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Abstract

Animal-robot biohybrid systems represent an emergent discipline proposing
unconventional scientific challenges (e.g. collective cognition, nesymbolic
communication channels, interspecific interaction), requesting nostraditional
approaches thatwill contribute to the development of research and technology
areas in both engineering and biology.

These animalrobot mixed societies are dynamic biohybrid systems where a
biomimetic animal replica is located in a definite place and time simultaneously
with authentic animals, establishing a biohybrid ecological interaction (e.g.
sociality, gregariousnes, competition, predatorprey interaction, parasitic
interaction).

In this PhD thesis | focused on innovative approaches to establish anirrabot
biohybrid interactions to successfully investigate and manipulate unexplored
complex behaviours in animals.

The robotic platforms developed here can effectively modulate different
behaviours of a species after an hdepth analysis of the animal model
behaviour, and the subsequent designing of the artifact presenting relevant
bioinspired features.

Herein, | modulated successfully several behaviours that play a key role in the
energetics and the physiology of a species (e.g. the escalation of aggressive
behaviours, the intensity of courtship displays; the coalescence of animal
aggregations and their location in he space), thus potentially affecting the
fitness of a species. Furthermore, many of these behavioural displays have

been controlled by using cues that are inedited to animal communication



systems (e.g. light stimuli). These results can greatly contributéo the
management of natural systems and to control animals used as biosensors in
the environment, pushing beyond the current state of the art in animaiobot
mixed societies, as well as in mukagent systems.

This thesis also provides a new paradigm afieuro-robotics by introducing
biorobotic artifacts in neuroethological studies, and in particular in
investigation focusing on laterality of several arthropod species. New scientific
discoveries have been carried out by using the biorobotic approach, suels
fascinating relationships between the evolution of the brain lateralization in
vertebrates and invertebrates. In addition, the new scientific knowledge
provided here can be exploited to design optimized control strategies in
artificial systems endowed wth a synthetic lateralized neural system.

A further contribution of this thesis is represented by the first biohybrid
interaction involving a parasite and a robotic agent delivering hosborne cues.
Biorobotics can produce new extraordinary opportunitiesto parasitology-
oriented investigation, and in particular to the development of advanced and
sustainable bioinspired devices for the control of vectors, parasites and
pathogens of relevant medical and veterinary interest.

Therefore, one of the aims of tis thesis is to pave the way to animaltobot
biohybrid systems for realworld applications. In addition to new knowledge,
this scientific field has a remarkable socigeconomic impact on human being
daily lives. Finally, 1 would like to highlight the importance to train novel
scientists with a multidisciplinary background as a strategy to significantly
advance this research field, and in general biorobotics, with advantages to both

engineering and biology contexts.



Chapter 1: Introduction

Biorobotics (bioinspired and biomimetic robotics), is a relatively novel
scientific field that merges disciplines such as robotics, biology, medicine,
neuroscience and micrenanotechnology.The ubiquity and the high impact on
the society that biorobotics has shown in the Ist decades, is reflected in the
countless and extremely creative emerging research areas in which
bioinspired and biomimetic agents are applied.

Among the contexts of biorobotics and bionicsanimalzrobot interactive
systems represent afascinating and unique multidisciplinary research field
(Romano et al. 2018). This innovative field is opening up to new opportunities
for multiple scientific and technological purposes, including biological
investigations, as well asioinspired engineering design Krause et al. 2011;
Garnier 2011; Halloy et al. 2013

By following the principles of social behaviour and ecological interactions,
living animals and robotic agents create a biohybrid intelligent system
representing a newparadigm for bionics.

In animal-robot biohybrid systems a biomimetic animal replica is located in a
definite place and time simultaneously with authentic animals, establishing a
biohybrid ecological interaction (e.g. sociality, gregariousness, competition
predator-prey interaction, parasitic interaction).

These animairobot mixed societies are dynamic systems where artificial
agents are no longer simple dummies triggering specific reactions in animals,
but they can evoke behavioural responses by adjustin the behaviour
AART OAET C xEOE HOG At alAd0B)] CagniGvétraits] ikcluding



perception, learning, memory and decision making, play an important role in
biological adaptations and conservation of an animal species.

Robots are resultig advanced allies in the study of these behavioural
adaptations, since they are fully controllable if compared to real animals, and
it is possible to adjust their position in the environment, allowing a highly
standardized and reproducible experimental degn.

To respect conventional ethology, robots allow to obtain a desired interaction
at a desired time by producing and control lifdike stimuli (Krause et al., 2011;
Miklosi and Gerencsér 201). In addition, they provide threedimensional
playbacks, producing stronger and realistic responses to respect more
traditional synthetic methods (e.g. dummies and videglaybacks).

This novel approachfor behavioural ecology investigation, merging robats
with ethology, is also known as ethoroboticsRartan et al. 2011; Kopman et al.
2013). Experiments in behavioural ecology have been revolutionized by the
introduction of robotic models providing important methodological
advantages.

Recent technology has made it possible by developing interactive robots, which
can perform complex behavioural tasks, adapting their behaviour to signals
from living animals and theenvironment (Garnier 2011).

This research field representsa sophisticated approach contributing to the
study of behaviour in animals,with potential applications in the control of
animal populations in agriculture or in the improvement of animal farming
conditions, as well as in preserving wildlife Garnier 2011;Halloy et al.2013).

In addition, these biohybrid systems can act as distributed networks of sensors

and actuators in which animals and robots take the best from each other and
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thus producing advanced bieartificial multiagent systems (Mondada et al.
2013). In this case, animkrobot biohybrid systems can push beyond the
potentiality of swarms composed by just robots, for instance during the
exploration of hostile/dangerous environments.

How animals take and process information about the environment and decide
to act on it during these biohybrid interactions, also represents a remarkable
source of inspiration offering novel paradigms to bioinspired engineers, aimed
to produce advanced robotgperforming the same effective strategies evolved
by animals (Webb 2000; ljspeert etal., 2005; Stefanini et al., 2012; Bonsignori
et al., 2013.

11



1.1 AN OVERVIEW OF THE CURRENT STATE OF THE ART IN AIRGBROT
MIXED SOCIETIES

In recent years, robots have been increasingly proposed to shed light on hot
topics in animal behavioural ecology, with special reference to the study of
social interactions between animals and robots perceived as conspecifics.
These robots allow to delive selected cues triggering animal responses or
evoking the animal collective behaviour.

Robotics devices in mixed society can be exploited for several reasons, i.e., to
validate in silicosystems creating a closedloop society with real animals, or to
observe and modify the collective behaviour.

In the following paragraphs, | examined several attempts to design and
establish controllable animalrobot biohybrid systems, according to different

interactions that were staged (Romano et al. 2019

1.1.1 Mixed societieanimal perceiving biomimetic robots as conspecifics
Robot features are extremely important for their acceptance by single
individual and animal groups as well. In order to elicit interactions with single
individuals or group, the robothas to be perceived as a conspecific, and this is
particularly important especially in social and gregarious animals. In this
context, the use of robots may help to determine which features and signals are
critical to trigger conspecific attraction.

Motor patterns seem to play an important role in conspecific attraction. For
example, Marras and Porfiri (2012) determined the effect of tailbeat
frequency of a robotic replica on individual golden shinersNotemigonus

crysoleucadMitchill (Cypriniformes: Cyprinidae). They found that locomotion
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is a determinant cue to evoke fish preference, since it can provided
considerable hydrodynamic advantages.

Another study showed that the water flow is determinant for schooling,
because the coordinated swimming reduced energy expendituré’flverino et
al. 2013; Kopman et al. 2013Bonnet et al. 2016a, h Bonnet et al. R016b,
2017a, b, showed that a robotic zebrafish replica is able to attract a shoal of
zebrafish inside of a circular corridor according with the speed of the device
even if this effect was not enough to guarantee a full integration.

Another important issue in conspecific attraction is the visual information,
which seems to be crucial in many species, especially colour and shape
features. Interestingly, to understand how the body size affects the social
behaviour in zebrafish, behavioural responses of zebrafish to shoals of 3D
printed conspecifics of different size were investigatedEartolini et al. 2016).

In addition, it was found that the variations of morphophysological and
locomotory features were determinant of attraction towards the robotic fish
(Abaid et al. 2012; Polverino et al. 2012 The behavioural response of
zebrafish individuals to small shoals changed according to the variation of the
aspectratio, colour pattern, tail-beat frequency and speed of the robotic fish.
The attraction is maximized when the robotic fish replicated the animal
counterpart in aspect ratio and colour Bonnet et al. 2014. In contrast with the
aforementioned observationson zebrafish, results on mosquitofishGGambusia
affinis Baird &Girard (Cyprinodontiformes: Poeciliidae), showed that they
were repelled by mosquitofishinspired robotic replica, independently of its
aspect ratio or swimming depth @olverino and Porfiri 2013). A recent study

on the acceptance of biomimetic replica of the Trinidadian guppyRoecilia
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reticulata Peters (Cyprinodontiformes: Poeciliidae), provides a description of
the effect triggered by different appearance, motion patterns and interaction
modeson the acceptance of the artificial fish replica. Integration of realistic eye
dummies along with natural motion patterns led to a significant improvement
of the robotic replica acceptance levell(andgraf et al. 201§. Bierbach et al.
(2018a), investigated which cues produced by a robotic fish evoke acceptance
in fish species. Authors tested the effect of the biomimetic artefact on two
populations of Poecilia mexicana Steindachner (Cyprinodontiformes:
Poeciliidae): the first population was adpted in dark habitats (e.g., caves),
while the second population was adapted to natural light conditions. In light
conditions, the acceptance of the robotic fish occurred in both populations,
while in dark conditions the robotic fish did not have effectssince probably
other cues are needed in the absence of light (e.g., chemical cues, auditory
stimuli). In addition, Bierbach et al. 2018b), studied individual responsiveness
to social stimuli in P. reticulataindividuals, by controlling a biomimetic robot,
to avoid influences rising from mutual interactions among fish (Fig 1A, B).
Authors observed that responses to social stimuli are independent traits, not
correlated with other individual behavioural displays.

Since zebrafish behaviours depend on sociahteractions as well as on their
position in the environment, a multilevel model describing the zebrafish
collective behaviourswas developedto control a robot that was integrated
socially in zebrafish group Cazenille et al. 201). In this case,optimization
methods to calibrate automatically the controllers of a robotic agent according

to the animal behaviour were developed Cazenille et al. 201Y.
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However, thereconstruction of 3D trajectories should be consideredNiacri
et al. 2017, since traditional behavioural displays observed in 2D can
undermine data integrity. Ruberto et al. 016-2017) studied the zebrafish
response to a 3Bprinted conspecific replica moving along realistic trajectories
(Ruberto et al. 2017.

As observed, the design of biomimetic robots able to interact with fish is
complex since it should ensure a luring capability, as well as the acce@ate
of the robots by the animals as a conspecific. Stochastic model based
behaviours of the robot were poposed by Cazenille et al.2018a), to integrate

it in a group ofDanio rerioHamilton (Cypriniformes: Cyprinidae).

Animal-robot interactions are benefitting from progress in technology that
provides more complex systems to be exploited in animal behavical studies.
Worth to be mentioned is the recent use of virtual reality to control the animal
behaviour (Stowers et al. 2017. This strategy boosts detailed surveys into
neural and behavioural functions through the accurate control of
sensorimotor feedbads in animals moving in 3D scenarioBesidesthe study
of morphological and mobility features, Worm et al. {014), investigated the
acceptance of a robotic counterpart of the weak electric fisMormyrus rume
Valenciennes (Osteoglossiformes: Mormiridae). This fish is able to
communicate by using electric signals, and for this reason, the dummy fish was
equipped with electrodes for the generation and reception of signals. Results
showed that the animals prefered to interact with the dummy fish in presence
of electric signals Donati et al. 201§. Worm et al. 018), observed an
enhanced interaction betweenM. rumeindividuals and a robotic fish when the

artificial agent generated dynamic echo playback of biomigtic electric organ
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discharges compared to interdischarge intervals displays statically and
randomly produced.

Figure 1. (A) An authentic guppy female and the virtual 3D model.(B) Guppy -replica with a group of female
guppies. (From Bierbach et al. 2018.

1.1.2Robots evoking selected behaviours through different biomimetic stimuli
Animals are endowed withdifferent senses to perceive environmental stimuli.
A complex sensory system allows to perceive the surrounding scenario and its
dynamic changes. Therefore, understanding how it works is a fundamental
question to which the animal cognition must answer. Ratits can represent an
effective solution to this question, creating different combinations of
perceptual cues, by modifying their features, which can elicit different
responses in animal behaviour. Michelsen et al1992) used a mechanical

honeybee model to understand the role of dance in the transfer of foraging
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information to follower bees. The robot was able to separate waggle dance and
sound-producing wing-vibration of the dance, allowing to demonstrate that the
waggle dance is important to transmit information about distance and
direction of a given food source. Closeelated studies have been conducted
subsequently to investigate the acceptance of the robot in the hivégndgraf
et al. 2010, 2012.

The possibility to deliver different kind of cues separately through robots
interacting with animals allows us to dissect the relative importance of the
different stimuli triggering a response in living organisms. This is hard in
classical ethological observations becausdldhe cues are presented together
and the response to a single feature in a complex (muktimuli) behaviour is
not measurable. Robots make possible the deconstruction of different
behavioural components to measure the individual responses. For exampée,
study focused on display modification to visual signals in the lizar8celoporus
graciosus Baird & Girard (Squamata: Phrynosomatidae), used a robotic
counterpart to investigate two types of headbob displays (specidlpical and
unusual) both in short- and long-term assays (Martins et al. 2009. No evidence
for immediate changes in signal structure or longerm changes were detected.
However, the lizard was more agitated and produced highly aggressive
displays when exposed to unusual headbob displays. Ather study focused on
the impact of different displays inAnolis sagreiDuméril & Bibron (Squamata:
Dactyloidae) (Partan et al. 201), showing that the social response to the
movement of the robot was higher in signature patter than alternate pattern,
despite they had a high degree of variability in signature bobbing display. In

another study, the frog Epipedobates femoralis(Anura: Dendrobatidae),
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defended their territory and emit visual cues (i.e. vocasac pulsations) and
auditory cues (i.e. advertisemen cues). In this study, the two stimuli were
presented with spatial disparity or/and time delay and the result showed that
bistimuli with temporal overlap evoked aggressive behaviour while with
lacking overlap they were ineffective. Similar studies have le® conducted on
ground squirrel, Spermophilus beecheyRichardson (Rodentia: Sciuridae)
(Rundus et al. 200), where the importance of infrared signal to deter
rattlesnake predator was investigated. Natural observation showed that
squirrels, when confronting infrared sensitive rattlesnakes, add an infrared
component to their snakedirected tail-flapping signals whereas, when
confronting infrared-insensitive snakes, the ta#flagging is without
augmenting infrared emission. The robot squirrel simulated the gsae
behaviour and the results showed a greater shift from predatory to defensive
behaviour of the rattlesnake when the infrared was present. In a similar study
on multi-stimuli in Sciurus carolinensi&melin (Rodentia: Sciuridae) Partan et
al. 2009-2010), a biomimetic robot displayed different combination of alarm
cues (i.e. visual and acoustic ones), investigating the response of wild squirrels.
- O1 OEI T AAI OECT A1l O OEI xAA EECEAO OAODPI1I
separate signals.

Interestingly, a biomimetic soft robot, able to 3D move in underwater
environments was recently developed by Katzschmann et al2({18), to be
perceived as a fish and thus approaching and studying the aquatic life by

avoiding aversion in animals (Fig. 2).
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Figure 2. A biomimetic robot performing a closeup exploration of underwater life ( from Katzschmann et
al. 2018).

1.1.3Social interacting robots

Animals live in a social environment that is highly dynamic. Therfore, they
continuously update the information they hold from conspecifics (e.g. foraging
for food and mates). The transfer of information between conspecifics is a
complex task that remain orly understood and difficult to manage. In this
case, biomimetic robots can play an important roleallowing independent
control of specific aspects of this behavior

The relevance of social interactions was investigated in a study on dogs
interacting with commercially available quadrupedal robots Kubinyi et al.
2004), where the latter elicited either aggressive or playful responses from live
dogs. It was shown that age and context influence the social behaviour of dogs.
A laboratory study on learning showed that rats followed a remotecontrolled
electromechanical rat (WM?2) to sources of food (akanishi et al. 1999. Live
rats recognized the movement of robot and the latest helped them to learn

response to stimulations. Lagr, the authors increased the complexity of the
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interaction by using a legged rat robot, which successfully taught the rat a lever
pushing task to get food (aschi et al. 2006; Patane et al. 200.7 Recently, Shi
etal. (2010, 2013, 2015 investigated theinteraction between a robotic rat and
living rats, observing that rats with more active behavioural parameters are

more susceptible to being adjusted by the robot (Fig. 3).

Figure 3. Ratrobot WR -4 used to modulate the behaviour inrats (from Shi et al. 2013).

In animal interactions, it is possible to manipulate the behaviour of individuals
by using biomimetic robots(FernandezJuricic et al. 2009. In this context, the
foraging and scanning behaviour of the house fincl®arpodacus mexicanus
Muller (Passeriformes: Fringillidae), in response to different types of
behaviours from artificial flocks was studied. Finches spent more time foraging
when the robots simulated body movement that could be associated with
successful foraging behaviour. A comparison on social information transfer in
three different bird species (i.e. European starling, house finch,browheaaded
cowbird) (FernandezJuricicand Kowakki 2011) showed a nonlinear decrease

in social information flow with increasing distance between the robots and live
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birds. This was more pronounced in species with lower visual acuity, because
animals with higher visual acuity can detect changes in theebaviour of
conspecifics from farther distances, which may have consequence in spatial
distance between individuals within a flocks. High visual acuity is due to
regions of the retina with a localized high density. These regions project into a
visual space which may require, in order to detect changes, to move the body
and modify the position within the group (Butler and FernandezJuricic 2014).
Robots can be used to study the early learning occurring in several species,
ETT xT AO OEI bOEIré Eteftivesperiok pidly dd after A
birth or hatching, in which animal arecapable of rapid learning and establish a
long-lasting response to a specific stimulil{orenz 1935). The input can be a
visual, auditory, or tactile experience that createhte attachment with a given
object. Usually, in nature, this object is a parent but in experimental conditions
other animals and inanimate objects (e.g. a robot), can be used. It was shown
that young individuals of Gallus gallus domesticusinnaeus (Gallifames:
Phasianidae), can be imprinted on robot introduced as a surrogate hen which
can spatially interact (Gribovskiy et al. 2010, 2015, 2018 In a social
experiment with the Japanese quail chickoturnix coturnix japonicalemminck

& Schlegel (GalliformesPhasianidae), a mobile robot carrying a heat source
was used to control the motion of quail chicks. Chicks showed better spatial
abilities when raised with heated mobile robot than when exposed to an
immobile heater. These experiments demonstrated that #re was a
measurable attachment to the robot (favored when the chick encounters the
robot early after the birth), and this attachment was also combined with a

synchronization of chick and robot activity Jolly et al. 201§. Finally, in a study
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assessing soial cues in the Australian brushturkey Alectura lathami Gray
(Galliformes: Megapodiidae), a serie of robot chicks was built with the same
characteristics of the real one, except for one made with pecking movements.
Chicks preferred a pecking model over static or scanning mode{§6th and
Evans 2009, suggestig that social responses of chicks depend upon
conspecific motion patterns.

Animal behaviour may vary postexposure to different traits. This is
particularly true for courtship behaviour, where males often differ in their
courtship sequence and these diffances modify the rate of success at
convincing female to mate. Interactive robots can provide different
combinations of mate features to investigate their effect during courthsip and
mating interactions. A study on courtship in fish Lucania goodeiJordan;
Cyprinodontiformes: Fundulidae) (Phamduy et al. 2013 measured the
preference of a fertile female for male robot movements by varying aspect
parameters (e.g. colour: red, yellow or blue skin) during motion of classical
courtship behaviour. In satin bowerbirds Ptilonorhynchus violaceusieillot
(Passeriformes: Ptilonorhynchidae) Patricelli et al. 20022006), a female
mimicking robot was used to study the male response and to test how and
when the male reduce the intensity of his courtship displays after females
starling. Another example is the study of heatbobbing movements in the
lizard S. graciosushat can elicit both aggressive and mating displayMartins
et al. 2009. Results showed that two aspects of headdobbing displays are
independently-meaningful components interpreted different by different
receivers. Males are attended to posture and females twumber of head

bobbing, using it to distinguish male courtship. Multimodal signals during
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courtship was also investigated in Tungara frogs Rhysalaemus pustulosus
Cope; Anura: Leptodactylidae) Taylor et al. 200§. Females preferentially
respond to multimodal stimuli (i.e. auditory plus visual cues) over a unimodal
stimulus (i.e. auditory cues only). In this study, the females interacted with a
robotic calling male frog, validating the theory that females positively select
multimodal cue combinations over he same stimuli tested singly. Another
recent example is a study on fiddler crabsl{ca mjoebergRathbun; Decapoda:
Ocypodidae), and how they move their arms during mating. Four male
mimicking robots were used to produce asynchronous and synchronous
movements of the arms during the courtship dance Reaney et al. 2008 In a
study on cricket courtship behaviour, Kawabata et al. 201}, the real cricket
interacted with a mobile robot, and the behaviour was evaluated on the basis
of the animal pose. In a subspient study (Kawabata et al. 201% the robot
robes the cricket's pheromone and its position was controlled by designing

motion patterns based on visual motion tracking of both agents.

1.1.4Biohybrid collective behaviours

A further application of artificial agents in animalrobot mixed societies is to
investigate and influence the collective behaviour in social and gregarious
species (Viondada et al. 2013. The collective behaviour is a complex system
that presents several levels of organization @. hierarchical organization). One
of the major challenge in mixed society is to design robots that can modulate
the natural society towards a desired behaviour influencing the decision
making process. The result is a closeldop feedback system between dificial

and authentic animals in which robots can react to sensory input triggered by
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the animals. To investigate the mechanism of shelteseeking in the cockroache
Periplaneta americanalLinnaeus (Blattodea: Blattidae)(Halloy et al. 2007, a
robot with t he same behaviour of a real counterpart was fabricated. The robot
was autonomous, and although it had not a biomimetic shape, it was perceived
as a conspecific due to its pheromonscented body. It was able to recognize
the shelters and to interact with real cockroaches, and to elicit novel collective
decisions (Fig. 4). They were programmed to lead cockroaches from the

favorite shelter into an unsafe one in open area.

Figure 4. Robots used to investigate the decision -making behaviour in cockroaches (from Halloy et al.
2007).

Also, the Robot Sheep dog project developed a mobile robot to control a flock
of ducks to go towards a specific place/aughan et al. 200 The robot moved
round behind ducks with respect to the goal and the flocknoved away from
the robot to the goal. When the flock reached the goal started the repulsive

phase and the robot was less attracted.
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Studies on collective behaviour in fish shoals are rapidly increasing. One of the
reasons is the possibility to have easgiccess to fish and the limited space they
needed. Zebrafish is one of the main species currently studied, due to their high
reproduction rate, short intergeneration time and evident shoaling tendency.
In Butail et al. 013) a robot able to move adifferent speed by varying tait
beating was used to investigate the fish responses. It has been shothat for
group cohesion, speed is a determinant feature. Indeed, the relative distance
increases with speed of the robot. Further experiments investigatedhe
influence in shoal size and configuration of fish increasing the number of robots
(Butall et al. 20149. Stress measurements showed increased value in presence
of more robots, or with fast robot swimming alone instead of slow swimming
of two robots. Gher experiments focused on the collective behaviour of
different fish species, including the analysis of selfrganization and
aggregation in Giant daniosDevario aequipinnatusvicClelland (Cypriniformes:
Cyprinidae), (Aureli et al. 2012. A similar study with robotic replica but
different specie of fish (i.e. sticklebacks and guppies) involved one robot that
moved according to the position of fish detected through an external camera
(Landgraf et al. 2013. Risktaking behaviour of individual golden shines (N.
crysoleucaywas investigated in the presence of a seffropelled robotic fish to
test the hypothesis whether the behaviour of fish can be modulated by varying
the behaviour of a robotic fish and to investigate whether such response
depended on fishindividual boldness (Abaid et al. 2013.

Robots can be used to survey how animals select the leader, and in which
contests they follow it. Leadership occours when one or more subjects initiate

a new directions of locomotion, followed by other group members For
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example,in Faria et al. 010) a fish-like replica was used to visually attract
and drive single fish out of a refuge and to initiate new swimming directions in
both individuals and groups.Ward et al. 008) investigated the decision
making process in a Ynaze by using a robotic replica moved on a guide line, to
AATT1T OOOAOA OEA OIT1TA 1T & ONOI 0Oi OAOPI T ¢
Gasterosteus aculeatusinnaeus (Gasterosteiformes: Gasterosteidae). An
infor mation-theoretic approach to infer leadership starting from positional
data of fish was also proposedKutail et al. 2016, 2017. Rashid et al. 2012)
presented another work about leadership, which involved the use of mobile
light sources for guiding swarns of brine shrimp larvae @rtemia salina
Linnaeus; Anostraca: Artemiidae).

Recently, computer vision and reatime control have enabled the development

of closedloop control systemsthat boost the degree of biomimicry of the
artifacts, by improving the attraction and the interaction ofD. reriowith the
robotic stimuli (kim et a 2018). These artifacts that are perceived as
conspecifics can be used to study social processes and to affect collective
decision in the fish Bonnet et al. 2019. Interestingly, Cazenille et al.{018a,

b), presented a strategy for reatime calibration of behavioural models based
on an evolutionary algorithm, to improve the integration of the robot into the

shoal.

1.1.5Robots as tools for scientific validation
Robotic agents can be exploited for testing and validating behavioural models
in embodied simulators. This possibility is defined ET A O ColngadeA ©O1 6

in vivo, in vitro andin silicowell established approaches. Interactive robots can
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be used to assss mechanistic models and the assumption they are based on
(Krause et al. 2011; Manfredi et al. 2003 allowing scientists to test hypotheses
about mechanical behaviours and interactions with external cues (Fig. 5). They
can be effective tools for validahg theories and biological models, thanks to
the achievement of high accessibility to the environment. It is possible to
embed the biological knowledge and models directly on the robots, thus the
observations can be made on such a complete physical mothelhaving in the

real environment.

Muscle-like
actuation

Stretch
Stereo vision system Compliantskin  sensors

Figure 5. Scheme describing the similarities between the animal model and the artefact developed by Manfredi et
al. 2013.

27



p8¢c -&)-28406 ). 6%34)"' | 4)ROBAA INTERACTION: -Al |,
2%3 %! 2#( ! 2 %8 %OR%4306/ &

Animal-robot biohybrid system is an emergent discipline proposing
unconventional scientific challenges (e.g. collective cognition, nesymbolic
communication channels, interspecific interaction), requesting nostraditional
approaches that importartly will contribute to the development of research
and technology areas in both engineering and biology.

The methodology design of these biohybrid systems often is focused on a
number of rules in order to develop simple and formal models for closetbop
interactions. The result is that we neglect that animals, although simpler that
human beings, are not macimes and that complex processes are involved in an
interaction.

In addition, although the amount of studies on animatobot interaction is
increasing, attracting a growing number of scientists from different scientific
fields, most of the studies currently available investigate just group and
collective behaviours. Nevertheless, biomimetic robots can play a pivotal role
for further progress in investigating highly flexible and complex behaviours,
both in intraspecific and interspecific interactions, that sil remain
unexplored.

A thorough knowledge of the cognitive dynamic, at individual level, of a species
represent the main challenge to face in order to establish a successful
biohybrid interaction.

The analysis of the animal model behaviour, by identifgg cues and

communication channels (e.g. based on chemical, tactile, auditory or visual
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stimuli), that are relevant for the interaction, is a key step for the design of an
effective biomimetic artifact.

These biomimetic robotic platforms are advanced tog to study and modulate
the behaviour of a species by displaying selected biomimetic cues reproduced
accurately.

In addition, animals are forced to live in an increasingly anthropized world.
4EAOAE OAh OOEI O E OEAO AOA mainkalidcaOA A
channels (e.qg. artificial light, electric fields, magnetic fields), are more and more
present in the environment. How animals perceive, adapt, and exploit this
stimuli is a crucial and overlooked phenomenon that could greatly benefit from
the use of robotic agents.

Furthermore, biomimetic robots can be introduced in neuroethology for
investigating selected neural circuits and basic principles of the brain
organization (e.g. lateralization), during interactions between animal and and
artificial agents.

The use of biorobotic artifacts in neuroscience could provide new perspectives
and research contexts in neurorobotics, as well as could exploit biological

findings to design optimized control strategies in artificial systems.

1.2.1 Modulating different behavioural traits through multimodal biorobotic
cues

Ethorobotics has only scratched its potential, although this discipline can have
a fundamental role in unraveling mechanisms involved in many flexible and
highly evolved behaviouml traits possessed by animals. Of interest is the

possibility to control the behavioural dynamics of a species during interaction
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contexts in order to trigger a desired display in a precise time. This would have
significant repercussions in both technolgical and scientific areas.

An interesting ecological interaction in which robots can provide a great
contribution is represented by agonistic interactions occuring among
individuals of the same species.

Aggressive behaviour is widespread across the anirhkingdom since it has a
key role in acquiring and defending limited resources. Game theory predicts
that evolutionarily stable strategies for conflicts occurring between
conspecifics, may involve stereotyped contests featured by the ritualized
exchange ofagonistic cues.

The Siamese fighting fishBetta splendengRegan) (Perciformes:
Osphronemidae), is a perfect biological model to stage a biohybrid agonistic
interaction, and toexplore the interactive effects of a robot inducing aggression
in the aquatic environment. B. splendenshave territorial males performing
highly stereotyped and vigorous aggressive displays towards conspecific
males.

The combinations of dissected cuesotnmonly perceived by these fish during
fighting, (reproduced accurately in a robotic fish), were used to elicit
aggressive responses, as well a8 modulate the escalation of aggressive
displays in real Siamese fighting fish.

In addition, no efforts focusel on the effect of a light source mimicking a
specific behavioural or a colour pattern of the body in animals. | endowed the
robotic fish with LEDs producing light stimuli. This species performs gill flaring
display (the erection of gill covers, often acampanied by the dropping of the

brightly red branchiostegal membranes). The robotic fish produced a red
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bright signal (inedit to the real fish), that was perceived successfully by real
fish.

Furthermore, in territorial species, to achieve the maximum matig success
and to minimize injuries, both males and females have evolved specialized
morphological features and behaviours that are important for sex recognition,
and that robotics can help to identify.

In B. splendensduring courtship, males display sesral behaviours that are
identical to male-male not-physical agonistic displays, as well as courtship
specific displays Too aggressive males would chase the female away or would
increase the risk of injuries Conversely, too passive males would cause female
loss of interest. In this scenario, | focusedn the colour pattern exhibited by
reproductive B. splendenfemales consisting irhorizontal darker stripes along
their bodies with lighter stripes in between. The effect ofa light source
mimicking the specific colour pattern of a reproductive female was evaluated.
A robotic apparatus moving biomimetic fish replicas inspired by femaleB.
splendenswas developedto investigate biomimetic visual stimuli that are
important to switch aggressive Siamese fighting fish males in courting subjects,
thus deeply controlling their behavioural statusIn particular, Siamese fighting
fish males were exposed to a reproductive femalmimicking fish replica,
exhibiting a luminescent colour pattern as well as to a reproductive female
mimicking fish replica with a painted colour pattern.

Another interesting trait arising from aggressive interaction is represented by
animal aggregate formations as a collective behaviour emerging txhibit
cooperative antipredator strategies that allow animals to be safer in groups

rather than isolated individuals. It is interesting the schooling behaviour
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emerging earlier in young fish in species not providing parental care but rather
cannibalizingtheir offspring. Studying the capability of newborn schooling fish
species to aggregate along with identifying which predator cues activate this
collective behaviour in naive individuals represent a context of investigation
which remains unexplored. Biommetic mechatronic agents offer the
possibility of having a harmless tool with fully settable controls, exhibiting
more realistic visual and physical predatofrborne cues in a given ecological
niche. Their multimodal influence is an advanced tool to investaje and
modulate the coalescence of the fish group, with advantages in understanding

basic mechanisms of selbrganization and collective intelligence.

1.2.2 Using biomimetic robots in neuroethology

Biorobotic artifacts offer new paradigms of experimental manipulations of
intraspecific and interspecific interactions that can be exploited in
neuroethology investigations. Specialized neural circuits, allowing the accurate
conversion of sensory signals into optimized motor otputs, have been
implemented in a number of animal species. These neural networks contribute
significantly to biological fitness in many animals, conferring important
functional advantages.

Lateralization is the different specialization of the right andeft sides of the
nervous system reflected in lefgright behavioural asymmetries. It can increase
neural capacity in cognitive tasks, enabling the brain to perform simultaneous
processing by avoiding duplications of functions in the two hemispheres.
Lateralization represents a fundamental principle of the brain organization

widespread among vertebrates.
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Recent findings have demonstrated that also invertebrates (e.g. arthropods),
endowed with simpler nervous systems, shows lateralized traits.

This is rewlutionizing some theories related to vertebrate and invertebrate
evolution.

In addition, the neural architecture of insects, compared to that of more
complex organisms (e.g. vertebrates), is easier to study. Lateralization in these
simpler organisms can provide innovative insights to implement into
bioinspired artificial systems.

Indeed, it would add significant information to formulate advanced
mathematical models on visuemotor neuro-machinery involving sensory
processing, brain specializon, cognition, as well as learning.

However, the study of asymmetrical interactions is complex and limited by
many experimental limitations (e.g. directional cues, difficult management of
multimple animals involved in the experiment, impact of the expementer on
the animal behaviour).

Biorobotic artifacts enable the achievement of highly standardized and
controllable testing in these kind of researches by providing perfectly
symmetric stimuli, in appearance and movement, as well as by avoiding mutual
influences and/or feedbacks between multiple animals.

Although there is a range of evidences from vertebrates demonstrating
lateralized responses to predators, in insects asymmetrical responses to
predators have not been investigated. Predateprey interactions are key
selective mechanisms affecting both morphological and behavioural features

in the animal kingdom.
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Locusts use cryptic colourations and/or behavioural traits to go unnoticed
during predator scanning. They avoid predatory attacks by using thei
powerful hind legs, well adapted for jumping. Thus, they are valuable models
to test lateralized responses to a predatemimicking artifact. A robot predator
inspired to an avian natural enemy of locusts, allowed to engineer a biohybrid
predator-prey interaction producing symmetric and readily controllable life
like stimuli with a degree of repeatability and standardization impossible to get
with a real predator or with a dummy moved by an operator.

Besides, escape and surveillance responses to predatoepresent profitable
models to increase basic knowledge on how these sensemyotor sequences
are affected by visual experience and how this influences lateralization.
Understanding how prior context experience affects the processing of sensory
stimuli by an asymmetrical nervous system (e.g. to generate complex actions
such as antipredator behaviours), can represent an important goal in
computational neuroscience.Furthermore, it can provide important insights
on the predator-prey interaction dynamics. TheEUDIT OEAOEO O OPOI C«
locust jumping escape direction as well as surveillance orientation, as an
adaptive consequence of prior exposure to the robotic predator in lateralized
training sessions, would push beyond the current use of robots in behavical
ecology studies. Indeed, this would represent a new way to engineer a natural
nervous system, based on behavioural interactions, by avoiding any invasive
approachesAlso in this case, the development of a robotic apparatus actuating
an artificial agert mimicking a predator of locusts (e.g. a gecko), allowed to

manipulate a predatorprey interaction via a biohybrid approach.
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Furthermore, a biomimetic mechatronic apparatus allowed to display a
realistic combination of hostborne cues (i.e., both visuand olfactory stimuli)
to the Ixodes ricinus(L.) (Ixodiidae) tick, to evaluate the lateralization of legs
during questing (e.g. a particular host seeking behaviour showed by ticks
waiting for hosts with their forelegs outstretched), as a response to a
biomimetic stimulus. This study represent the ifst attempt in using a

biomimetic agent in the scientific field of parasitology and medical entomology.
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Chapter 2: Evoking and modulating complex behaviours via biorobotic

artifacts delivering multimodal cues

2.1 CASE STUDY 1:ROBOTIC FISH PRODUCING MULTIMODAL SIGNALING
MODULATES ESCALATING LEVELS OF AGGRESSION IN SIAMESE FIGHTING FISH
In this study, | investigated biomimetic aggressive interactions involving the
Siamese fighting fishBetta splendengRegan) (Perciformes: Ospfonemidae),
and a conspecifiemimicking robotic fish in an agonistic interaction(Romano

et al. 20179. | selected this species as an animal model to investigate which
biomimetic cues produced by a robot induce aggression in the aquatic
environment. Indeed, Siamese fighting fish males are territorial and perform
highly stereotyped and vigorous aggressive displays towards conspecific males
(Simpson 1968; Dzieweczynski et al. 200%. | developed a robotic platform
including a fish replica hat was inspired to the male of this species during fin
spreading behaviour (an aggressive  visual cue displayed
by B. splendensnales), to trigger aggressive responses iB. splendensnales.
Furthermore, | proposed a novel animakobot interaction paradigm, by
incorporating two red light-emitting diodes (LEDSs) in the fish replica, located
close to gill regions. LEDs provided luminescence as artificial surrogate of the
opercular gill flaring behaviour (a common aggressive display in Siamese
fighting fish, consisting in the erection of gill coversaand the dropping of the
brightly red branchiostegal membranes, correlated with behavioural
dominance).

The aim of this research was to use a robot to elicit aggressive responses in real

Siamese fighting fish, posexposure to combinations of dissected cues
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commonly perceived by these fish during fighting. Furthermore, | attempted to
create a biomimetic fighting interaction enabling me to modulate the escalation
of aggressive displays irB. splendensnales. To achiee these purposes, male
Siamese fighting fish were exposed to our robotic fish replica displaying a
series of stimuli singularly and combined.As a general trend in the animal
kingdom, aggressive physical interaction would result in a high loss of time and
energy as well as risk of injury. Starting from these assumptions, | predicted a
variation in the escalating level of aggression that characterizes the Siamese

fighting fish when different animal-robot contests were presented.

2.1.1 Methods

2.1.1.1 Animal rearing and general observations

Male Siamese fighting fish (veil tail strain), were purchased from a local

aquarium store in Pontedera, Pisa, Italy. All fish matched in size and had a blue

livery, although the shade of blue was not perfectl homogeneous among

subjects. Siamese fighting fish were reared individually in tanks
jcynpnuptuptpuvtAiqh Z£EI T AA xEOE AAAEIT OET
replaced every third day. Opaque partitions were placed between tanks to

avoid fish seeing eah other before the testing phase. Fish were maintained

O1T AAO AT T O00TT1TAA ATTAEOQGETTO frcuumiupuld#h ¢
I £ "ET 271 AT OEAO j 3AO0T 1 A 30PAOET OA 3AT 06! 1°
diet of Tetramine flake food.

Experiments were carried out from March to June 2016 in laboratory

Ai T AEOEITO jcoumnpndsq EI A OiTi EIiioiElA
OOAAO jOEEITEPO onu7fTc0q fpody j,d%$q PEIT Ol
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intensity in close proximity of the tesing arena was approximately 1000 lux,

estimated over the 30@pp il i x AOAAAT A-1800OET C A
spectroradiometer (LI-COR Inc., Lincoln, NE, USA), equipped with a remote

cosine receptor. Directional light cues were avoided by using diffused

laboratory lighti ng to reduce possible reflection and phototaxis.

111 EEOE xAOA OAOOAA EI OATEO jimupiomip
with screens of white filter paper (42 ashless, Whatman Limited, Maidstone,

Kent, United Kingdom) to prevent environmental cuedn each experiment, the

behaviour of B. splendensvas directly recorded by an observer dressed with a

white coat, in order to minimize his impact. For each replicate, the test tank

xAO AAOAEOI T U xAOEAA A O AAIIAGG ho édER 1x EAQ EA
OOET ¢ xAOAO DPI OO T EIA OI AP £ O AAT OO vuni
egmn Oh OEAT OET OAA xEOE OADP xAOAO AO OITi
AAAEI T OET AOGAA OADP xAOAO AO cuvumupuld#8 "I
dummy were carefd 1 U x AOEAA £ O AAT OO qmm'Ol #<hE OE
OEAT Al AAT AA OOGET ¢ xAOAO PI OO T EIA O Ab ¢
Al O AAT 6O onnOh OEAT OET OAA xEOE AEOOQEI I

starting each replicate.

2.1.1.2Animal replica and experimental apparatus

Fish-replica design is inspired to the shape and size & splendensmales
during the fin spreading behaviour and includes fish appendages such as a
dorsal fin, an anal fin, a caudal fin, two ventral fins and twacular
protuberances. Total length, height and width were 80 mm, 35 mm and 13 mm

respectively. | designed the fish replica mold in SolidWorks (Dassault
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Systemes, VélizyVillacoublay, France) and printed it in a rigid acrylonitrile
butadiene styrene (ABS) fastic, manufactured in rapid prototyping (Fig. 6A).
Two red LEDs were positioned close to the gills region in the mold (Fig. 6B).
Afterwards, | melded a transparent liquid silicone rubber with a nontoxic blue
pigment, since all the fish | tested had blupigmentation, and injected it in the
mold until the silicon rubber dried. Fish that we tested had variable shade of
blue and generally, body colouration varies considerably in this species
(Blakeslee et al. 200) so we did not colour the fish replica peréctly like real
fish. Concerning eyes, our fish replica had two small ocular protuberances that
had the same colour of the body, although realistic coloured eyes (missing in
our model), were found to significantly improve the acceptance level of a
robotic fish during social interactions in some fish species.

Colour measurements of the fish replica body and of incorporated LEDs (Table
1) were recorded using standard CIELab colour space coordinates determined
using a spectrometer Ocean Optic HR2080VZVISNIR (Ocean Optics, USA). |
believed that the body in silicone rubber of the fish replica, to respect a dummy
in ABS plastic, would improve the biomimicry of the aggressive interaction as

it is soft and compliant as relatively similar is the body of the fish.
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Tested cue L* ar b*

Fish replica body 41.0+231 -7.77+0.81 -229+211

Red LED 71.1 +3.52 77.2+3.85 39.5+7.89

Table 1. Colour measurements of the fish body and incorporated LEDs + standard error.  L* represent the
lightness component, a* (from red to green) and b* (from blue to yellow) are the two chromatic components.

The fish replica is anchored to the external apparatus by a plastic tube (length

¢qu I i n AEAI AOGAO oh pu eiidaligindeffeCietie nRIOA U AT 11

immediately forward the dorsal fin (Fig. 6A, B, C). The external apparatus is
composed by a Robbe FS 100 Servo that was mounted on a plexiglass base plate
jpnmupurtcemniupiutho 11 qh AU Oxi OEOAAAAA
mm). This servomotor actuated the twist of the fish replica, by means of the
plastic tube of the dummy.

| positioned the fish replica 30 mm below the water surfaceHarley et al. 2000,
approximately at the center of the robot zone of the testtank,

sinceB. splendengyuard their floating nest close to the water surface, and often,

during fights, they exhibit surface breathing Eimpson1968; Doutrelant et al.

2001; Dzieweczynski et al. 2006; Arnott et al. 2016 Both the servo and the

LEDs werecontrolled by an external microcontroller (Arduino Mega 2560).
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plastic tube

Figure 6. Snapshots from different Betta splendens fish replica development phases and the cylindrical
dummy8 j! qQ 2ECEO OEAA 1 £ OEA EEOE OAPI EAASO 111 A EI
are located close to the gill region of the fish replica shape and their wires are housed in the plastic tube. (B) Fi
replica with LEDs off (uppe) and LEDs on (lower). (C) Fish replica static, in the test tank, evoking the fin spreadin
behaviour in aB. splendengnale. (D) Cylindrical dummy static, in the test tank with 8. splendenmale.

2.1.1.3Interactive biohybrid experiments

B.splendend AT A0 xAOA CAT 601 U i AAAA ET OEA OAO
prior performing experiments or until they build a bubble nest, since the nest

presence has been found to be crucial to produce territorial males
(Dzieweczynski et al. 200%. The test tank was virtually divided in three zones:

TAOOh TEAATA AT A OITAT O UITTA8 4A0O OATEO
of bubble wrap (replaced after each replicate) on the surface of the water in

one corner of the nest zone of the tank to facilita Siamese fighting fish in

building the nest and to control the nest location. The fish replica was placed

in the center of the robot zone of the tank (Fig. 7).
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threaded rods

A/

Plexiglass base plate
test tank
bubble nest
/ servo motor

nest zone

Figure 7. Experimental setup. The virtual division of the test tank in nest(green), middle (yellow), and robot
(red) zone, is depicted below. The bubble nest is located in the nest zone. The fish replica is located in the rol
zone. Tests start once an opaque partition (red dashed line), between the middle and the robot zoneemoved
and the Siamese fighting fishBetta splendensnale can see and approach the fish replica. The fish replica i
coupled to the servomotor by the plastic tube. The servomotor can be adjusted along the threaded rods to chan
the fish replica depth.A microcontroller was used to control both the servomotor and LEDs. The green line an
the blue one, indicate wires connecting LEDs to the microcontroller. Orange, black and red line, indicate wire
connecting the servomotor to the microcontroller.

AnoDbANOA DAOOGEOETT jomupugnuAiq DOAOGAT OAA
OAOO AACAT AT A xAO OAIT OAA AEOAO pmnui EIl
allowing visual and physical contact.

15 subjects were tested and each of which interacted with the fish répa in

the following contexts: (i) fish replica static; (ii) fish replica static with LEDs

on; (iii) twisting fish replica; (iv) twisting fish replica with LEDs on. In the third

and fourth context, the fish replica twisted of an angle of 25° and with a
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most suitable values to avoid suspicion and aversion in this fish as well as they

are pretty similar to the body movements that we observed during not physical

aggressive displays $impson 1968), when a mutual assessment process

occurs between two opponents irB.splendens Recent studies provided

evidence of the role of motor patterns on fiskfrobot interactions, based on that

observed in live fish Rubertoet al. 2016, 2017;Butall et al. 2014b; Ladu et al.

2015).

Nevertheless, agonistic interactions are flexible and unpredictableAfiderson

et al. 2013; Benelliet al. 2015a;Brown et al. 2007; Vallortigara & Rogers

2005), thus it is difficult to evaluate orreproduce the trajectory of a fish during

fights. In addition, since this was the first attempt in investigating biomimetic

agonistic interactions inB. splendens| preferred to move the fish replica in a
2-dimensional regular way to have a standardizednoving stimulus that does

not compromise the elicitation of aggressive interactions. However, the exact

role of different motor patterns needs to be further studied inB. splendens

agonistic interactions.

Each context was recorded when fish started to expte the fish replica and

I AOGOAA cuni ET 8 4EA OANOAT AA T &£ AT 1 O0ABOO x
Each fish was involved in subsequent experiments at least after 7 days, in order

to reduce any effect due to prior contexts experiences, indeed the effeadf

AT 1T OAgO 1 O0OAT T A APPAAO Ol AEOAPPAAO AAOx/
fish (Dzieweczynski & Forrette 2013.

For each context | noted: 1. duration of initial exploration (when fish noticed

the fish replica and started to swim toward it and around it without performing
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aggressive displays); 2. duration of fin spreading display towards the fish
replica, defined aghe full erection of all fins; 3. number of fin spreading events;
4. duration of gill flaring display towards the fish replica (the erection of gill
covers, often accompanied by the dropping of the branchiostegal membranes),
5. number of gill flaring displys; 6. number of tail beats directed to the fish
replica; 7. number of bites to the fish replica; 8. whole duration of the
interaction, i.e. from the exploration until the end of the aggressive interaction.
The behaviour ofB. splendensvas focally recorded.

As control, | performed two experiments: (a) fish interaction with a non
biomimetic object, and (b) fish interactions with other fish. In order to observe
if the shape of the fish replica had a relevant role to evoke aggression, the same
experimental procedure was adopted to test interactions between the fish and
a cylindrical dummy (length 30 mm; radius 20 mm). | positioned two red LEDs
in the centre of a cylindrical mold in ABS plastic and subsequently a
transparent liquid silicone rubber melded with the same nontoxic blue
pigment used for the fish replica, was injected in the mold, to obtain a
cylindrical dummy with the same colour and material of the fish replica (Fig.
6D).

The cylindrical dummy was mounted on the robotic platform instead of the fish
replica. All the fish interacted with the cylindrical dummy in the same four
contexts described above.

Concerning fish vs. fish interaction (used as control treatment), a male was
individually placed in the testing tank until he built a bubble nest. Aftawards
an intruder male was inserted into the same tank, in the robot zone that was

initially separated by two partitions (e.g. an opaque partition and a transparent
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removed, to avoid fish injuries, and the malgmale interaction was observed
Al O A PAOETA T &£ quniET 8 /1 OAOATTh w OOAAC
involving fish-fish replica interaction, four contexts involving fishcylindrical

dummy interaction, one context invdving fish-fish interaction.

2.1.1.4 Statistical analysis

B. splendendighting data (i.e. exploration duration, fin spreading duration,

number of fin spreading acts, gill flaring duration, number of gill flaring

displays, number of tail beats, number obites, or fighting whole duration)

were analyzed by JMP 10 (SAS) using a general linear mixed model (GLMM): |

used a GLMM with a fixed factor (i.e. the tested cue/combination of cues),

which also considered I as the wth random effect of the individual over
OAPAAOAA OAOOETI ¢ PEAOAO8 ' OAOACAO xAOA O
PDOi AAAEI EOU 1 AOGAT T &£ onrfun8gnu xAO OOAA OI

means.

2.1.2 Results

Results showed thatB.splendensnales responded differently to various

combinations of cues. Duration of exploration was significantly different in the

twisting fish replica context (Fs12’E'l c 8 PEmMpnnnnuv 8 3 EAI AOA [EF
explored marginally longer the cylindrical dummy for contexts in which it was

static with LEDs on, twisting and twisting with LEDs on (Fig. 8A). Exploration

lasted slightly shorter in other treatments except for the twisting fish replica

context that was explored significantly shorter. Fin spreading duration was
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significantly affected by tested combination of cues

(Fea2’E 'l ¢ @ 8RIpIte8mnmp Q8 $OO0OAOQETT 1T £ E£ET ODPOA/
fish replica twisting and twisting with LEDs on contexts was comparable with

the duration of fin spreading occurring during fish vs. fish contexand it was

longer to respect contexts in which the fish replica was static and static with

LEDs on (Fig. 8B). Spreading fin duration was significantly shorter when fish

were exposed to any contexts involving the cylindrical dummy.

Gill flaring duration was significantly affected by tested combination of cues

(Fea2’E" p p BRIplow8Mtnmp g8 ' EI 1 &£ AOET ¢ AAEAOET O
when a fish interacted with another fish and with the fish replica which

exhibited the overlap of twisting and LEDs o stimuli to respect contexts in

which the fish replica just was static, static with LEDs on or twisting (Fig. 8C).

The duration of gill flaring display was almost nothing when we presented the

four contexts replacing the fish replica with the cylindricaldummy.
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Figure 8. Duration of Betta splendens (A) exploration, (B) fin spreading, (C) gill flaring, as well as (D)
the whole aggressive interactions, post -exposure to different robot -borne combinations of fighting
cues. Different letters above each bar indicated significant differences.-ars are stindard errors.

The number of tail beat displays was significantly affected by tested
combination of cues Fsi2E'l X 8 PRiwpnnnp d8 4AEI AAAO
significantly higher when testing the fish replica twisting with LEDs on, while

no significant differences were found in fish vs. fish context (Fig. 9A). When fish
interacted with the twisting fish replica, they exhibited alower number of tail

beats than when fish replica presented together the twisting movement with
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LEDs on. The number of tail beats displayed by fish towards the fish replica was
lower when the replica was static or static with LEDs on, as well as towardsd
cylindrical dummy when it was static, static with LEDs on, twisting and
twisting with LEDs on. The number of biting acts was significantly affected by
the tested combination of cuesFs12’E'l T 8 Phpp8nnmmnp d8 4EA
bites towards the fish replica twisting with LEDs on was significantly higher

and slightly exceed the number of bites towards real fish during fish vs. fish
context (Fig. 9B). Among the rest of treatments, no significant differences,

regarding the number of beats, were found.

A B

A 5

b
4
& -
(] w
i W
£ # _.:J

Z I::l.
E ]
s -

i 'R
¥ i 4
2! o o
3 &

C B

LY a
¢ ¢ g i i i b b b y b ﬁ b
! 0
o v N Dirmimy Dumivyy Rephcs Replica Replics Repbca  Fhe Dumimy Duwmmy Dummy Dummy Rephca Replica Repbca Rephca  Fah
$  sEL T TEL % S&L T TEL 5 SEL T TEL 5 SEL T TAL

Dummy § = cylindrical dummy static. Dummy 5 & L = cylindrical dummy static with LEDs on. Dummy T = dummy twisting, Dummy T &
L = eylindrical dummy twisting with LEDs on. Replica 5 = fish replica static, Replica 5 & L = fish replica static with LEDs on, Replica T =
fish replica twisting. Replica T & L = fish replica twisting with LEDs on. Fish = fish vs. fish.

Figure 9. Number of Betta splendens (A) tail beat acts, and (B) bites, post -exposure to different robot -
borne combinations of fighting cues. Different letters above each bar indicated significant differences.-T
bars are standard errors.

The whole aggression duration was significantly affected by the tested

combination of cues Fs112'E 'l Y w8RIgipmBMnnp 8 $OOAOEIT 1
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longer when testing fish replica twisting, fish replica twisting with LEDs on and
fish vs. fish. In contexts where the fish replica was static and static with LEDs
on, the whole duration of the aggressive interactiorwas significantly lower.
The whole duration of aggressive interactions was significantly lower in all the

contexts where the cylindrical dummy was involved (Fig. 8D).

2.1.3 Discussion

| teased Siamese fighting fish males, triggering and modifying their ggessive
behaviour, through the robotic approach, that is an elegant and innovative
method to investigate animal behaviour. As predicted, significant differences
were obtained testing different combination of cues, highlighting the
communication functions that visual cues, sent by the fish replica, and how
much their changes/overlapping affect specific action patterns.

My observations revealed that theB.splendensnale, before starting an
agonistic encounter, explored the intruder agent (e.g., fish repkg cylindrical
dummy, fish) for a variable period without displaying aggressive behaviours.
The duration of this period depended marginally to the tested cues.
Particularly, the cylindrical dummy was inspected slightly longer over other
treatments, but bascally no main differences were found, except for the
twisting fish replica. It may suggest that any foreign object in the fish territory
is worth to be overseen and in the case of the twisting fish replica context, fish
felt more threatened thus they preérred to exhibit aggressive displays in
advance. This is also supported by the whole duration of the aggressive
behaviour sequence, where Siamese fighting fish males performed agonistic

interactions, significantly longer towards the fish replica.
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Fin spreading and gill flaring duration was longer in contexts in which the fish
replica was used to respect the cylindrical dummy. Interestingly, erescendan
duration of both displays was observed as the number of signals
simultaneously emitted by the fish repica increased in the different contexts,
achieving the same duration observed in the real fish context. The number of
fin spreading events observed in each fish replica context was comparable with
those in fish-fish encounters showing as the spread of finwas easily evoked
by the biomimetic shape of the fish replica. Conversely, the number of gill
flaring displays was affected by the fish replica different signalling. In addition,
the effect of LEDs as surrogate of the gill flaring display was more apprabie

in conjunction with the twist of the fish replica. My data revealed that probably,
the gill flaring display represents a more selective behavioural reaction over
the fin spreading behaviour, probably because the ability of fish to extract
oxygen fromwater, by ventilating their gills, is drastically limited during gill
flaring (Abrahamset al. 2005.

Therefore, | hypothesize that gill flaring display needs a higher level of sensory
information for being evoked and for increasing its performance. This showed
that multiple signal systems represent an important evolved communication
strategy to unlock enegy costly intraspecific behavioural patterns.

However, success in evoking and modulating both these displays did not
guarantee the achievement of my aim in triggering aggressive behaviour.
Indeed,B. splendensnales perform these behaviours both in agostic
encounters, to threaten other opponent males, and in courtship interactions, to

persuade females $impson 1968;Robertson & Sale 197h
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Evidences of my aim achievement can be confirmed relying on triggering
aggressive physical acts thaB. splendenglisplayed towards the fish replica. In
fact, aggressive behaviours are supported only if benefits of territoriality
exceed costs, therefore, physical combats are generally reserved to rare events
in nature, in order to reduce the loss of energyime and to avoid the risk of
injuries (Hsuet al. 2006; Benelli et al. 2015p

Physical acts occurred when the fish replica delivered at least two stimuli
simultaneously (e.g., biomimetic shape in conjunction with LEDs on) and not
when the fishreplica was static like a standard dummy. Interestingly, although
the cylindrical dummy was able to turn on LEDSs, twist and twist in conjunction
with LEDs on, as the fish replica did, no physical aggressive displays were
directed to it. My results showed asignificant lower response regarding both
not physical and physical aggressive displays towards any context in which the
cylindrical dummy was used. This confirms the key role played by the
biomimetic shape in the acceptance of the fish replica as an
opponent. Nevertheless, also the effect of realistic eyes, missing in my fish
replica, is worth studying in further investigations concerning agonistic
interaction, since realistic eyes led to a significant improvement of the
acceptance level in a fish replicaluring social interactions with P. reticulata
(Landgraf et al. 201§. In addition, the luminescence of LEDs as surrogate of
the gill flaring behaviour and the movement of the fish replica also had a
significant role, in conjunction with the shape, to modlate and increase the
level of aggression in Siamese fighting fish. As further confirmation, the

number of tail beats grew as the fish replica displayed more stimuli
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concurrently, approximating the number of acts of this behaviour displayed
towards a realopponent.

Remarkable were responses in terms of number of bites. Biting acts represent
the culmination of the aggressive display ifB. splendenmales (Simpson 196§.
Accordingly, it would be triggered by a cogent and complex communicative
system. In my cas, a significant number of bites was obtained when the fish
replica fully displayed its stimuli concurrently (e.g., shape, LEDs on, twisting)
over other fish replica and cylindrical dummy contexts, and were comparable
to the number of bites displayed towads real fish. Although experimental
conditions were slightly different in fish-fish context (e.g., a transparent
partition was placed between real fish opponents to avoid injuries due to
physical contacts), it can be assumed that these results are close noy
predictions.

In recent years, several studies were performed in order to investigate animal
social interactions trough the use of robotic replicas and many of these studies
involved fish- Surprisingly, few researches using robots to investigate
aggressive interactions were carried out, although aggressive behaviour
represent a crucial factor in optimizing the fitness of a species.

To the best of my knowledge, the present study representbe first attempt to
use a robotic replica to investigate intraspecific aggressive behaviour in fish
and provides basic knowledge for the use of light signals mimicking specific
behavioural displays during interaction with animals.

Overall, I showed that my fish replica elicited aggressive behaviour
in B. splendens that escalated as the cues overlapping (e.g., shape, light,

twisting), increased. The combination of stimuli emitted by the fish replica
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allowed me to confirm my second hypothesis, where | predied the possibility
to modulate the escalating level of aggression iB. splendensnales. From an
ecological point of view, my results add basic knowledge to understand key
aspects of territorial aggression in Siamese fighting fish, and may also help to
develop novel reliable methods, based on a biomimetic approach, to

investigate aggressive displays in aquatic animals.
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2.2 CASE STUDY 2: MULTIPLE FEMMLEICKING ROBOTIC STIMULI EVOKE
COURTHSIP BEHAVIOUR IN MALES OF A HIGHLY TERRITORIAL FIS

In this study, | developed a robotic apparatus moving biomimetic fish replicas
inspired by femaleB. splendento investigate visual stimuli that are important

for Siamese fighting fish males to discriminate females from other males
(Romano et al2019b). In this species the risk of injuries to females as well as
to males is significant(Clotfelter et al., 200§. | focused on the colour pattern
exhibited by reproductive B. splendenfemales consisting inhorizontal darker
stripes along their bodieswith lighter stripes in between (Rainwater, 1967).
Our fish replica was endowed with 3 bright stripes per side of its body (e.g. 2
dorsal, 2 median, and 2 ventral), each of them obtained by using light emitting
diodes (LEDSs), in order to have 2arker longitudinal areas along the body (i.e.
between the dorsal and the median bright stripes and between the median and
the ventral bright stripes), and mimicking the colour pattern of a receptive
female.

In this scenario,| testedtwo hypotheses (a) The cues delivered by fish replicas
were of different attractiveness to males, e.g. male and female conspecifics, fish
replica with activated LEDs, painted and neutral fish replica ; andb) Light
stimuli reproducing the colour pattern of reproductive femdes increase the
consistence of courtship displays irB. splendenmales

To address these issues, Siamese fighting fish males were exposed to a
reproductive female-mimicking fish replica, exhibiting a luminescent colour
pattern as well as to a reproductie femalemimicking fish replica with a painted
colour pattern. In addition, | evaluated the degree of biomimicry of our artefacts

by comparing B. splendensmale responses to the fish replicas with those
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obtained in the interactions of authentic male-male and male-female

interactions.

2.2.1 Methods

2.2.1.1 Animal rearing and general observations

poh Al Ol RAnGAorlalPAl7d. Osérvations were carried out from

January to June 2017 in laboratory conditions (2b1 °C), with a 16:8 (L:D)

photoperiod. The test tanks sidewalls were screened by using white filter

paper (42 ashless, Whatman Limited, United Kingdom) to avoid external cues.

Before staring an experimental replication, the test tank was carefully
xAOGEAA AO AAOAOEAAA AAOI EAO ET OEA OAAOA

2.2.1.2Animal replica and experimental apparatus

The process used to fabricate the fish replicas as well as the external apparatus
actuating them is similar to that used NnOEA OAAOAwittO®DAA U pdh
modifications concerning the fish replicas. Fish replicas reproduce a Siamese
fighting fish females,having less gaudy colours and shorter fins than males
(Rainwater, 1967; Clotfelter et al., 200§ (Fig. 10A, B).

A liquid silicone rubber (Dragon Skin F/X PRO), mixed with a netoxic
pigment similar to the colour of aB. splenden$emale, more faintly coloured
than in males(Rainwater, 1967), was injected in the mould, in order to cast the
fish replica. In this species, the colouration of the body varies considerably
among individuals (Romano et al. 2017 so the colour of the fish replicas did

not reproduce accurately the colour of real fishEish replicas were 70 mm long,
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with a height of 35 mm, and 13 mm wide. According to previous findings
demonstrating an increased level of acceptance by real fish of robotic fish that
included realistically coloured eyes Ruberto et al., 2017, | endowed our fish
replicas with two nickel-plated birdshots (diameter 2.5 mm), since they are
visually similar to B. splendensyes.

The colour pattern exhibited by reproductive B. splendensfemales (2
horizontal darker stripes along their bodies with lighter stripes in between)
was reproduced in the fish replica with a luminescent colour pattern by
locating 6 bright stripes (e.g., 2 dorsal, 2 median, 2 ventral ones), in the mold,
prior to inject the silicone rubber, inorder to have 3 bright stripes along each
side of the fish replica body (Fig. 10C). The fish replica with LEDs off (neutral
fish replica) and with activated LEDs is shown in Fig. 10D, E respectively. This,
as mentioned earlier, allows me to have a darkdongitudinal area between the
dorsal and the median bright stripes and another darker longitudinal area
between the median and the ventral bright stripes on the body of the fish
replica. Each dorsal and ventral bright strip consisted of 6 LEDs connectead i
series. Each median bright strip consisted of 9 LEDs connected in series. The 6
LEDs stripes were connected in parallel.

In the fish replica with a painted colour pattern, two horizontal darker stripes

were painted with a nontoxic pigment (Fig. 10F).
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Figure 10. Different stimuli presented to males of Siamese fighting fishes during the experiments. (A) Betta
splendensamale; (B) reproductive B. splendengemale exhibiting horizontal darker stripes along her body with
lighter stripes between; (C) dorsal {), median (ii) and ventral (i) bright stripes located in the mould, before
casting the fish replica; (D) neutral fish replica; (E) fish replica with activated LEDs; (F) painted fish replica.

Colour measurements of the fish replicas are shown in Table 2and were
obtained by using a spectrometer Ocean Optic HR20Q0VzVISNIR (Ocean
Optics, USA). During tests, fish replicas were individually positioned at a depth
of 30 mm, in the middle of the robot zone (b) (see next section) of the test tank
(Romano et al, 2017). An external microcontroller (Arduino Mega 2560) was

used to activate both the servo and the LEDs.
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Tested cue L* ar b*

Fish replica body 47.2+1.52 -150+225 0.6+151
Painted stripe 2.11+0.09 -0.68+0.32 -0.71+0.1
LEDs on 48.6 £3.08 -37.1+1.99 19.1+3.69

Table 2. Colour measurements of the fish replica body, painted stripes and incorporated LEDs * standard
error. L* represent the lightness component, a* (from red to green) and b* (from blue to yellow) are the twc
chromatic components.

2.2.1.3Interactive biohybrid experiments
The tank used as experimental arengb00 x 300 x 200 mm), consisted of three

virtual zones: nest, middle and robot (a), (b) zone (Fig. 11).
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Figure 11. Experimental setup. Different colours of the test tank indicate its virtual division in nest zone (green),
middle zone (yellow), and robot zone (red).

A square of bubble wrap was located in the nest zone of the tank, since it speeds
up the bubble nest building inB. splewlensand allows me to control the nest
position (Dzieweczynski et al., 200R Prior to perform a test, Siamese fighting
fish males were individually placed in the test tank until they build a bubble
nest (i.e., usually within 2448 h), (Dzieweczynski et &, 2006).

The stimulus (e.qg., fish replicas or real fish), was placed in the centre of the
robot zone (b) of the tank, that was isolated from the other zones by a oweay
glass. The onavay glass isolates the stimulus fish so that cannot see the focal

fish, to prevent visual feedback between the conspecificR(berto et al., 201)
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and thus ensuring standard conditions during experiments with living or
artificial stimuli.

An opaque partition (30x 20 cm) prevented the fish from viewing the stimulus
until the test began and was removed to allow visual contact with the stimulus
after 10 min from its insertion.

Stimuli presented to the tested subjects included:i) neutral fish replica (e.g.
without stripes), see Fig. 10D; i{) fish replica with activated LEDs (e.g.
luminescent stripes), see Fig. 10E;ii{) painted fish replica (e.g. painted
stripes), see Fig. 10F;if) female (as control), see Fig. 10B; (v) male (as
control), see Fig. 10A.

In each fish replica context, the dummy displayed its body &xorthogonal to
the central longitudinal line of the tank, to exhibit the lateral colour pattern of
its body. In addition, the fish replica was twistedn an angle of 30° and with a
frequency of 0.5 Hz to emulate the decreased locomotor activity of re&l
splendengehaving individually in a tank (e.g. a fish stimulus used as control,
having no visual contact with the conspecific), as well as a female starting mate
evaluation or eavesdropping Doutrelant et al., 2001, Clotfelter et al., 2006.

The fish replica autonomously yawed 180° every 5 min to invert the heatail
orientation, to avoid positional bias. 15 sexually matureB. splendensnales
were analysed and each of them was exposed to the stimuli listed above.
Observations lasted 30 minute and started when fish noted the proposed
stimulus. The sequence of stimuli was randomized over the experiments. To
limit prior context experience effects {Hsu et al., 2009, each fish was involved

in subsequent experimentghat were separate forat least 7 days (Arnott et al.,
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2016), since the effects of context outconseare drastically reduced between
24 and 48 h in Siamese fighting fish({zieweczynski & Forrette, 2013.

For each stimulus, | noted behaviours identically displayed in both agonistic
and courtship interactions, including: (i) the fin spreading behaviour duration
towards the stimulus, corresponding to all fins outspreaded%impson, 1969;
(ii) the gill flaring duration towards the stimulus, consisting in the erection of
gill covers (Simpson 1968); (iii) time-to-the-stimulus defined as the duration
of B. splendensales swimming inside the robot zone (a).

Behaviours used only in maléemale interactions, such as:iy) number of
zigzag displays (the male move away from the female in a zigzag way to
magnify its colouration and body size, as described [&impson, 196§; (v) time
spent by males stopping upwards the neste.qg.still males with head-caudal
orientation towards the nesf), and undulating their bodies in order to show the
nest to females as described by Simpson (1968); (vi) bubbling acts
(intermittently work on the nest by adding bubbles to encourage the female to
come closer), Rainwater, 1967), were recorded as well.

The behavioural parameters characterizingB. splendensresponses were

focally recorded.

2.2.1.4 Statistical analysis

Courtship data concerning identical displays performed in both agonistic and
courtship interactions (i.e., fin spreading duration, gill flaring duration, time to
the stimulus) as well as courtship data related to specific malemale
interactions (i.e., number of zigzag displays, upwards the nest duration,

bubbling acts) were analysed by JMB (SAS). | used a general linear mixed
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model (GLMM) with a fixed factor (i.e. the tested cue/combination of cues),

which also considered In as the wth random effect of individual over
OAPAAOAA OAOOETI ¢ PEAOAOG8S ! OAOACAA xAOA
probability level of P<0.05 was used to test significance of differences between

means.

2.2.2 Results

Visual cues produced by different agents (e.g. living agents and artificial
agents), marginally modulated male displays used both in agonistic and
courtship interactions.

Fin spreading duration was not affected by different stimul{F4s6 = 0.1309;

P = 0.9705). The duration of the fin spreading behaviour was not
significantly different in male-male and malefemale contexts as well as in
contexts involving the neutral fish replica, the fish replica with activated
LEDs and the painted fish rplica (Fig. 12A).

Duration of gill flaring display was marginally influenced by different stimuli
(Fas6 = 4.5939; P = 0.0028). Gill flaring was performed slightly longer
towards conspecific males, compared to conspecific females and to the fish
replica with activated LEDs. Gill flaring duration was shorter in contexts
involving the neutral fish replica and the painted fish replica (Fig. 12B).
Time spent by males in the robot zone (a) was not significantly affected by
the different stimuli that were proposed Fss6 = 1.4324;P = 0.2353), as in
Fig. 12C.
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Visual cues produced by different agents (e.g. living agents and artificial
agents), significantly affected specific courtship displays performed b.

splendensnales.
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Figure 12. Duration of Betta splendens (A) fin spreading, (B) gill flaring, and (C) swimming in the robot
zone (a), evoked by different agents. Same letters above each column indicated not significant difference:
(P>0.05). Tbars are standard errors.

The number of zigzag displays was significantly affected by different agents
(Fas6 = 46.9644; P = 0.0001). The number of zigzag displays performed by
males during malefemale interactions were comparable with those performed

in contexts involving the fish replica with activated LEDs (Fig. 13A). A
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significantly lower number of zigzag displays were performed in contexts
involving the painted fish replica. The number of zigzag displays was
significantly different in context involving the neutral fish replicaand in male

male contexts.
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NEUTRAL = neutral fish replica (without stripes). LEDs ON = fish replica with activated LEDs (luminescent stripes).
PAINTED = painted fish replica (painted stripes). FEMALE = female conspecific. MALE = male conspecific.

Figure 13. Number of Betta splendens (A) zigzag displays, (B) duration upwards the nest, and (C) number
of bubbling acts evoked by different agents. Different letters above each column indicated significant
differences (P<0.05). Thars are standard errors.

Time spent by males upwards the nest was significantly influencetly the
different stimuli proposed (Fss6 = 39.4586;P = 0.0001). Males spent a longer

period upwards the nest in contexts including a female conspecific as well as
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the fish replica with activated LEDs compared taa context involving the
painted fish replica. In addition, the neutral fish replica and male copcifics
produced shorter periods spent upwards the nest (Fig. 13B).

The number of bubbling acts was significantly affected by different agentB4se

= 27.2202;P = 0.0001).B. splendengales displayed a comparable number of
bubbling acts during interadions with a female conspecific and with the fish
replica with activated LEDs (Fig. 13C). The painted fish replica evoked a
significantly lower number of bubbling acts in Siamese fighting fish males,
compared to other agents. A nosignificant response, oncerning the number

of bubbling acts, has been recorded in malmale interactions as well as in

interactions involving the neutral fish replica.

2.2.3 Discussion

The robotic system presented in this sdy provided an important contribution

in unveiling the decisionrmaking process ofB. splendensnales during sexual
recognition and courtship behaviour.

An early study by Phamduy et al. 014) investigated female mating
preferences of bluefin killifish for differently coloured male-mimicking robotic
fish.

However, in highly aggressive species, how male courtship displays are elicited
by receptive female signals, is a key aspect poorly explored that can greatly
profit from using robots, performing highly reliable and standardized
behaviours.

In Siamese fighting fish, mating success is ensured by the rapid recognition of

the mate, that is mainly affected by specific visual cues delivered by the two
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mating fish, and this avoids the risk of injuries as well §impson, 1968;
Rainwater, 1967; Clotfelter et al., 2008

The results presented here showed no significant differences in the fin
spreading duration towards males, females and femalmimicking agents.
Generally, larger males are socially dominant and they Hdi larger nests
(Jaroensutasinee& Jaroensutasinee, 200)L Thus, fin spreading could be a
strategy used by males to appear larger to threaten conspecific males, and in
the same time to attract conspecific females during courtshipSimpson, 1968
Robertson & Sale, 197h

The gill flaring display was marginally longer in malemale compared to the
case of malefemale and malefish replicas with activated LED interactions, and
significantly longer compared to the interactions involving the painted fish
replica and the neutral fish replica (Fig. 12B).During this display, oxygen
extraction from water, is drastically limited in fish.

However, Siamese fighting fish have evolved a particular organ (e.g. the
labyrinth organ), which acts functionally like a lung Tate et al., 201}. This
enablesB. splendenand the otheranabantoids (a group of aitbreathing fishes
living in Africa and south Asia), to persist in extremely hypoxic situations
where gill breathing would be ineffective anyways.The gill flaring longer
persistence in malemale interactions suggest that gill flaring behaviour is cost
efficient as notphysical aggressive display in defending the nest from other
intruders. Indeed, the gill flaring behaviour as a courtship display sms to be
not correlated with male parental quality but with toleranceto hypoxia, and
the relevance of this to female reproductive success is unknowrilfrahams et

al., 2005;Clotfelter et al., 200¢. However, the similarity of the intensity of male
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behaviours used both in courtship and agonistic interactions can be explained
by B. splendenfemale selection of males that are aggressive and large enough
to protect the offspring.

The intensity of courtship-specific behaviours (e.gzigzag displaystime spent
by males upwards the nest,bubbling acts), significantly increased in the
following stimuli sequence: conspecific males, neutral fish replica, painted fish
replica, fish replica with activated LEDs and conspecific females. Thgtreme
difference of male courtshipspecific responses displayed to female
conspecifics compared to other male conspecifics allows us to use robotic
stimuli to map which cues are crucially displayed by females to be considered
potential by sexual mates.

The painted fish replica always evoked courtshigspecific behaviours,
indicating the pivotal role of the longitudinal stripes in triggering these highly
selective responses.

Noteworthy, the novel animatrobot interaction paradigm | introduced, based
on alight emitting communication strategy, (e.g. the fish replica with activated
LEDs), enabled me to evoke a significantly higher intensity of these responses
compared to the painted fish replica, and triggered similar reactions in males
to those evoked by caspecific females, revealing its closer biomimicry with a
B. splendentemale.

Concerning the role of light stimuli in the courtship responses produced iB.
splendensnales, although the fish replica with activated LEDs has less marked
dark stripes compatred to the painted fish replica, the former exhibits a brighter
appearance that can be perceived by males as an indication of a healthy female

(Vershinin, 1999). For instance, carotenoid pigments, procured by fish through
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foraging, accomplish several physiogical roles(Vershinin, 1999; Clotfelter et
al., 2007. In addition, carotenoids have an important role in animal
communication, in the context of carotenoiebased signals fvensson & Wong,
2011). Thus, fish that have high levels afarotenoids in their diet display a
brighter colouration, and are perceived as high quality subjectsdotfelter et
al., 2007; Svensson & Wong, 20}.1

Overall, my study reports for the first time which cues, produced by an artificial
agent, are importantin eliciting courtship behaviours in a high territorial
species such asB. splendensduring sexual recognition. In addition, |
demonstrated that light stimuli, mimicking the colour pattern of reproductive
females, boost the consistence of courtship displayin B. splendensnales,
probably because itindicates a female that isa good forager, parasite free, and
producing a high number of qualityeggs

Our robotic approach to establish biehybrid individual interaction can
represent an advanced tool fotrait -based ecology, that is a rapidly developing
context of ecology merging evolutionary with traditional population and

community ecology Kigrboe et al., 201§.
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2.3 CASE STUDY 3: ANALYSING AND CONTROLLING SCHOOLING BEHAVIOUR IN
NAIVENEWBORN GUPPIES THROUGH BIOROBOTIC PREDATORS

A major advantage of aggregations in animals concerns cooperative
antipredator strategies allowing animals to be safer in groups rather than
isolate individuals (Parrish et al. 1989. Interestingly, schooling behaviour
emerges earlier in many species, especially in fish not providing parental care
but rather cannibalizing their offspring (Brown 1984). In several fish species,

it has been reported that schooling behaviour gradually incrases during
postembryonic development Shaw 1961). Therefore, learning mechanisms
relying on previous experience have been proved to play a fundamental role in
the development of antipredator strategies, including shoals. Furthermore,
there are evidences dscribing fish aggregation as a flexible setfrganized
behaviour, where the coalescence of the group is increased by the presence of
a predator, and decreased when limited resources trigger competitiorHoare

et al. 2009. Environmental architecture (e.g, natural shelters, vegetation,
background colour), also influences the coalescence of the aggregation
(Sinopoli et al. 2015.

However, studying the capability of newborn schooling fish species to
aggregate along with identifying which predator cues activie this collective
behaviour in naive individuals represent a context of investigation which
remains unexplored.

In this framework, the role of filial-preying adults as well as the colour
background of the environment on the innate schooling formation and
collective spatial distribution in newborn fish was explored. Herein, the

Trinidadian guppy, Poecilia reticulata Peters (Cyprinodontiformes:
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Poeciliidae), was selected as biological model, since this schooling species does
not provide parental cares and is predatory action on conspecific juveniles has
been documented in detail lagurran & Seghers 199}

| developed a robotized system moving different biomimetic agents (e.qg.,
female and male adult guppies and kithobates catesbeianuShawmimicking
tadpole with developed legs) in an arena presenting a chessboard drawing
pattern, with white and brown areas. The effect of these robotic stimuli and the
impact of the colour background triggering group behaviours in newborrP.
reticulata was investigated Furthermore, olfactory stimuli in guppy adults
(Chapman et al. 200), and in other species {ollrian et al. 1999, have been
reported as a sufficient condition to produce morphological and behavioural
antipredator responses in juvenile fish. On this basi experiments involving
robotic cues in combination with adult guppyborne olfactory cues were

carried out to study their multimodal influence on the coalescence of the fish

group.

2.3.1 Methods

2.3.1.1 Animal rearing and generalbservations

Trinidadian guppy adults were provided by an aquarium centre in Abu Dhabi,

51 %h AT A EIT OOAA ET 1 AAT OAOIT ou AT 1T AEOQOEIT O
Au OOET ¢ T OAOEAAA &I 01 OAOGAAT O OOAAOh O0EEI
1.2 L/1 fish, and with a 1:1 sex ratio. Flake food (TetraMin) was employed for

ad libitum daily feeding. Gravid females were isolated in nursery tanks (200 x

100 x 150 mm), with the same environmental and feeding conditions described

earlier. P. reticulatais a livebearer species, so oncP. reticulatawere born, they

70



were immediately transferred in another tank to limit early experience with
adult females, and they were fed by using micro flakes (TetraMin baby).
Newborn fish were tested within 12 h from birth, in groyps of 7 individuals, in
dedicated tanks (described in the next section), surrounded by a white filter

paper to reduce cues perturbing fish behaviour.

2.3.1.2Animal replica and experimental apparatus

A femalemimicking robotic guppy, a malemimicking robotic guppy, and an
heterospecificmimicking robotic replica (e.g., a tadpole mimicking young
instars of the specied.. catesbeianus were casted in a liquid silicone rubber
by using 3D printed moulds (Fig. 14). Each robotic agent reproduced
morphological and size features similar to its mimicked animal model and was
endowed with two metallic spheres (diameter 2.5 mm), as realistic eyes.

P. reticulatais a sexual dimorphic species, in addition, this fish present a
striking intrasexual polymorphism in colour patterns, which make it difficult
to identify a model livery. However, | coloured the femalenimicking robotic
guppy with a yellowish-brown pigment (colour code: PANTONE P@753C), to
visually resemble the observed colour in many of them. The mahaimicking
robotic guppy was coloured similar to the female, yet the only difference lies in
terms of its tail which was larger in size and of an orange colour (code:
PANTONE PE3556C). Indeed, the orange pigment in malB. reticulataplays
an important role in social interactions in this species, particularly in the
female choice mechanismsHoude & Endler 199(. The robotic tadpole had a
dark green colour (code: PANTONE Rgb37C).
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All robotic agents were positioned 30 mm below the water surface. They were
hinged to a plastic cylinder (acrylonitrile butadiene styrene, ABS), by a
transparent rod. This cylinder held a magnet placed on the floor of the arena.
Below the arena, a servomotor (Robbe FS 100 Servo) was connected with a
circular plate holding another magnet. The servomotor, activated by a
microcontroller, rotated the plate allowing the magnet coupling with the
robotic agent in the arena.

The experimental arena (300 x 200 x 150 mm), presented 3 virtual
compartments: (i) the agent compartment, where therobotic agents were
positioned; (ii) the exploration compartment, in the middle of the arena;iii)
the escaping compartment, that was the furthest area from the agent
compartment. Each of these compartments had one half of the floor white
coloured (code: PQ11-0601TCX) and one half brown coloured (code: RQ
8580C). This was achieved by placing white paper and brown cardboard
squares (100 x 100 mm), below the arena floor. The experimental setup is
depicted in Fig. 14. These white and brown squares had a ckbsard pattern
along the different compartments. After each replicate, the experimental arena
was rotated clockwise 90°, as well as the position of the white and the brown

squares was alternated to avoid directional bias.
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Figure 14. Schematic representation of the experimental setup and the robotic agents used to study
schooling in newborn guppies, Poecilia reticulata .
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2.3.1.3Interactive biohybrid experiments

Newborn guppies were gently introduced in groups of 7 individuals in the
exploration compartment of the arena. After 10 min, a robotic agent, connected
with the cylinder holding the magnet, was dropped in the middle of the agent
compartment that was immedately caught and moved by magnetic coupling
with the servomotor below the arena. The robotic agents moved on a semi
circumference (diameter 50 mm), with a frequency of 0.166 Hz.

Fish were exposed to different treatments including:ij no agent, {i) no agent
plus adult guppy olfactory cues,i{i) female-mimicking robotic fish, (iv) female-
mimicking robotic fish plus adult guppy olfactory cues, \{) male-mimicking
robotic fish, (vi) male-mimicking robotic fish plus adult guppy olfactory cues,

(vii) robotic tadpole, and iii) robotic tadpole plus adult guppy olfactory cues.
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During the treatments which involve olfactory stimuli, the water obtained from

an aquarium containing an equal number of adult females and maleB.
reticulata was used. Each observatiorakted 15 min.

For each treatment, | measured the schooling behaviour duration exhibited by
newborn fish. Schooling behaviour is defined as the tendency of fish to
aggregate at a distance of at least 5 body lengths from each other and the ability
to move ollectively (Magurran & Seghers 199) However, in my experiments,
and according also to the observations led by Magurran & Seghefi®04), fish
schooled generally closer in the aforenentioned distance. In addition, the time
spent by newborn fish schooling in each compartment as well as in different

coloured backgrounds was recorded.

2.3.1.4Statistical analysis

Differences in the mean dration of schooling behaviour in response to

different proposed stimuli (robotic and chemical cues), as well as the mean

duration of schooling behaviour in each arena compartment postxposure to

the selected cues, were analyzed by JMP 9 (SAS) using-vva ANOVA where

the factor was the treatment (fromitoviiqse - AAT O xAOA OAPAOAOA/
HSD test. A probability level oP < 0.05 was used to assess the significance of

differences among means.

2.3.2 Results
The schooling time spent bynewborn guppies was significantly affected by the
tested combination of cues 7o E'lv o Phopgnnnp g8 . Ax Al OT Al

more time schooling when robotic stimuli were combined with adult guppy
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olfactory cues. When no robotic agents were tested, schooling duration was

significantly longer if adult guppy olfactory cues were presented (Fig. 15).

250 -

{o
Ho

Schooling duration (s)

50

o
N NC FF FFC M FMC T TC

N = no agent; NC = no agent plus adult guppy olfactory cues; FF = female-mimicking robotic fish;

FFC = female-mimicking robotic fish plus adult guppy olfactory cues; FM = male-mimicking

robotic fish; FMC = male-mimicking robotic fish plus adult guppy olfactory cues; T = robotic

tadpole; TC = robotic tadpole plus adult guppy olfactory cues.

Figure 15. Duration of schooling behaviour of Poecilia reticulata newborns during interactions with
different combination of cues. T-bars are standard errors. Above each column, different letters indicated
significant differences (<0.05).

Fishschooling duration in the agent compartment was significantly affected by

the tested combination of cues FisiseE"1 v v PPvBnnnpd8 . AxAT Ol
swarm in schooling for a longer time in the robot compartment on the brown

area, and only when olfactorycues typical of adult guppies were provided.

Schooling duration in this compartment into the white area plus adult guppy

olfactory cues as well as on the brown area without adult guppy olfactory cues

was significantly shorter. Differences in schooling durgon within the robot

compartment were marginal among context including different robotic stimuli

and their combination with adult guppy olfactory cues. Exceptions were the
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female-mimicking robotic fish, the robotic tadpole and the robotic tadpole in
combination with adult guppy olfactory cues, which led to a shorter time of
schooling newborn fish swimming in the white area of the robot compartment
(Fig. 16A).

Schooling duration in the exploration compartment was significantly
influenced by the tested comation of cues Fis1s0E 'l @ ¢ @D o n Gnmnnmp d8 4 E
male-mimicking robotic fish in combination with adult guppy olfactory cues
evoked the longest schooling duration in the exploring compartment, and it
was longer in its brown area over the white one. Scloding in the brown area
of the exploring compartment with no agent, as well as in presence of adult
guppy olfactory cues, femalanimicking robotic fish, female-mimicking robotic
fish plus adult guppy olfactory cues, malenimicking robotic fish, robotic
tadpole, as well as robotic tadpole plus adult guppy olfactory cues, was
marginally shorter. Further, the permanence in the white area of the exploring
compartment was marginally shorter in presence of no agents, no agent plus
adult guppy olfactory cues, andfemale-mimicking robotic fish plus guppy
olfactory cues. Schooling duration in the exploring compartment was
significantly shorter within the white area during interactions with the female,
male and tadpole robotic replicas as well as robotic tadpole pluguppy

olfactory cues(Fig. 16B).
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N = no agent; NC = no agent plus adult guppy olfactory cues; FF = female-mimicking robotic fish; FFC = female-mimicking robotic fish plus adult
guppy olfactory cues; FM = male-mimicking robotic fish; FMC = male-mimicking robotic fish plus adult guppy olfactory cues; T = robotic tadpole; TC
= robotic tadpole plus adult guppy olfactory cues.

compartment E

Figure 16. Duration of schooling behaviour of Poecilia reticulata newborns in white [W] and brown [B]
zones of: (A) the agent compartment, (B) the exploration compartment and, (C) the escaping
compartment, during interactions with different combination of cues. T-bars are standard errors. Above
each column, different l¢ters indicated significant differences P<0.05).

Schooling duration in the escaping compartment was significantly affected by
the tested combination of cues Fisis9E'l w¢ PHT wnmnmp 8
behaviour lasted more in the brown area posexposure to the robotic tadpole
plus adult guppy olfactory cues. Schooling behaviour was slightly shorter in the
brown area of the escaping compartment during interactions with the female

and male-mimicking robotic fish. Little differences were observed concerning
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the schooling duration in the brown area of the escaping compartment post
exposure to the malemimicking robotic fish plus adult guppy olfactory cues,
no agent plus adult guppy okctory cues, as well as in the white area of the
escaping compartment postexposure to the femalemimicking robotic fish, the
female or malemimicking robotic fish plus olfactory cues, as well as the robotic
tadpole plus adult guppy olfactory cues. The shtest schooling behaviour was
observed postexposure to no agent plus adult guppy olfactory cues (in the
white area) and no agents (both in the white and the brown area) (Fig. 16C).
The proportion of time spent byP. reticulatanewborns performing schooling
behaviour in both white and brown areas of the arena compartments during
interactions with different combination of predator-borne cues, is detailed in
Fig. 17.
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Figure 17. Schooling behaviour duration of Poecilia reticulata newborns in white (dashed line
squares) and brown (continuous line squares) areas of each compartment of the testing arena
during interactions with different combination of cues. The intensity of colour of eachsquare
indicates the proportion of time (s +SE) spent by newborns performing schooling behaviour.

79










































































































































































































































