015-9936-1

22


https://doi.org/10.1046/j.1444-2906.2002.00557.x
https://doi.org/10.1007/978-94-017-7227-3
https://doi.org/10.1016/j.aquaculture.2006.12.034
https://doi.org/10.1016/j.yhbeh.2009.06.006
https://doi.org/10.1111/j.1755-0998.2010.02924.x
https://doi.org/10.1016/S0149-7634(99)00026-3
https://doi.org/10.1007/s10499-015-9936-1

Kurvers, R.H.J.M., Eijkelenkamp, B., van Oers, K., van Lith, B., van Wieren, S.E., Ydenberg, R.C.,
Prins, H.H.T., 2009. Personality differences explain leadership in barnacle geese. Animal

Behaviour 78, 447-453. https://doi.org/10.1016/j.anbehav.2009.06.002

Kurvers, R.H.J.M., Prins, H.-H.T., van Wieren, S.E., van Oers, K., Nolet, B.A., Ydenberg, R.C., 2010.
The effect of personality on social foraging: shy barnacle geese scrounge more. Proceedings of the

Royal Society B: Biological Sciences 277, 601-608. https://doi.org/10.1098/rspb.2009.1474

Ljubobratovi¢, U., Kucska, B., Feledi, T., Poleksi¢, V., Markovi¢, Z., Lenhardt, M., Peteri, A., Kumar,
S., Ronyai, A., 2015. Effect of weaning strategies on growth and survival of Pikeperch, Sander
lucioperca, larvae. Turkish Journal of Fisheries and Aquatic Sciences 15, 325-331.

Lyall, A.H., 1957. The Growth of the Trout Reina. Journal of Cell Science 3, 101-110.

Mack, A.F., Germer, A., Janke, C., Reichenbach, A., 1998. Miiller (Glial) Cells in the Teleost Retina:
Consequences of Continuous Growth. GLIA 22, 306-313.

Margulies, D., 1997. Development of the visual system and inferred performance capabilities of larval
and early juvenile scombrids. Marine and Freshwater Behaviour and Physiology 30, 75-98.

Martins, C.I.M., Galhardo, L., Noble, C., Damsgard, B., Spedicato, M.T., Zupa, W., Beauchaud, M.,
Kulczykowska, E., Massabuau, J.-C., Carter, T., Planellas, S.R., Kristiansen, T., 2012. Behavioural
indicators of welfare in farmed fish. Fish Physiol Biochem 38, 17-4I1.

https://doi.org/10.1007/s10695-011-9518-8

McGhee, K.E., Travis, J., 2010. Repeatable behavioural type and stable dominance rank in the bluefin
killifish. Animal Behaviour 79, 497-507. https://doi.org/10.1016/j.anbehav.2009.11.037

Meager, J.J., Ferno, A., Skjeraasen, J.E., 2018. The behavioural diversity of Atlantic cod: insights into
variability within and between individuals. Rev Fish Biol Fisheries 28, 153-176.
https://doi.org/10.1007/s11160-017-9505-y

Mella, V.S.A., Ward, A.J.W., Banks, P.B., McArthur, C., 2015. Personality affects the foraging
response of a mammalian herbivore to the dual costs of food and fear. Oecologia 177, 293-303.

https://doi.org/10.1007/s00442-014-3110-8

23


https://doi.org/10.1016/j.anbehav.2009.06.002
https://doi.org/10.1098/rspb.2009.1474
https://doi.org/10.1007/s10695-011-9518-8

Mesquita, F.O., Torres, LF.A., Luz, R.K., 2016. Behaviour of proactive and reactive tilapia
Oreochromis niloticus in a T-maze. Applied Animal Behaviour Science 181, 200-204.
https://doi.org/10.1016/j.applanim.2016.05.022
Mittelbach, G.G., Persson, L., 1998. The ontogeny of piscivory and its ecological consequences.
Canadian Journal of Fisheries and Aquatic Sciences 55, 1454—1465. https://doi.org/10.1139/{98-
041

Molnar, T., Csuvar, A., Benedek, 1., Molnar, M., Kabai, P., 2018. Domestication affects exploratory
behaviour of pikeperch (Sander lucioperca L.) during the transition to pelleted food. PLoS ONE
13, e0196118. https://doi.org/10.1371/journal.pone.0196118

Molnar, T., Hancz, C., Bédis, M., Miiller, T., Bercsényi, M., Horn, P., 2004. The effect of initial stocking
density on growth and survival of pike-perch fingerlings reared under intensive conditions.
Aquaculture International 12, 181-189.

Naumowicz, K., Pajdak, J., Terech-Majewska, E., Szarek, J., 2017. Intracohort cannibalism and
methods for its mitigation in cultured freshwater fish. Reviews in Fish Biology and Fisheries 27,
193-208. https://doi.org/10.1007/s11160-017-9465-2

Pasquet, A., Sebastian, A., Bégout, M.L., Ledor¢, Y., Teletchea, F., Fontaine, P., 2015. First insight into
personality traits in Northern pike (ESox lucius) larvae: a basis for behavioural studies of early life
stages. Environmental Biology of Fishes 99, 105-115. https://doi.org/10.1007/s10641-015-0459-4

Patrick, S.C., Weimerskirch, H., 2014. Personality, foraging and fitness consequences in a long lived
seabird. PLoS One 9, €87269. https://doi.org/10.1371/journal.pone.0087269

Pereira, L.S., Agostinho, A.A., Winemiller, K.O., 2017. Revisiting cannibalism in fishes. Reviews in

Fish Biology and Fisheries 27, 499—-513. https://doi.org/10.1007/s11160-017-9469-y

Pfennig, D.W., Collins, J.P., 1993. Kinship affects morphogenesis in cannibalistic salamanders. Nature

362, 836—838. https://doi.org/10.1038/362836a0

Polis, G.A., 1981. The evolution and dynamics of intraspecific predation. Annual Review of Ecology

and Systematics 12, 225-251.

24


https://doi.org/10.1007/s11160-017-9469-y
https://doi.org/10.1038/362836a0

Qin, J.G., Mittiga, L., Ottolenghi, F., 2004. Cannibalism reduction in juvenile barramundi Lates
calcarifer by providing refuges and low light. Journal of the World Aquaculture Society 35, 113—
118.

R Core Team, 2017. R: A language and environment for statistical computing, Version 3.2.4. R
foundation for statistical computing, Vienna, Austria.

Réale, D., Dingemanse, N.J., Kazem, A.J.N., Wright, J., 2010. Evolutionary and ecological approaches
to the study of personality. Philosophical Transactions of the Royal Society B: Biological Sciences

365, 3937. https://doi.org/10.1098/rstb.2010.0222

Réale, D., Reader, S.M., Sol, D., McDougall, P.T., Dingemanse, N.J., 2007. Integrating animal
temperament within ecology and evolution. Biological Reviews 82, 291-318.

https://doi.org/10.1111/5.1469-185X.2007.00010.x

Rohlf, F., 2008. tpsDig, ver 2.16. Ecology and evolution, SUNY at Stonybrook.

Rohlf, F.J., 1993. Relative warp analysis and an example of its application to mosquito. Contributions
to morphometrics 8, 131.

Rohlf, F.J., 1990. Morphometrics. Annual Review of Ecology and Systematics 21, 299-316.

Sakakura, Y., Tsukamoto, K., 1996. Onset and development of cannibalistic behaviour in early life
stages of yellowtail. Journal of Fish Biology 48, 16-29.

Schram, E., Philipsen, E., 2003. Production of market size pikeperch (Sander lucioperca) in a pilot
recirculation system (No. C065/03). RIVO-Netherlands Institute for Fisheries Research, The
Netherlands.

Sih, A., Bell, A., Johnson, J.C., 2004. Behavioral syndromes: an ecological and evolutionary overview.

Trends in Ecology & Evolution 19, 372-378. https://doi.org/10.1016/j.tree.2004.04.009

Smith, C., Reay, P., 1991. Cannibalism in teleost fish. Reviews in Fish Biology and Fisheries 1, 41-64.

https://doi.org/10.1007/BF00042661

Sogard, S.M., Olla, B.L., 1994. The potential for intracohort cannibalism in age-0 walleye pollock,
Theragra chalcogramma, as determined under laboratory conditions. Environmental Biology of
Fishes 39, 183-190.

Soulsby, D. (Ed.), 2013. Animal cannibalism: the dark side of evolution. 5Sm Pub., UK.

25


https://doi.org/10.1098/rstb.2010.0222
https://doi.org/10.1111/j.1469-185X.2007.00010.x
https://doi.org/10.1016/j.tree.2004.04.009
https://doi.org/10.1007/BF00042661

Stamps, J.A., 2007. Growth-mortality tradeoffs and personality traits? in animals. Ecol. Letters 10, 355—

363. https://doi.org/10.1111/].1461-0248.2007.01034.x

Steenfeldt, S., 2015. Culture methods of pikeperch early life stages, in: Kestemont, P., Dabrowski, K.,
Summerfelt, R.C. (Eds.), Biology and Culture of Percid Fishes. Springer Netherlands, Dordrecht,
pp. 295-312.

Torres, L.LF.A., da C. Julio, G.S., Figueiredo, L.G., de Lima, N.L.C., Soares, A.P.N., Luz, R.K., 2017.
Larviculture of a carnivorous freshwater catfish, Lophiosilurus alexandri, screened by personality

type. Behavioural Processes. https://doi.org/10.1016/j.beproc.2017.09.001

Van den Bosch, F., de Roos, A.M., Gabriel, W., 1988. Cannibalism as a life boat mechanism. J. Math.

Biology 26, 619-633. https://doi.org/10.1007/BF00276144

Vaz-Serrano, J., Ruiz-Gomez, M.L., Gjeen, H.M., Skov, P.V., Huntingford, F.A., Qverli, 0., Hoglund,
E., 2011. Consistent boldness behaviour in early emerging fry of domesticated Atlantic salmon

(Salmo salar): Decoupling of behavioural and physiological traits of the proactive stress coping

style. Physiology & Behavior 103, 359—-364. https://doi.org/10.1016/j.physbeh.2011.02.025
Wilson, A.D.M., McLaughlin, R.L., 2007. Behavioural syndromes in brook charr, Salvelinus fontinalis:
prey-search in the field corresponds with space use in novel laboratory situations. Animal

Behaviour 74, 689-698. https://doi.org/10.1016/j.anbehav.2007.01.009

26


https://doi.org/10.1111/j.1461-0248.2007.01034.x
https://doi.org/10.1016/j.beproc.2017.09.001
https://doi.org/10.1007/BF00276144
https://doi.org/10.1016/j.physbeh.2011.02.025
https://doi.org/10.1016/j.anbehav.2007.01.009

Figure captions

Figure 1: Experimental set-up for behavioural tests. (A) Cross-maze test with an acclimatization zone
(AZ) and four zones for exploration. (B) Conspecific choice test with an acclimatization zone (AZ), an
entry zone (EZ), a central zone (CZ) and three zones with no (0), three (3) or six (6) conspecifics. The

asterisk (*) represents a divider that was removed after the acclimatization period.

Figure 2: Landmarks collected on pikeperch larvae. 1. Tip of the premaxillary; 2. Insertion of the
operculum on the profile; 3. Anterior insertion of anal fin; 4. Posterior insertion of anal fin; 5,7. Insertion
of caudal fin; 6. Posterior extremity of the lateral line; 8. Posterior insertion of second dorsal fin; 9.
Anterior insertion of second dorsal fin; 10. Posterior insertion of first dorsal fin; 11. Anterior insertion
of first dorsal fin; 12. Insertion of the operculum on the profile; 13, 14, 15. Posterior extremity, anterior

extremity and centre of eye.

Figure 3: Frontal histological sections of retina and muscles. (A) Retina: Lens (L), Ganglion Cell Layer
(GCL), Inner Plexiform Layer (IPL), Inner Nuclear Layer (INL), Outer Plexiform Layer (OPL), Outer
Nuclear Layer (ONL), Photoreceptor Layer (P) and Pigmentary Epithelium (PE). (B) Muscles. The
black squares represent the focus and expansion carried out to count and measure muscle fibres. (C-D)
Expansions of parts of muscles. The yellow asterisks (*) represent small fibres and the yellow arrows

represent large fibres.

Figure 4: (A) PCA conducted with seven behavioural variables of the two tests (cross-maze and
conspecific choice tests). For the cross-maze test: Swimming activity (E_A), Latency to emerge from
the acclimatization zone (E_LS), Total number of visited zones (E_ NVZ); for the conspecific choice
test: Latency to emerge from the acclimatization zone (S_LS), Time spent near the zone without
congeners (S_Z0), Time spent near three congeners (S_Z3), Time spent near six congeners (S_Z6). (B)
Projection of individuals of each group: cannibal and potential non-cannibal fish as a function of PCA

variables. The white dots represent cannibal fish and the black dots potential non-cannibal fish.
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Figure 5: Results of the geometric morphological analysis of cannibal and potential non-cannibal
pikeperch considering the set of 13 landmarks (LM). (A) Percentage variance explained by various
principal components (PC) obtained by the principal component analysis (PCA). PC1 and PC2
explained 38.1% and 22.8% of the phenotypic variability, respectively. (B) Bivariate plot of the PCA
scores obtained from cannibal (blue dots) and potential non-cannibal (red dots) fish on the morphospace
depicted by PC1 and PC2; barycentre and 95% ellipses are shown for both fish groups. (C) Thin-plate

spline deformation grid of fish body shape to compare cannibal with potential non-cannibal fish.
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Figure 1. Colchen et al.
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Figure 2. Colchen et al.
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Figure 3. Colchen et al.
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Figure 4. Colchen et al.
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Figure 5. Colchen et al.
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Table 1: Mean (= SD) of the variables of interest measured in cross-maze and

conspecific choice tests for cannibal and control fish; inter-individual variation is

represented by the coefficient of variation (CV).

Behavioural
test

Variables

Cannibal fish

Potential non-cannibal
fish

Mean = SD

CV (%)

Mean + SD CV (%)

Cross-maze

test

Swimming

activity (E_A)

171.7 £110.3

64.2

137.5+111.9 81.3

Latency to
emerge from the
acclimatization

zone (E_LS)

237.3 £ 346.1

145.9

182.0 +£335.5 184.3

Total number of
visited zones

(E_NVZ)

68.8 £74.9

108.9

52.1+65.4 125.4

Conspecific
choice test

Latency to
emerge from the
acclimatization

zone (S_LS)

159.0 £ 233.1

146.6

251.6 £395.1 157.0

Time spent near
zone without

congener (S_Z0)

124.6 £ 271.0

217.4

152.4+271.4 178.1

Time spent near
three congeners

(S_73)

126.4 +134.0

106.0

130.8 +177.0 135.3

Time spent near

six congeners

(S_Z6)

257.7+267.4

103.8

176.0 £ 229.6 130.4
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Table 2: Correlations (Spearman correlations) between behavioural variables in both tests:
cross-maze and conspecific choice tests for cannibal and potential non-cannibal fish. For
exploration and boldness, three variables were analysed: the individual latency to emerge from
the acclimatization zone (E_LS) (in seconds), the total number of visited zones (E_NVZ) and
swimming activity (E_SA) (in seconds). For sociability test, four variables were analysed: the
latency to emerge from the acclimatization zone (S_LS) (in seconds) and the time spent close
(less than one centimetre of the divider) to the groups of 0 (S_Z0), three (S_Z3) or six
conspecifics (S_Z6).

Variablos E_A E_LS E_NVZ S LS S_Z0 S Z3 S 76
Cannibal fish
S=3151.4; S=259.3; S=3339.3; S=1808.3; S=1237.2; S=1688.3;
E A / p=0.3; p<0.0001; p=0.1; p=0.14; p=0.007; p=0.08;
rho=-0.21 rho=0.90 rho=-0.28 rho=0.30 rho=0.52 rho=0.35
S=3337.5;  S=2862.9; S=2656; S=2842.7;  S=2500.9;
/ p=0.16; p=0.63; p=0.92; p=0.66; p=0.85;
rho=-0.28  tho=-0.10  rho=-0.02 rho=-0.09 rho=0.04
S=3094.7;, S=1874.3; S=1359.6; S=1816.1;
/ p=0.36; p=0.18; p=0.01; p=0.14;
rho=-0.19 rho=0.28 rho=0.48 rho=0.30
S=3174.3; S=2984.6; S=3855.1;
/ p=0.28; p=0.48; p=0.01;
rho=-0.22  rho=-0.15  rho=-0.48
S=1959.5;  S=2439.7;
/ p=0.23; p=0.77,;
rho=0.25 rho=0.06
S=983.2;
/ p=0.0009;
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Table 3: Means + SD of different layers of retina (Ganglion Cell Layer (GCL), Inner Plexiform

Layer (IPL), Inner Nuclear Layer (INL), Outer Plexiform Layer (OPL), Outer Nuclear Layer

(ONL), Photoreceptors Layer (P) and Pigmentary Epithelium (PE)) and numbers and diameters

of muscles measured on histological cuts for cannibal and control fish and statistical results of

comparison between both groups.

Potential non-

Variables (Cl\j[I;I;?il Sﬁ];}; cannibal fish F p
(Mean + SD)

Thickness of GCL (um) 35.69 +15.24 24.60+6.51 390 0.05
Thickness of IPL (um) 48.61 +16.40 53.46+20.27 049 049
Thickness of INL (pum) 61.90 =23.05 45444+943 498 0.03
Retina Thickness of OPL (um) 15.59+10.91 17.54+742 027 0.61
Thickness of ONL (um) 24.02+11.73 2321+539 0.04 0.83
Thickness of P (um) 21.78 +£13.96 21.49+7.65 0.004 0.95
Thickness of PE (um) 36.84+23.17 4331+1544 0.72 040
Number of large fibres 27.62+7.19 25.58+6.27 0.74 040
Number of small fibres 22.28 +9.69 29.00+10.78 2.64 0.12
Muscles Maximal diameter of fibres (um) 35.84 +6.31 3495+5.76 033 0.57
Minimal diameter of fibres (um) 2446 +£4.75 23.53+£582 0.76 0.39

36





