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ZUSAMMENFASSUNG

Zusammenfassung

Innerhalb eines multisensorischen Systems kénnen die einzelnen Sinne auf unter-
schiedliche, vorteilhafte Weise miteinander interagieren und so die Verlédsslichkeit
und Flexibilitdit der multisensorischen Wahrnehmung verbessern. Ein solches
multisensorisches System findet man beim schwach elektrischen Fisch
Gnathonemus petersii, der sowohl aktive Elektroortung als auch ein spezialisiertes
visuelles System zur Wahrnehmung der Umwelt nutzt. Zusitzlich besitzen diese
Fische ein mechanosensorisches Seitenliniensystem, das jedoch bisher kaum unter-
sucht 1ist. Ziel dieser Arbeit war es, die Zusammenarbeit der einzelnen Sinne von
G. petersii zu untersuchen und so neue Erkenntnisse uber die Verarbeitung
multisensorischer Informationen in diesen Fischen zu gewinnen.

Im ersten Teil meiner Arbeit habe ich die Methode der Zweifachwahldressur
genutzt, um die multisensorische Objekterkennung bei G. petersii zu untersuchen.
Zusétzlich habe ich anatomische Methoden verwendet, um einen Uberblick iber
die morphologische Struktur des peripheren mechanosensorischen Seitenlinien-
systems zu erhalten. Die Ergebnisse dieser Versuche zeigen, dass G. petersii zur
spontanen crossmodalen Objekterkennung befihigt ist, einer Fahigkeit, die bisher
nur von wenigen Siugetieren bekannt war. Dabei koénnen objektbezogene
Informationen flexibel zwischen den Sinnen transferiert werden, um diese zur
Objekterkennung zu nutzen. Die Ergebnisse zeigen weiter, dass diese Fische
sensorische Informationen dhnlich verarbeiten wie es zuvor nur von Siugetieren
bekannt war, indem die sensorischen Eindricke dynamisch gegeneinander
gewichtet werden. Diese dynamische Gewichtung flihrte zu einer Dominanz des
elektrischen Sinns auf kurzer Distanz, die sich aufgrund der abnehmenden
Verlédsslichkeit der elektrischen Informationen mit zunehmender Objekt-
entfernung verringerte. Wiahrend dieser Versuche zeigte sich kein Einfluss des
mechanosensorischen Seitenliniensystems auf die Objekterkennung, was durch die
Ergebnisse der anatomischen Studie erklart werden kann, in der eine starke
morphologische Degeneration gefunden wurde. Im zweiten Teil wurde in einem
Navigationsexperiment der Einfluss unter-schiedlicher sensorischer Inputs auf die
Navigation getestet. Die Ergebnisse zeigen, dass G. petersii eine egozentrische
Strategie zur Navigation in bekannter Umgebung nutzt, die von visuellen
Informationen unterstiitzt wird. Aullerdem sind diese Fische in der Lage cross-

modale Landmarkenerkennung zu nutzen um die Navigationsaufgabe zu erfiillen.
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Zusammen zeigen die Ergebnisse meiner Arbeit, dass G. petersii die Vorteile seines
multisensorischen Systems, in dem mehrere Sinne mit unterschiedlicher Reich-
weite ahnliche Informationen liefern, optimal nutzt. Dabei kénnen die multi-
sensorischen Informationen erstens synergetisch genutzt werden, indem sie die
Wahrnehmung durch Integration verbessern. Sie konnen zweitens redundant
genutzt werden, falls einer der Sinne ausfillt, und schlieflich drittens
komplementir, indem sie fiir unterschiedliche Aufgaben verwendet werden.
AbschlieBend liefern meine Ergebnisse bemerkenswerte neue Erkenntnisse tiber
die Grundlagen der multisensorischen Verarbeitung in G. petersii und ver-

deutlichen die aulBlerordentlichen kognitiven Fahigkeiten dieser Fische.



SUMMARY

Summary

Within a multisensory system, individual senses can interact in several beneficial
ways increasing the reliability and flexibility of the multisensory percept. Such a
multisensory system is found in the African weakly electric fish Gnathonemus
petersii, which uses active electrolocation and a specialised visual system for the
perception of its environment. Additionally, these fish possess a mechanosensory
lateral line system, which, however, has been scarcely investigated. In this thesis I
investigated how the sensory systems of G. petersii operate together and how
multisensory information is processed.

In the first part of my thesis I used an object discrimination paradigm to
investigate multisensory object recognition and I used anatomical methods to
examine the structure of the mechanosensory lateral line system. The results show
that G. petersii is capable of spontaneous cross-modal object recognition, a highly
cognitive ability previously known only in a few mammalian species, during which
object related information can be transferred between senses and used for object
recognition in a flexible manner. Furthermore, I found that these fish process
multisensory information similarly to mammals, by using dynamic weighting of
sensory inputs. This dynamic weighting led to a dominance of the electric sense at
close range, which gradually diminished with increasing object distance, due to a
decreasing reliability of the electrosensory input. During these experiments, the
mechanosensory lateral line system was not involved in object recognition, which
might be explained by the results of my anatomical studies, showing a reduction of
the peripheral lateral line system. In the second part of my thesis I used a
navigational paradigm to test the influence of different sensory inputs on
navigation. The results show that G. petersii uses an egocentric strategy aided by
visual landmarks for navigation in a familiar environment and is able to use cross-
modal landmark recognition to fulfil the task.

In conclusion, the results of my thesis show that the multisensory system of G.
petersii optimally exploits the advantages of possessing multiple senses, which
provide similar information on different spatial scales. Multisensory information
can be used synergistically, improving multisensory performance through
integration, redundantly, by providing backup if one sense is unavailable, and
complementarily when tuned to slightly different tasks. Together, my findings
provide new insights into the mechanisms underlying multisensory processing in

G. petersii, which underline the extraordinary cognitive abilities of these fish.
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GENERAL INTRODUCTION

1. General Introduction

1.1. Sensory perception

All living organisms interact with their environment, therefore the ability to
perceive information from the outside has high adaptive value. This drove the
evolution of various structures (receptors) that are able to translate external
physical or chemical stimuli into an internal signal, which can be used by the
organism. While sensory receptors exist within most of the tree of life, and simple
forms can even be found in unicellular bacteria or plants (Alonso & Stepanova,
2004; Braam, 2005; Falke & Hazelbauer, 2001; Gomelsky & Hoff, 2011; Martinac,
Delcour, Buechner, Adler, & Kung, 1992; H. Smith, 2000), the zenith of diversity
and complexity of receptor systems is found in animals. The rising pressure of food
competition and predator prey interactions increased the need for environmental
information and thus drove the evolution from single receptors to complex sensory
systems and led to specific sensory adaptations within the animal kingdom. Such
sensory systems often consist of hundreds or thousands of receptors, additional
structures which improve the stimulus perception (e.g. the lens of the eye or the
outer ear) and a neuronal pathway (e.g. the optic nerve and the visual cortex) (C.
U. M. Smith, 2008).

Depending on the physical or chemical stimulus that transmits the information,
and based on the underlying receptors, sensory systems can be grouped into certain
categories. (1) Chemoreceptors perceive chemical cues and form the basis of the
olfactory (smell) and gustatory (taste) system (Chandrashekar, Hoon, Ryba, &
Zuker, 2006; Doty, 2015; Firestein, 2001). (2) Photoreceptors, like the ommatidia in
insects and the rods and cones in vertebrates, translate photoenergy of electro-
magnetic waves into neuronal signals. Arranged in complex visual systems they
allow the perception of different components of light, such as the intensity, the
wavelength (colour) or the polarisation (Kaas, 2004; Sanes & Zipursky, 2010).
(3) Mechanoreceptors form the basis of several very different senses. Located in the
skin and combined with structures like hairs and antennae mechanoreceptors can
be used passively in the tactile sense or actively in the haptic sense. As proprio-
receptors and stretch receptors they allow for the control of movement and within
the vestibular system they contribute to the sense of balance (Paterson, 2007). The
acoustic sense also relies on mechanoreceptors and allows the perception of the

oscillatory pressure changes of sound waves (Stebbins, 1983). Similarly, the
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neuromasts (superficial or in canals) of the mechanosensory lateral line system in
fish and amphibians detect water movement and currents (Coombs, Gorner, &
Minz, 2012). (4) Thermoreceptors detect temperature changes and are widely
spread among animals but they are organised into complex sensory systems (pit
organs) only in a few species like snakes or some beetles (Mainz, Schmitz, &
Schmitz, 2004; Molenaar, 1992). In addition to these four most commonly known
receptor types some animals additionally possess (5) magnetoreceptors or
(6) electroreceptors. Magnetoreceptors mediate the perception of the earth
magnetic field, which is mainly used for navigation (W. Wiltschko & Wiltschko,
2005). Electroreceptors are closely related to mechanoreceptors as they derive from
lateral line neuromasts and detect self-generated or external electric fields
(Bullock, Hopkins, & Fay, 2006; Szabo, 1965).

In order to obtain a comprehensive and robust percept of their surroundings, most
animals possess not just one but several of the listed sensory systems and are able
to use them together in different ways. Multisensory information can either be
combined, increasing the informational input, or they can be integrated, increasing
the reliability of an individual information. Multisensory systems provide many
advantages. Information from multiple senses can be used redundantly, where one
sense can be used as a backup if another sense is unavailable; they can be used
synergistically, where the performance is improved due to multisensory
Integration; or they can be used complementarily, where different senses are tuned
to specific tasks. Furthermore multisensory input might increase the flexibility of a
system via information transfer between the individual senses. For example, some
mammalian species are able to use object related information acquired with one
sensory system to spontaneously recognise an object with another sense (Cowey &
Weiskrantz, 1975; Davenport & Rogers, 1970; Gaydos, 1956; Herman, Pack, &
Hoffmann-Kuhnt, 1998; Winters & Reid, 2010). This ability is called cross-modal
object recognition.

In some mammalian species multisensory integration is achieved via dynamic
weighting of the sensory inputs (Alais & Burr, 2004; Ernst & Banks, 2002; Fetsch,
Turner, DeAngelis, & Angelaki, 2009; Sheppard, Raposo, & Churchland, 2013). The
individual sensory inputs are weighted according to their reliability, which means
that not all sensory inputs contribute to the overall perception to the same degree
but the more reliable a sensory input is, the more it will contribute to the overall

percept. This weighting often lead-s to the dominance of a specific sense and
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depends on the task and environmental condition and is additionally influenced by
experience (Ernst & Bulthoff, 2004).

Like the organisation of the individual sensory system the sensory equipment is
adapted to the ecological niche and the habitat of the animal. The main focus of
this thesis is to investigate how the sensory systems of the weakly electric fish
Gnathonemus petersii work together and how they operate during object
recognition and navigation. The following chapters will introduce the three main
sensory systems considered in this thesis (the active electric sense, vision and the
lateral line system) and will also introduce the model animal, Gnathonemus

petersii, including how its senses are adapted to the environment.

1.2. Cognition

The word cognition is not easily defined as it is interpreted slightly different in
different sciences such as biology, psychology, neuroscience or philosophy. It
derived from the Latin verb cognoscere or cognosco meaning "to recognise" (the verb
recognise itself also deriving from this verbs). Cognition can be defined as the
mechanism, by which environmental information is acquired, processed, stored and
applied in behaviour (Shettleworth, 2010).

Usually when talking about cognition in a biological sense, functions like learning,
memory and decision-making are considered. In context with human cognition and
in psychology, it is more associated with intelligence and consciousness (something
that is wilfully done in anticipation of a specific result). One can easily see how this
leads to a very different debate about what intelligence and consciousness is and
whether or not it is applicable to animals. In this thesis, the term cognition is
based on the biological definition, which might be easiest explained by an example:
When looking at a dice, sensory perception describes how the photoreceptors in the
eye react to the object, perceiving and transmitting the information about the edges
and the black and with contrast. Cognition on the other hand describes how the
brain interprets this information, recognising a dice, counting the dots and making
decisions based on this information. But of course there is no distinct point of
separation and so perception might be interpreted as a part of cognition itself.

In this thesis I used two different behavioural paradigms, in which I manipulated

the sensory input to the animal and observed the behavioural output to draw
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conclusions on the underlying cognitive mechanisms, thus using an approach

arching from perception to cognition.

1.3. Electroreception

The ability to perceive electric fields from the environment, using electroreceptor
organs, is known as electroreception or electrolocation and can be divided into
passive and active sensing. While passive electroreception requires an external
electric signal source, e.g. muscle contractions of other animals, active electro-
location is based on self-generated electric fields and requires a specialised electric
organ to produce the electric signals. The perception of such electric fields, external
or self-generated, is entirely unfamiliar to us humans. However, it shares some
features with other sensory systems that are known to us. For example,
comparable to vision or the haptic sense, electric fields can provide spatial
information and thus inform about the shape or structure of objects within the
environment. Like the acoustic sense, electrolocation provides timing and
frequency information with the advantage of instant transmission through the
medium (electric fields travel approximately with speed of light). Furthermore the
perceived intensity of electrical signals depends on the distance to the source,
which is comparable to the olfactory sense (Albert & Crampton, 2006).

Since the transmission of electric signals requires a conductive medium, both types
of electroreception are mainly restricted to aquatic or semi-aquatic animals (except
for the echidna, which use electroreceptors on their snouts to search for food in
moist soil (Albert & Crampton, 2006; Proske, Gregory, & Iggo, 1998)). Recently
electroreception was also described in bees and bumblebees, however, this relies on
a different mechanism that will be not discussed in this thesis (Clarke, 2015;
Lihoreau & Raine, 2013).

Electroreception is an ancient feature of vertebrates, which was lost and re-evolved
multiple times within the vertebrates (Baker, Modrell, & Gillis, 2013)(Figure 1 A).
Thus the underlying electroreceptors can already be found in basal vertebrates like
lamprey (Petromyzontiformes) and are present in several groups among the
Chondrichthyes, Osteichthyes and Amphibia and were also found in a few
mammalian species like Guiana dolphin (Sotalia guianensis), platypus

(Ornithorhynchus anatinus) and echidna (Tachyglossidae) (Bullock, 1973; Bullock,
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Bodznick, & Northcutt, 1993; Czech-Damal et al., 2011; Jorgensen, 2005; Kalmijn,
1966; Murray, 1960; Scheich, Langner, Tidemann, Coles, & Guppy, 1986).

(o)
(A) FHagfishes §. (B)
e
[«]
—Lampreys g g 9 3
L i 3 -3
= {Mormyndae B 2
— Sharks g B Gymnarchidae g )
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L— Holocephalans @ Osteoglossidae @
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Gars o § . Ampullary electroreceptors lost
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Figure 1: The phylogenetic distribution of electroreception within (A) the vertebrates and (B) the
teleosts. Electroreception probably evolved early within the vertebrates and was lost in several
lineages (A: red bars), including the lineage leading to the neopterygians, which include the
teleosts. Within the teleosts electroreception was regained independently in two groups (A:
green bar; B: blue bars) in the Osteoglossomorpha in the linage leading to the notopterids and
the mormyriformes and in the Ostariophysi in the lineage leading to siluriforms, gymnotiforms
and characiforms. In these two groups probably ampullary evolved and were lost again in the
Asian notoperidae and in the characifromes (B: grey bars). Tuberous electroreceptors then

evolved independently in the mormyriformes and the gymnotiformes. From (Baker et al., 2013).

1.3.1. Active electrolocation
While all the above groups are capable of passive electrolocation, the ability of
active electrolocation has evolved convergently in only two groups: the African

Mormyriformes and the South American Gymnotiformes (Lavoué et al., 2012). In
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contrast to passive electroreception, which only allows the location of an electrical
signal source, active electrolocation provides detailed information about the
environment. During active electrolocation the fish produce weakly electric signals
with their electric organ (electric organ discharges or EODs) and perceive object
evoked changes in the resulting self-generated electric field (Lissmann & Machin,
1958; Rasnow & Bower, 1997; Schlegel, 1975; von der Emde, 1990; von der Emde et
al., 2010). These changes depend on the electrical properties of the object. For
example objects with a higher conductivity than the surrounding medium focus the
field lines and the fish perceives a local increase of the EOD amplitude, while
objects with a lower conductivity than the surrounding medium spread the field
lines which leads to a local decrease in the perceive EOD amplitude (Figure 2)(von
der Emde & Schwarz, 2001). Objects project a specific electrical image on the
surface of the fish’s skin, which informs about several object properties like its
location, size, distance or shape (Rasnow, 1996; Schumacher, Burt de Perera, & von
der Emde, 2016; von der Emde & Fetz, 2007; von der Emde & Schwarz, 2000; von
der Emde, Schwarz, Gomez, Budelli, & Grant, 1998). However, additionally to
these classical features, which can also be perceived by other senses like vision,
active electrolocation also informs about the electrical properties of objects like
their resistance or capacity and thus provides information about the material and
whether the object is animated or not (von der Emde, 1992).

In contrast to the visual system there is no focusing mechanism like a lens within
the active electric system, therefore electrical images are always blurred. The
degree of blurriness strongly depends on the object size, distance and material,
which has implications on the spatial resolution of active electrolocation. For
example the electrical image of an object that is close by might be relatively sharp
allowing easy object recognition. On the other hand, if the same object is far away
it will project a blurry electrical image on almost the whole body surface,
preventing object recognition. Therefore during object recognition, the perceptual
range of the electric sense is restricted to only a few centimetres (Fechler, 2016;
Fechler et al., 2012; Schwarz, 2000; von der Emde & Schwarz, 2002). Despite these
constraints, many studies have shown that active electrolocation enables weakly

electric fish to detect and recognise objects successfully even in the absence of light.
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Amplitude (mV)

Figure 2: Influence of objects with different resistances on the electric field of Gnathonemus
petersii during active electrolocation. A good conductor like metal focuses the field lines,
indicated by the white arrows, leading to an increase of the amplitude (colour-coded). An
isolator like plastic, on the other hand, spreads the field lines leading to a slight decrease of the

amplitude. Changed after (von der Emde & Schwarz, 2001).

1.3.2. Electroreceptor organs

Electroreceptor organs can be broadly categorised into two groups: the ampullary
electroreceptors (including the basal end bud electroreceptor organs of lampreys),
which are used for passive electroreception of low frequency external electric fields,
and the tuberous electroreceptors sensitive to high frequency signals, which are
used for active electrolocation and electrocommunication.

Ampullary electroreceptors derive from mechanosensitive lateral line neuromasts
and probably evolved in basal vertebrates. As illustrated in Figure 1 A) these
original ampullary receptors were lost several times within the vertebrates and
convergent forms were regained at least twice within the teleosts (Figure 1 B). The
non-teleost ampullary organs react to cathodal stimuli, while the teleost ampullary
organs are sensitive to anodal stimuli, supporting the hypothesis of a convergent

evolution.
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Ampullary receptor organs are characterised by a canal filled with a conductive
fluid (mucous), which is connected to the external medium by a pore within the
epidermis of the skin and that leads to a lumen containing the receptor cells

(Figure 3 A and B) (Baker et al., 2013; Jorgensen, 2005).
(A) (B)

Teleost ampullary organs
(low-frequency anodal)

Epide

Non-teleostampullary organs (low-frequency cathodal)

Lamprey Chondrichthyan Sarcopterygian Non-teleost Silurid
‘end buds’ (skate) (axolotl) actinopterygian
(paddlefish)

(©)

Tuberous organs (high-frequency anodal)

[ Receptorcells
[] Supportcells
[l Afferentnerves
D Epidermal "plug’
|:| Conductive jelly/

mucous-filled duct/
intraepidermal cavity

Knollenorgan Mormyromast Gymnomast
(mormyrid) (mormyrid) (gymnotid)

Figure 3: Schematic drawing of the different types of electroreceptor organs. Ampullary
electroreceptor organs (A+B) respond to low frequency stimuli and mediate passive
electroreception. They usually consist of several receptor cells (dark grey) with short microvilli,
which are located at the base of a mucous-filled duct (blue) that opens to the surrounding
medium (an exception are the end buds of lamprey). The receptor cells are interspersed by
support cells (light grey). Ampullary organs are found in several non-teleost groups (A), where
they respond to cathodal stimuli and in teleosts (B), where they respond to anodal stimuli. In two
groups of teleost fish additionally tuberous electroreceptor organs (C) can be found, which are
sensitive to high-frequency anodal stimuli and thus mediate active electrolocation. In these
tuberous organs the receptor cells are located in a intraepidermal cavity, which is connected to
the surrounding medium via plugs of loosely arranged epidermal cells. The mormyriformes
possess two different types of tuberous organ (knollenorgans and the mormyromasts), while
gymnotiformes possess only one type (gymnomasts). Changed after (Baker et al., 2013).

Tuberous receptor organs on the other hand, are only found in two groups of
teleosts, the mormyriformes and the gymnotiformes, and probably evolved

convergently. While the gymnotiformes possess only one type of tuberous receptor
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organ (gymnomasts), the mormyriformes possess two different types called
mormyromasts and knollenorgans, which are used for different aspects of
electroreception (Figure 3 C).

The mormyromasts respond to changes in the self-generated EOD and thus are
used for active electrolocation. They consist of two chambers, containing two
different types of receptor cells, which are tuned to different tasks. The so called A-
cells are connected to the outer chamber and are sensitive to changes in the EOD
amplitude, caused by pure resistive differences between objects and the
surrounding medium. The B-cells are connected to the inner chamber of the
tuberous organ and react to changes in the EOD waveform as well as to amplitude
changes. Such changes are evoked by animate objects with complex impedance
(resistive and capacitive differences) like plants or animals.

The knollenorgans are sensitive to EODs of conspecifics and thus are used during
electrocommunication. Morphologically tuberous receptor organs are characterised
by receptor cells surrounded by a intraepidermal cavity, which is conductively
connected to the outside medium via plugs of loosely packed epidermal cells (Baker
et al., 2013; Jorgensen, 2005).

All electrosensory receptor cells are secondary receptors, which means they do not
transmit the signal directly via axons but are synaptically innervated by afferent
nerve fibres. Depending on their position on the body all electroreceptor cells are
innervated either by the anterior or the posterior lateral line nerve. In teleosts the
electrosensitive fibres of both lateral line nerves project to the electrosensory
lateral line lobe (ELL) and in non-neopterygian fish they project to the dorsal
octavolateral nucleus (DON) (Bell & Maler, 2005).

The ELL is the first central processing stage for all electrosensory input in teleosts.
In mormyrids it can be differentiated in four functional areas, which are secondary
innervated by the different types of receptor cells. The afferent fibres innervating
the receptor cells of the ampullary organs terminate within the ventrolateral zone
of the ELL, the afferent fibres of the mormyromast A-cells terminate in the medial
zone of the ELL, the afferent fibres of the mormyromast B-cells terminate in the
dorsolateral zone of the ELL, and the afferent fibres of the knollenorgans terminate
in the nucleus of the ELL. This morphological separation shows that different
modalities of electrolocation are processed in parallel in the ELL. From the ELL

projections go to several other brain regions including several multisensory regions
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like the torus semicircularis, the optic tectum, the valvula cerebelli, the thalamus

and the pallium (Bell & Maler, 2005; Heiligenberg, 1987; Prechtl et al., 1998).

1.3.3. Electric organs

The ability of some fish to produce strong electric shocks has been know for
centuries, however their origin was unknown for quite a long time. Extensive
research, which was started already by the ancient Greeks, finally led to the
discovery of special electric organs, which generate the strong electric discharges.
However similar organs were also found in fish, which did not produce noticeable
electric shocks and up until the middle of the last century the function of those
organs was unclear. Only in the 1950s Hans Werner Lissmann discovered that
these electric organs produce weak electric signals, which are used for orientation
and communication (Lissmann, 1951, 1958; Lissmann & Machin, 1958).

Electric organs are only found in fish and have evolved at least six times
independently (Figure 4) (Gallant et al., 2014). Despite quite large anatomical
differences between the electric organs of the different groups, there are strong
similarities in their function, which makes the electric organ a very interesting
modal for studying convergent evolution. The size and location of the electric organ
is quite different in the individual groups. For example in many Gymnotiformes
the electric organ spreads nearly through the whole length of the fish, while in the
Mormyriformes the location of the electric organ is restricted to the caudal
peduncle (Figure 5) (Bruns, 1971).

All electric organs consist of electrocytes, which are connected in series with each
other. Those converted muscle cells lost the ability to contract and instead change
their membrane potential when being excited by the corresponding
electromotorneuron (EMN). Innervation is achieved via stalks, which are either
penetrating the electrocyte or are non-penetrating. The resulting voltage of the
single electrocytes is summed which leads to the generation of the specific EOD.
While this fundamental organisation is identical in all electric organs the
morphology of the electrocytes varies widely in the different groups (Gallant et al.,

2014).
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Figure 4: Phylogenetic distribution of electric organs. Within the vertebrates, electric organs
and thus the ability to produce electric signals (weak or strong) has evolved several times
independently (indicated by the red bars) in very different groups. While most of these groups
produce strong electric shocks used for prey capture and self-defence, the electric organs of the
mormyriformes and gymnotiformes produce weakly electric signals used for orientation and

communication. From (Gallant et al., 2014).

To generate an EOD a command signal from the medulla is transmitted to the
electrocytes, leading to a synchronous excitation of all cells. An individual
electrocyte generates a potential of ca. 100 mV. The typical waveform of the
resulting EOD (Figure 5) depends on the structure of the stalk and the surface area
of the cell membrane as well as the number of electrocytes arranged in series
(determines the voltage) and in parallel (determines the current) (Zupanc &
Bullock, 2005). Broadly EODs are categorised into wave-type EODs and pulse-type

EODs. Wave-type EODs are continuous sinusoidal signals, which are more or less
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constant in frequency within an individual but differ in frequency between species
and also between individuals. Most species of the South American Gymnotiformes
and one genus of the African Mormyriformes (Gymnarchus) produce wave-type
EODs. Pulse-type EODs are short bi- or tri-phasic signals, which are emitted with
very variable frequencies. Most of the mormyrid fish, including G. petersii, produce
such pulse-type EODs.

The individual adaptations of the active electric system in G. petersii will be

explained in more detail in a later chapter.
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Figure 5: Location of the electric organs and EODs of gymnotiform (A-C) and mormyrid (D-F)
fish. The location of the electric organ is indicated in grey (A-C) or black (D-F).
Brachyhypopomus gauderio (A) is a gymnotiform pulse-type fish, Eigenmannia sp. (B) and
Apteronotus albifrons (C) are gymnotiform wave-type fish and Marcusenius altisambesi (D),
Mormyrus rume (E) and Gnathonemus petersii (F) are mormyrid pulse-type fish. (A-C) changed
after (Salazar, Krahe, & Lewis, 2013), (D and E) changed after (Gebhardt, B6hme, & von der
Emde, 2012), (F) changed after (von der Emde et al., 1998).

1.4. Vision

For us humans, vision is the most important sense during orientation as it provides
detailed information about our close surroundings and also allows us to obtain a
broad overview of the distant environment. Within the long evolution of vision, a
wide range of different visual systems, from simple photoreceptors to the complex
lensed eye, have evolved; each are specialised for different aspects of light
reception. The underlying physical stimulus for all visual systems are
electromagnetic waves of a specific wavelength originating from the sun (or

artificial light sources), which are reflected by objects in the environment. The

16



GENERAL INTRODUCTION

spectrum of visible light depends on the visual pigment of the photoreceptors and
varies between species. In humans it lies between 380 nm and 780 nm.

During the day, light is an extremely reliable and constant information source,
which is available nearly on the whole planet (except of the deep sea and some
caves). Even during night sunlight reflected by the moon and starlight allows
specialised eyes to perceive the environment. The immense importance of light as
an information and energy source is reflected by the fact that the activity of most
animals is determined by the presence or, as a contra strategy, the absence of light

via circadian clocks.

1.4.1. Evolution, development and anatomy of the vertebrate eye
"To suppose that the eye, with all its inimitable contrivances... could have been
formed by natural selection, seems, I freely confess, absurd in the highest possible
degree... Yet reason tells me, that if numerous gradations from a perfect and
complex eye to one very imperfect and simple, each grade being useful to its
possessor, can be shown to exist... and if any variation or modification in the organ
be ever useful to an animal under changing conditions of life, then the difficulty of
believing that a perfect and complex eye could be formed by natural selection,
though insuperable by our imagination, can hardly be considered real." Charles

Darwin (1809-1882)(Darwin, 1859)

The evolution of the eye was, and in some ways still is, controversially discussed
since the publication of Darwin’s "Origin of species". Critics even saw the eye as
evidence against the theory of evolution and argued that such a complex structure
could not have evolved through natural selection, because there was no functional
intermediate form of an eye. However, since then extensive research has led to the
discovery of several types of eyes with different degrees of complexity (especially in
mollusks), which show that intermediate forms exist (Figure 6) (Arendt, 2003;
Fernald, 1997, 2000; Land & Fernald, 1992).

The evolution of eyes started more than 600 million years ago with the appearance
of the first photoreceptors and the first visual systems emerged around 540 million
years ago during the so called Cambrian explosion. The immense diversity among
eyes of different groups of animals led to the discussion whether eyes evolved
independently several times in different groups or whether there was a single

common ancestor to all types of eyes. While for quite a long time most scientists
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supported the hypothesis of convergent evolution, the investigation of the Pax-6
gene and some other genes, which are involved in eye construction, that were found
in all bilaterian animals, might promote a monophyletic origin of all bilaterian eyes
(Arendt, 2003; Arendt & Wittbrodt, 2001; Fernald, 2000; Gehring, 2004; Gehring &
Ikeo, 1999; Lamb, Collin, & Pugh, 2007). The vertebrate eye probably evolved in a
common ancestor of jawless and jawed vertebrates (possibly even earlier), as is
supported by the very similar structure of the eyes, the retina and the opsins of
lampreys and jawed vertebrates (Lamb et al., 2007).

During embryonic development the vertebrate eyes emerge through evagination of
the diencephalon, first forming optic grooves, which finally close-over and form so
called optic vesicles. These optic vesicles invaginate and build the optic cup,
leading to the typical structure of the retina, where the photoreceptors are
arranged furthest away from the incoming light. The lens is then build through

differentiation of the surface ectoderm (Lamb et al., 2007).
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Figure 6: Different eye types of molluscs with different degrees of complexity. The simplest eye,
a pigment spot (A), allows the perception of light gradients and is found for example in the
limpet Patella. Slightly more advanced is the pigment cup (B) found in slit-shell molluscs
Pleurotomaria, it reduces the angle of incoming light and thus allows the perception of light
direction. The next step of complexity is represented by the pinhole eye (C) found e.g. in
Nautilus. It allows the dim perception of shapes. In the primitive lensed eye (D), as it is e.g.
found in the marine snail Murex, the incoming light is focused on the retina, which allows a
sharper perception of shapes and the necessary light intensity. The more complex lensed eye
of octopuses and squids (E) (very similar to the lense eye of vertebrates) allows sharp sight at
different distances thanks to the adjustable form of the lense and additionally the amount of
incoming light can be regulated via the iris. Changed after (Ayala, 2007), original from

Encyclopaedia Britannica.
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Figure 7 shows a schematic of the anatomy of a lens eye as exemplified by the
human eye. The eponymous lens of the vertebrate eye consists of a capsule, an
epithelium and fibres. The lens fibres are transparent thin cells, which contain no
organelles. The lens is biconvex and together with the cornea focus the incoming
light on the retina. Zonule fibres attached to the cilliary muscles suspend the lens
in place and through contraction of the cilliary muscles change the curvature of the
lens. Via this accommodation of the lens the focal point of the eye can be adjusted,
which allows sharp sight of objects at different distances (Forrester, Dick,
McMenamin, Roberts, & Pearlman, 2015; Kolb, 2007a).

The eye consists of three layers: 1) The sclera, also known as the white of the eye,
1s the outermost layer of the eye. It consists of collagen tissue, which has protective
functions and is responsible for maintaining the form of the eye against internal
and external forces. The white sclera is intermitted by the transparent cornea at
the front of the eye. The cornea is responsible for about 70% of the refractive power
of the eye, allowing sharp sight (Cassin, Solomon, & Rubin, 1984). 2) The choroid is
the vascular layer of the eye and as such responsible for the blood supply.
Furthermore, melanin pigments in this middle layer absorb remaining light, which
was not absorbed by the retina, regulating unwanted reflection. At the front of the
eye the choroid is connected to the cilliary body, which includes the cillary muscles,
controlling the form of the lens, and the iris, which controls the size of the pupil
and thus the amount of incoming light. 3) The innermost layer of the eye is the
retina. The retina contains the photoreceptors and retinal neurons and is therefore
responsible for the photoreception and is also the first processing stage of visual
mput (Forrester et al., 2015; Kolb, 2007a). The structure and the function of the

retina will be described in more detail in the next chapter.
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Figure 7: Schematic sagittal section through the human eye. The eye consists of three major
layers, the sclera a protective layer, the choroid a vascular layer and the retina containing the
photoreceptors. Light enters the eye via the pupil, the size of which is adjusted by the iris, and is
focused on the retina by the cornea and the lens through refraction. Thereby the light from the
frontal direction is focused on the fovea, the point of the retina with the highest density of cone
photoreceptors. The cilliary muscles of the cilliary body keep the lens in place and adjust its
form during accommodation to allow sharp sight at different distances. Information from the

retina is transmitted to the brain via the optic nerve. From (Kolb, 2007a).

1.4.2. The vertebrate retina
The vertebrate retina consists of three cell layers: the outer nuclear layer with the
cell bodies of the photoreceptors, the inner nuclear layer with the cell bodies of the
bipolar, horizontal, interplexiform and amacrine cells and the ganglion cell layers
(Figure 8). These cell layers are connected via two synaptic layers: the outer
plexiform layer with synapses between the photoreceptors and the bipolar cells and
the inner plexiform layer with synapses between the bipolar cells and the ganglion
cells and in between the bipolar, the horizontal and the amacrine cells (Bear,
Connors, & Paradiso, 2007; Cohen, 1963; Dowling, 1987; Dowling & Boycott, 1966).
The internal (or inner) limiting membrane divides the retina from the vitreous
body (internal space of the eye) and is built by the plasma membranes of the
Miiller cells (predominant glia cells in the retina) and other retinal glia cells
(Heegaard, Jensen, & Prause, 1986). A second boundary layer also built by Miiller

cells, the external (or outer) limiting membrane, is found between the
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photoreceptor outer segments and the outer nuclear layer (Fine & Zimmerman,

1962).
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Figure 8: Structure of the vertebrate retina. The vertebrate retina consists of three cell layers:
the outer nuclear layer containing the cell bodies of the two different types of photoreceptors
(rods responsible for dim-light vision and cones responsible for bright-light vision), the inner
nuclear layer containing the cell bodies of the horizontal, bipolar, amacrine and interplexiform
cells (latter not shown in this figure) and the ganglion cell layer containing the cell bodies of the
ganglion cells. These cell layers are connected via two plexiform layers, the outer plexiform
layer with the synapses between the photoreceptors, the bipolar and the horizontal cells and the
inner plexiform layer with the synapses between bipolar, amacrine and ganglion cells. The outer
segments of the photoreceptors contain the visual pigment, which is provided by the pigment
epithelium, and are responsible for the phototransduction process. Changed after (Bear et al.,
2007).

1.4.2.1. Photoreceptors and phototransduction
Within the vertebrate retina there are two types of photoreceptors, rods and cones.
In principle both types of photoreceptors consist of an outer segment, an inner
segment, the cell body and an axon with the synapse. The outer segments contain

the discs with the visual pigments, which are responsible for the light absorption
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and transduction. They are located in the subretinal gap at the most distal position
from the incoming light. This organisation prevents that the outer segments
receiving too much light, which would lead to a bleaching of the visual pigments,
and allows the connection to the pigment epithelium, which is responsible for the
regeneration of the visual pigment. The inner segments contain the mitochondria
and thus provide the energy necessary for phototransduction. The axon and the
synapse connect the photoreceptors with the retinal neurons.

While this main structure is identical in both photoreceptor types, there are
morphological and functional differences between rods and cones (Figure 9). Rods
mediate dim-light vision and can even detect single photons (Hecht, Shlaer, &
Pirenne, 1942). Their outer segments are longer but also slimmer than those of the
cones. The synaptic terminals of the rods are typically smaller and more spherical.
Cones are used in bright light and their outer segments are cone-like shaped. The
discs of the cones are foldings of the cell membrane, while in rods the double
membrane discs build stacks, which are disconnected from the cell membrane and
free floating inside the outer segment membrane (Burns & Lamb, 2003; Cohen,
1963; Dowling, 1987; Kolb, 2011).

The transduction of photo energy to neuronal signals is mediated by the visual
pigments contained in the outer segments. The visual pigment consists of a protein
called opsin bound to a light absorbing chromophore, which either derives from
vitamin A: (retinal) or vitamin Ao (retinals), and is embedded within the disc
membrane. The visual pigments built from opsin and retinal are called rhodopsins
and are mainly found in terrestrial and marine vertebrates. Opsin and retinalz
build the visual pigments called porphyropsins, which are found in most fresh
water vertebrates (Wald, 1958).

Within these two broad categories different subtypes of visual pigments with
individual absorption spectra exist, which are activated by the absorption of light
with a specific wavelength. There is usually one subtype of visual pigment in rods
and one to four different subtypes within the cones. Usually a given cone possesses
only one subtype of visual pigment, which results in formation of cone subtypes
with a specific spectral sensitivity. The perception of colour depends on the
processing of input of photoreceptors with at least two different absorption
maxima. Since in most animals rods and cones are not active at the same

time(cones during day and bright light and rods during dim light at night), colour
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vision 1s mediated by differential activation of the different cone subtypes
(Dowling, 1987; Kalloniatis & Luu, 2015; Kolb, 2011).

In vertebrate photoreceptors the phototransduction process is achieved via a
hyperpolarisation of the receptor cell: In darkness there is a constant dark current
mediated by open sodium channels, which leads to a constant release of the
neurotransmitter glutamate. The absorption of a photon by the chromophore leads
to a change of its configuration (from 11-cis to all-trans) catalysing the activation of
the G-protein transducin. The activation of transducin starts a reaction cascade
resulting in the closure of the sodium channels, which leads to a hyperpolarisation
of the cell and thus a reduction or termination of the dark glutamate release (Fu,

2010; Kolb, 2011).
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Figure 9: Schematic drawing of the morphology of a rod and a cone. Both photoreceptor types
consist of an outer segment, containing the visual pigment, an inner segment containing the
mitochondria, a nucleus, an axon and a synaptic terminal, with which the photoreceptors are
connected to the retinal neurons. The main difference between rods and cones lies in the
structure of the outer segments and in the visual pigments. The rod outer segments are longer
and the discs containing the visual pigments are separated from the cell membrane whereas
are build through folding of the cell membrane in cones. The only rod visual pigment is usually
most sensitive to intermediate wavelengths (green), while cones might contain different types of
visual pigments most sensitive to short, intermediate or long wavelengths. Changed after (Burns
& Lamb, 2003).

23



GENERAL INTRODUCTION

In order to be able to react to changes in light intensity, the reaction cascade
induced by light absorption has to be terminated and reversed again. Therefore, all
activated proteins have to be inactivated again and the bleached all-trans
chromophore has to be replaced by a new 11-cis chromophore from the pigment
epithelium. The time necessary to reset all molecules within the reaction cascade
determines the temporal resolution of the photoreceptor. The exchange of the
chromophore is achieved via two different pathways in rods and cones. In cones
Miiller cells are involved in the chromophore exchange, which leads to a faster
replacement and thus results in a higher temporal resolution compared to rods.
Furthermore, these differences in chromophore regeneration time lead to the
differences in light intensity tolerance between rods and cones. During bright light
at day the chromophores within the rods cannot be replaced fast enough, which
leads to complete bleaching of all visual pigments and thus an inactivity of the
rods. Due to the different regeneration pathway the chromophores of the cones are
replaced fast enough, allowing activity of the cones even in bright sunlight
(Arshavsky, 2002; Mata, Radu, Clemmons, & Travis, 2002).

However, even in compete darkness the visual pigment undergoes spontaneous
(thermal) activation, initiating the same reaction cascade as during light induced
activation (dark mnoise). This spontaneous activation rate sets the ultimate
limitation of light sensitivity (Aho, Donner, Hyden, Larsen, & Reuter, 1988;
Barlow, 1956; Donner, 1992). A single toad rod has a spontaneous activation rate of
ca. 0.021 events per second (Yau, Matthews, & Baylor, 1979). This high stability
allows the maintain of a high sensitivity despite the great number of rhodopsin
molecules within a single cell, which is necessary for increasing the probability of
photon absorption. The spontaneous activation rate of the cones is with ca. 10
events per second per cone much higher than that of the rods, giving one reason,
among several others, why rods are much more sensitive than cones (Fu, Kefalov,

Luo, Xue, & Yau, 2008).

1.4.2.2. Neurons of the inner retina and retinal circuits
In addition to the photoreceptors there are five different neuron types located in
the inner retina: the bipolar, amacrine, horizontal and interplexiform cells in the
inner nuclear layer and ganglion cells in the ganglion cell layer (Figure 8). Of each
of those neuron types several subtypes exist. Bipolar cells build synaptic

connections from the photoreceptors to the ganglion cells. In humans, for example,
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there are 11 different subtypes, which differ in the size of their dendritic trees and
thus the number of photoreceptors innervated and the type of synaptic contact and
thus the response to the photoreceptor light signal. Depending on the synapse some
bipolar cells react with a depolarisation (ON) and some with a hyperpolarisation
(OFF) to the hyperpolarisation of the photoreceptor, building the fundament for the
important ON and OFF-centre pathways.

As already indicated by the name, horizontal cells connect several photoreceptors
(like different cone types or also rods and cones) and also bipolar cells horizontally
within the outer plexiform layer and mediate lateral interactions, like e.g. feedback
signalling. With these interactions horizontal cells provide the bipolar cells with a
centre surround organisation. In most mammals there are two different subtypes of
horizontal cells (in humans three) (Dowling, 1987; Dowling & Boycott, 1966; Kolb,
2007c; Werblin & Dowling, 1969).

Amacrine cells interconnect ganglion cells, bipolar cells and interplexiform cells
within the inner plexiform layer. There are several different subtypes (e.g. at least
25 different in the human retina), which are categorised according to the size of
their dendritic tree and their location (stratification level) within the inner
plexiform layer. Some amacrine cells only connect bipolar and ganglion cells within
the ON or OFF channel while others connect cells from the On and OFF channel.
Thus amacrine cells are also involved in the ON- and OFF-centre processing.
Interplexiform cells have their dendritic origin in the inner plexiform layer
receiving input from the amacrine cells and project to bipolar and horizontal cells
within the outer plexiform layer. Thus these cells connect both plexiform layer in
the opposite direction as the bipolar cells (Dowling & Ehinger, 1975).

The ganglion cells are the output neurons of the retina, which transmit the visual
information received from the bipolar and horizontal cells in from of action
potentials via the optic nerve into the brain. Again various subtypes of ganglion
cells exist and at least 25 different types are found in the human retina. Ganglion
cells either react with spikes to the presence (ON) or absence (OFF) of light and
thus continue the ON- and OFF-centre pathway. Furthermore, they react in a
centre surround fashion to differences in light intensity. Through the highly
complex interaction with the other retinal neurons ganglion cells are already
selectively tuned to certain image features such as colour, size and speed and
direction of motion (Dowling, 1987; Dowling & Boycott, 1966; Kolb, 2007b; R.
Nelson, 2007).
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The information gathered by the ganglion cells are transmitted to the brain via the
ganglion cell axons in the optic nerve. The optic nerves of the two eyes cross in the
optic chiasm. Depending on the species either all axons cross to the contralateral
side, like e.g. in lower vertebrates, or only parts cross, as in mammals (axons from
the nasal part of the retina cross, while those of the temporal part do not cross)
(Godement, Salaiin, & Mason, 1990; Lazar, Libouban, & Szabo, 1984). In lower
vertebrates the first stage of central processing of visual information is the optic
tectum, which is homologous to the colliculus superior in mammals (Vanegas,
1984). The optic tectum is a laminated structure and often accounts for a quite big
part of the brain (especially in birds and fish), indicating the importance of visual

information for most animals.

1.4.3. Specialisations in vertebrate eyes

The visual system of an animal is usually adapted to the environmental conditions
of the habitat and to the lifestyle of the animal. Such specialisation can be achieved
via adaptations in the structure of the eye, specifications in the photoreceptor
distribution across the retina and differences in the connection of the retinal
neurons. The most specialisations are either for light sensitivity or for spatial
resolution. These two extremes are not compatible, which means that a system is
either very light sensitive with deficits in spatial resolution or a system has a high
spatial resolution and is less light sensitive. However, compromises between both
systems can be achieved through distinct areas of specialisation in the retina, like
for example the fovea in the human eye. In the human retina rods and cones are
not regularly distributed. While in total there are far more rods than cones
allowing a decent light sensitivity, there is an extreme density of cones within the
fovea allowing a good spatial acuity during day (Curcio, Sloan, Kalina, &
Hendrickson, 1990; Dowling, 1987).

Probably the most prominent examples for specialisation on high spatial resolution
1s the visual system of eagles. The eagle retina consists to ca. 80% of cones which
are densely packed. The ganglion cells receive input from only very few
photoreceptors (nearly a ratio of 1:1) increasing the spatial resolution. The
elongated form of the eye is also an adaptation to increase visual acuity (Reymond,
1985; Zeigler & Bischof, 1993). Specialists in light sensitivity, like for example
owls, usually possess very big eyes with a retina strongly dominated by rods and

additional reflecting systems like a tapetum lucidum. The ratio between ganglion
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cells and photoreceptors are often much smaller, which means that a given
ganglion cell receives input from several receptor cells (Martin, 1982; Zeigler &
Bischof, 1993).

An aquatic habitat requires specialisations to the different light spectrum and
refraction properties under water. The eyes of some surface feeding fish, for
example, are specialised on vision under and above water. In these fish the
photoreceptors of different parts of the retina have different absorption maxima
depending on the dominant wavelength above (intermediate wavelength) and
under (longer wavelength) water (Owens, Rennison, Allison, & Taylor, 2012). In
deep-sea fish, specialisations for light sensitivity are found as an adaptation to the
extreme low light levels. The eyes of deep-sea fish are usually tuberous, with an
upwards pointing visual axis and they possess enlarged lenses to enhance light
collection. The retina of these fish is divided into subparts with individual
photoreceptor organisations. While for example the anterior part of the main retina
of these fish is similarly structured as the retinas of other vertebrates, the
photoreceptors are grouped into bundles in the posterior part. In addition to this
main retina which is located at the focal distance of the eye, there is an accessory
retina, which is not within the focal distance and also possesses grouped
photoreceptors (Locket, 1970, 1971). A grouped retina is also found in G. petersii

and its organisation will be described in more detail in a following chapter.

1.5. The mechanosensory lateral line system

The mechanosensory lateral line system consists of mechanoreceptor organs called
neuromasts, which are either located freely at the body surface or within
subdermal fluid-filled canals along the visible lateral line and at the head. These
neuromasts transduce water movement, relative to the body or fluid movement
within the canal induced by pressure changes, into neuronal signals.

The existence of the mechanosensitive lateral line system was unknown until the
middle of the 19th century. Until then the only clearly visible part of the lateral
line system, the lateral line canal, was thought to be a mucus-producing organ,
responsible for the slimy surface of fish (Coombs et al., 2012). The German
anatomist Franz Leydig first discovered the existence of sensory organs within the
canal in 1850 (Leydig, 1850) and eleven years later Franz Eilhard Schulze

discovered the superficial neuromasts and first described their cupulae (Schulze,
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1861). Schulze was also the first, to suggest that they are sensitive to water
movement induced by low frequency vibrations such as sound waves (Schulze,
1870).

Due to the similarities with the inner ear, it was accepted for quite some time that
the lateral line system was used for the perception of acoustic stimuli and another
suggestion that it might be used for the perception of water currents in rivers
remained unappreciated (Hofer, 1908). In a series of experiments in 1932, Karl von
Frisch proved that the lateral line was not used for sound perception (von Frisch &
Stetter, 1932). Following this finding there was a long debate about the adequate
stimulus of the lateral line system. Extensive research finally led to the finding
that the lateral line system is used as a "sense of touch at some distance"
(Dijkgraaf, 1963), detecting moving objects such as predators, prey or conspecifics
due to the water movements they induced as well as detecting stationary objects
within existing or self-generated water currents (von Campenhausen, Riess, &
Weissert, 1981). The lateral line system is involved in surface feeding, schooling,
predator and obstacle avoidance and prey detection under water (Bleckmann, 1986;
Bleckmann & Topp, 1981; Coombs et al., 2012; Dijkgraaf, 1963; Gregson & Burt de
Perera, 2007; Kanter & Coombs, 2003; Montgomery, Coombs, & Halstead, 1995;
Partridge & Pitcher, 1980; von Campenhausen et al., 1981).

1.5.1. Evolution and structure of the lateral line system
The lateral line system is an ancient feature of vertebrates, which is found in
lamprey, fish and most larval and adult aquatic amphibians but was lost in
terrestrial vertebrates (Coombs, Janssen, & Webb, 1988; Jargensen, 1989). Simpler
forms of lateral line neuromasts are found in hagfish and secondary
mechanosensitive receptor cell organs (choronal organs) are found in urochordates.
These choronal organs are suggested to be homologous to the lateral line system in
vertebrates, suggesting that the lateral line system had already evolved in the
chordate ancestors (Braun & Northcutt, 1997; Burighel et al., 2003).
The morphology of the lateral line system and its neuromasts differ strongly
between species. While most cartilaginous and bony fish possess superficial
neuromasts and a canal system, jawless vertebrates and amphibians only possess
superficial neuromasts. Within the teleosts big variations are found in the

structure and number of head canals and in the number and distribution of
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superficial neuromasts (Figure 10) (Coombs, Bleckmann, Fay, & Popper, 2014;
Coombs et al., 2012).

Superficial neuromasts can be arranged singly, in pairs, rows or in clusters and
they might sit flush with the skin, in pits or in grooves (mostly in non-teleost fish
and amphibians, also called pit organs) or exposed on top of stalks, filaments or
papillae (often found in deep sea or cave fish). Their function might be adapted to
the habitat via additional non-sensory structures like papillae located next to the
neuromast, which could act as protection and change the hydrodynamics. Such
structures are often found in bottom-dwelling fish. The superficial neuromasts are
directly exposed to the water and thus directly transduce the kinematic energy of
water movement. Canal neuromasts, on the other hand, sit within the lateral line
canals, located on the head and trunk, in between two canal pores. These pores can
either be closed by a membrane or open. The movement of water particles close to a
pore creates a pressure difference between the pores, which leads to a flow of the
fluid within the canal away from the pore with the higher pressure. This movement
of the fluid leads to a deflection of the neuromast. Therefore canal neuromasts
transduce external water movements indirectly and react to slightly different
parameters of the stimulus than the superficial neuromasts (Coombs et al., 1988;
Webb, 2013). The morphology of the canals, especially on the head, is quite diverse
and 1is broadly categorised according to their width in narrow and wide canals
(Figure 10 B). The number of head canals varies within the teleosts, which might
be an adaptation to the specific habitats of the fish, e.g. living in a pond with no or
only very slow water currents puts other requirements on the lateral line system
than life in fast running streams. It is assumed that the number of canals might be
reduced and the number of superficial neuromasts might be increased with
decreasing flow velocity of the habitat. While there are also slight morphological
differences in the neuromast, the principle structure of teleost neuromasts is very

similar and will be described in more detail in the next paragraph.
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Figure 10: Structural diversity of the lateral line system. (A) Distribution of superficial
neuromasts in leuciscus idus (ide) (A1) and gobio gobio (gudgeon). The red points indicate the
location of superficial neuromasts and the black points indicate the position of canal
neuromasts. (B) Different types of head canals: B1 narrow-simple canal system, B2 reduced
canal system, B3 wide-simple canal system, B4 narrow-branched canal system. (C) Variations
of the trunk lateral line system: C1 complete, straight; C2 complete, arched; C3 disjunct;
C4 incomplete; C5 displaced dorsally; C6 displaced ventrally; C7 multiple and C8 absent. (A)
changed after (Schmitz, Bleckmann, & Mogdans, 2014) and (B) and (C) changed after (Webb,
2011).

1.5.2. Neuromasts
The functional unit responsible for information transduction within the lateral line
system 1s the neuromast, consisting of mechanosensitive hair cells and non-sensory

cells (Figure 11 A, C). Each hair cell possesses a ciliary bundle with a long cilium
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(kinocilium) and several shorter microvilli (stereovilli) grading in length to one site
of the kinocilium (Figure 11 B). The deflection direction of the stereovilli relative to
the kinocilium determines the response of the receptor cell. In the undeflected state
the receptor cell is firing at a constant tonic rate. Deflections of the stereovilli in
direction of the kinocilium results in an excitatory increase of the firing, while
deflections of the stereovilli away from the kinocilium has an inhibitory effect
leading to a decrease of the firing rate (Coombs, Janssen, & Montgomery, 1992;
Webb, 2013).

Within a single neuromast there are hair cells with different orientations, which
usually develop in pairs with opposite directionality (Rouse & Pickles, 1991a). This
paired arrangement increases the response of a neuromast to a deflection due to
the opposing reactions of the paired hair cells (one increasing the other decreasing
the firing rate). The number of hair cells per neuromasts varies between species
and might also vary on different body parts within an individual.

To increase the effect of the water movements on the hair cells, a single gelatinous
cupula covers the ciliary bundles of all hair cells within a neuromast. The cupula
consists of a fibrillar core and two layers, a central layer covering the hair and
support cells and an outer layer covering the mantel cells. The cupula grows
continuously and thus can be repaired when damaged (Webb, 2013). The form and
the length of the cupula varies between species and also between neuromasts of a
single individual, which influences their function and determines the frequency
response of the neuromast (Mukai, Yoshikawa, & Kobayashi, 1994; Van Trump &
McHenry, 2008).

In addition to the sensory hair cells the neuromasts contain two types of non-
sensory cells, support cells and mantel cells. Support cells are scattered between
the sensory hair cells and reach from the surface down below the hair cells. They
can differentiate into hair cells and thus are involved in hair cell turnover and
regeneration (Hernandez, Olivari, Sarrazin, Sandoval, & Allende, 2007,
Namdaran, Reinhart, Owens, Raible, & Rubel, 2012; Williams & Holder, 2000).
Mantel cells surround the hair and support cells of a neuromast and thus define its
shape. They are responsible for the secretion of the cupula (Ghysen & Dambly-
Chaudiere, 2007; Rouse & Pickles, 1991b).
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Figure 11: Morphology of the teleost neuromast. (A) Schematic drawing of a neuromast: The
sensory hair cells are interspersed by support cells and surrounded by mantle cells. The ciliary
bundles of the hair cells reach into a gelatinous cupula, which covers all hair and support cells
of a neuromast and increases the effect of water movements on the receptors. (B) Schematic of
a neuromast hair cell: The cilary bundle of the hair cell consists of a long kinocilium and shorter
stereovilli. Deflection of the stereovilli in the direction of the kinocilium leads to an increase of
the firing rate of the hair cell and a deflection away from the kinocilium leads to a decrease of
the firing rate. The hair cell is innervated by primary afferent nerve fibres and receives input by
efferent fibres. (C) A scanning electron micrograph of a zebrafish superficial neuromast located
at the tail without the cupula. (A) and (B) changed after (Ghysen & Dambly-Chaudiere, 2004).
(C) from (Gleason et al., 2009).

Like electroreceptors the mechanosensory hair cells of the lateral line system are
secondary receptors. They are innervated by primary afferent neurons via

excitatory glutamatergic synapses and additionally receive efferent input via
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choinergic synapses. The axons of the afferent neurons build the lateral line
nerves. The anterior lateral line nerve (ALLN) innervates neuromasts at the head
and the posterior lateral line nerve (PLLN) innervates neuromasts at the rest of
the body. The mechanosensitive fibres of the lateral line nerves mainly terminate
in the medial octavolateral nucleus (MON). Some lateral line projections also
project to the Mauthner cells, which mediate an immediate flight responses called
C-start response. Similarly to the central processing of electrosensory information,
from this first processing stage in the MON secondary projections lead to several
higher multisensory brain areas, which allows interaction with other sensory
inputs (Bleckmann & Mogdans, 2014; Bodznick & Northcutt, 1980; McCormick,
1989; Wullimann & Grothe, 2014).

1.6. Gnathonemus petersii

The weakly electric fish Gnathonemus petersii (Giinther 1862) is one of ca.195
species in the family Mormyridae, which is endemic to the African continent
(Berra, 2001). Its common name elephantnose fish is inspired by its prominent
moveable chin appendix also called Schnauzenorgan (Stendell, 1916). These
typically grey-brown fish possess two characteristic white crescent-shaped
markings between the dorsal and the anal fin and reach a length of up to 25 cm
(Figure 12 A).

The geographic range of G. petersii itself is restricted to Central and West Africa
(found at least in Benin, Cameroon, Nigeria, the Central African Republic, the
Republic of Congo and the Democratic Republic of Congo (Arimoro & Osakwe,
2006; Moritz, 2010; Ogbeibu & Ezeunara, 2002; Ogbeibu & Oribhabor, 2002;
Paugy, Traoré, & Diouf, 1994; Sullivan, Lavoue, & Hopkins, 2000; Wuraola &
Adetola, 2011)) and its habitats are mainly turbid black water streams with a high
flow velocity in dense moist forests (Figure 12 B and C) (Moritz, 2010). These fish
are mainly active during night and dusk and dawn. During the day G. petersii
spends most of its time hiding under roots, in holes or in dense vegetation of the
rivers, moving only in the close proximity of their hiding space. During night
however they move over a quite big range of up to hundreds of meters, regularly
returning to their home shelter (Moller, 1995; Moller, Serrier, Belbenoit, & Push,
1979).
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Figure 12: Habitus, distribution and habitat of Gnathonemus petersii. A) The habitus of G.
petersii also known as elephantnose fish with the eponymic Schnauzenorgan, the narrow
caudal peduncle and the white markings between dorsal and anal fin. B) Fresh water
ecoregions of Africa, in which G. petersii was found (marked in red; changed after Thieme et al.,
2005). Africa can be divided into 93 fresh water ecoregions, which are characterised by certain
environmental conditions and contain a distinct assemblage of species (Thieme et al., 2005).
G. petersii was found at least in ten of these ecoregions in Central and West Africa: the Lake
Chad Catchment (9), characterised by floodplains, swamps and lakes, the Bight Costal
ecoregion (62) and the Lower Niger-Benue (65) characterised by Savanna-dry forest rivers, the
Niger Delta (58) characterised by big rivers and the Central, Northern and Southern West
Costal Equatorial ecoregion (19, 26, 29), Lower Congo ecoregion (22), Sangha ecoregion (27)
and Sudanic Congo ecoregion (30) characterised by moist forest rivers (Arimoro & Osakwe,
2006; Moritz, 2010; Ogbeibu & Ezeunara, 2002; Ogbeibu & Oribhabor, 2002; Paugy et al.,
1994; Sullivan et al., 2000; Wuraola & Adetola, 2011). The black lines indicate the other
freshwater ecoregions of Africa and the yellow lines indicate country borders. The inset shows
which part of Africa was magnified in B. C shows a typical habitat of G. petersii, a moist forest
stream (Benin) with turbid water (pictures in A and C from Gerhard von der Emde).
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Studies investigating the stomach contents of wild individuals have shown that
their main food source are insect larvae (Chironomidae), which live buried in the
sediment of the rivers (Nwani, Odoh, Ude, & Okogwu, 2011). To find these hidden
prey items as well as to orientate in its environment the sensory systems of G.
petersii are especially adapted to the nocturnal or crepuscular live style as well as
to the turbid waters of its environment. Like the other members of the Mormyridae
G. petersii 1s capable of active electrolocation (Lissmann & Machin, 1958; Gerhard
von der Emde & Horst Bleckmann, 1998) and they also possesses a highly
specialised visual system with a grouped retina, which is also found in deep sea

fish (Francke et al., 2014; Kreysing et al., 2012).

1.6.1. The sensory systems of G. petersii

The electroreceptor organs of G. petersii are distributed over almost the entire body
surface and the only areas not to contain electroreceptor organs are the flanks
(Figure 13 A). The density, however, varies between different body parts. The
highest densities of electroreceptor organs are found at the Schnauzenorgan and in
the nasal region (Hollmann, Engelmann, & von der Emde, 2008). This high density
of receptor cells together with a considerable over-representation of these regions
during central processing suggests that these two regions act as electric foveae,
comparable to the visual fovea, the point of sharpest sight (Bacelo, Engelmann,
Hollmann, von der Emde, & Grant, 2008). This is supported by passive pre-
receptor mechanisms, focusing the electric field at the tip of the Schnauzenorgan
(tip-effect) and leading to an even distribution of the voltage in the nasal region by
funnelling the currents via the open mouth (funnelling-effect) (Pusch, 2013; Pusch
et al., 2008). The Schnauzenorgan is of special importance during prey detection.
During foraging G. petersii searches the ground using a swaying movement of the
Schnauzenorgan to look for insect larvae dug in the sediment. At the same time the
nasal region is aligned to a frontal direction focusing on the environment in front of
the fish (Hollmann, 2008). In this way, the animal is able to utilise the high spatial
accuracy of the two foveae for different tasks at the same time.

The electric organ of G. petersii consists of four columns of 70-170 flat disk-like
electrocytes each (Figure 13 B) (Bruns, 1971; Westby, 1984). The innervation is
achieved via stalks that penetrate the electrocytes and which are connected to the
electromotorneuron via synapses. The EODs of G. petersii are biphasic pulses

(Figure 13 C), which are emitted with a variable frequency depending on the
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behavioural state; during object recognition the EOD-frequency can reach up to
140 Hz, while during resting it might lay under 1 Hz (Moller, 1980; Schumacher,
Burt de Perera, & von der Emde, 2016). Thus, the fish is able to reach a high
temporal resolution if necessary but saves energy by reducing the number of costly
EODs during resting. Furthermore, the variable EOD frequency can be used
during communication with conspecifics (C. D. Hopkins, 1988; Moller & Bauer,

1973; Westby, 1981).

D penetrating
&N stalk

Figure 13: Schematic drawings of the active electric system in Gnathonemus petersii.
(A) Distribution of the electroreceptor organs. Each dot indicates the position of a mormyromast.
The highest density of mormyromasts is found at the Schnauzenorgan (SO) and in the nasal
region (NR). The dashed square indicates the part enlarged in B. (B) Structure of the electric
organ located in the caudal peduncle. The electric organ consists of electrocytes, which are
arranged in series and are innervated by the elctromotorneurons via penetrating stalks. (C)
Typical bi-phasic electric organ discharge (EOD) of G. petersii. (A) changed after (Hollmann et
al., 2008); (B) and (C) changed after (Westby, 1984).

The visual system of G. petersii is specially adapted to its nocturnal and
crepuscular activity and the turbid waters of its habitat. The structure of its retina

is comparable to that of deep-sea fish. In this so-called grouped retina about 330
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rods and 17-32 cones are packed into a bundle surrounded by a tapetum lucidum,
forming a cup-like structure (Figure 14) (Francke et al., 2014; Kreysing et al., 2012;
Landsberger et al., 2008). Within the light-adapted retina the outer segments of
the cones are located at the bottom of the cup, while the rods lie underneath the
cup within a light-scattering medium. Because of this organisation, the incoming
light is focused on the outer segments of the cones via the cup-liked structure and
the rods are protected from receiving too much light, preventing a complete
bleaching of the visual pigment and allowing the rods to be active even under
bright light. Thus in contrast to most other animals’, the rods and cones of G.
petersii are simultaneously active, which increases the spectral range of the
otherwise monochromatic system. The single cone-type of G. petersii has an
absorption maximum around 615 nm, which lies in the red light spectrum. The
absorption maximum of the rods, on the other hand, lies with ca. 536 nm in the
green light spectrum (Ciali, Gordon, & Moller, 1997; Kreysing et al., 2012).

In the dark adapted retina, the organisation changes drastically via retinomotor
activity. The outer segments of the rods are drawn toward the location of the outer
segments of the cones, so that the outer segments of both photoreceptor types are
densely packed. This changes the shape of the cup, leading to a reduction of the
focusing reflection (Landsberger et al., 2008).

All photoreceptors within a bundle project only to three or four ganglion cells and
thus act as the smallest functional unit of the retina, which is also called the
macroreceptor. This arrangement increases the light sensitivity of the ganglion cell
but also seriously affects the spatial resolution of this visual system. The minimal
visual angle of the grouped retina of G. petersii is ca. 3° and thus not suited for the
detection of small objects (for comparison a thumb nail at arm's length has a visual
angle of ca. 1° and the minimal visual angle of the human eye lies between ca. 5
and 10" depending on the task, 1°=1/60° and 17'=1/3600°). However, this rather
poor spatial resolution provides an advantage in the turbid habitat of the fish.
Visual noise, such as small particles in the water, is filtered by the system, so that
visual object detection is only very slightly affected by the presence of visual noise
(Kreysing et al., 2012; Landsberger et al., 2008; Schuster & Amtsfeld, 2002).

In contrast to the poor spatial resolution of the grouped retina, the system provides
a high temporal resolution, allowing the detection of bigger fast moving object such

as predators (Pusch, Kassing, et al., 2013).
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In conclusion the experimental results show that the visual system of G. petersii is
not specialised for visual accuracy and is also not adapted to optimal sensitivity.
Instead it enhances light absorption in dim light and reduces visual noise in turbid

water, which fits the natural conditions of the fish’s habitat.

Incident light
(intensity level 1)

Figure 14: Structure of the grouped retina of Gnathonemus petersii: (A) Radial semi-thin
section of the light adapted retina stained with toluidin blue. The outer segments of the cones
(COS) lie at the bottom of a cup-like structure formed by the retinal pigment epithelium cells
acting as a tapetum lucidum. The rod outer segments (ROS) are located beneath the cup. The
outer nuclear layer (ONL) contains the inner segments of the photoreceptors. In contrast to the
retinae of most other animals the inner retina with the inner nuclear layer (INL) and ganglion cell
layer is much thinner than the photoreceptor layers. (B) Transverse section through the cup-like
structures and the photoreceptor inner segments approximately at the level indicated with the
dashed line in A. (C) Simulation of the light intensity distribution within the cup, based on the
mirror features of the crystals. If light enters the cup it is focused at the bottom of the cup, where
the outer segment of the cones are located. Thus the cone outer segments receive up to 500%
of the incoming light intensity, while the rod outer segments receive only around 20%. Changed
after (Kreysing et al., 2012).
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There are very few studies dealing with the mechanosensory lateral line system of
G. petersii or other weakly electric fishes. A few studies in both Gymnotiformes
and Mormyriformes have shown that the mechanosensory lateral line system of
weakly electric fish is involved in prey capture and shelter seeking and reactions to
artificial stimuli were found (Bleckmann & Zelick, 1993; M. E. Nelson & Maciver,
1999; M. E. Nelson, Maclver, & Coombs, 2002; Rojas & Moller, 2002; Gerhard von
der Emde & Horst Bleckmann, 1998; von der Emde & Prechtl, 1999; Walton &
Moller, 2010). To my knowledge, so far no study has investigated the peripheral
structure of the mechanosensory lateral line in Gnathonemus or any other
mormyrid fish. In gymnotiform fish the distribution of neuromasts has been
described for Apteronotus albifrons and Eigenmannia sp (Carr, Maler, & Sas, 1982;
Vischer, 1989). In both species canal neuromasts and a small number of superficial
neuromasts were found.

There are also some studies describing the central connections of the lateral line
system in higher brain regions in G. petersii. They show that there are distinct sub-
regions in the telencephalic nucleus dorsalis pars medialis (Dm) and in the anterior
preglomerular nucleus (PGa) processing uni-modal mechanosensory lateral line
information, while the mechanosensory information are processed in multisensory
regions in the ventral preglomerular nucleus and in the pallium (Prechtl et al.,
1998; von der Emde & Prechtl, 1999). Many open questions remain concerning the

mechanosensory lateral line system in Grnathonemus petersii.

1.6.2. Object recognition and navigation in G. petersii
The ability of Gnathonemus petersii to recognise and discriminate object using the
active electric sense and also vision has been investigated in many studies. These
fish are able to detect a wide range of object properties like the size, material,
shape, distance, capacity and rotation of an object during active electrolocation
(Behr, 2009; Fetz, 2005; Folde, 2006; Schumacher, 2011; Schumacher, Burt de
Perera, & von der Emde, 2016; von der Emde et al., 2010; von der Emde & Fetz,
2007; von der Emde & Ringer, 1992; von der Emde et al., 1998). Furthermore,
G. petersii is capable of figure-ground separation and moving backgrounds even
enhance object recognition (Fechler, 2016; Fechler & von der Emde, 2013). The
limits of active electrolocation were tested in several studies, showing that while
the spatial resolution allows the detection of small gaps of about Imm at close

range, the perceptual range of the electric sense is quite small, allowing
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discrimination only in the range of 3-4 cm (Behr, 2009; Fechler et al., 2012; Moller,
1995; Schumacher, 2011; Schumacher, Burt de Perera, & von der Emde, 2016; von
der Emde et al., 2010).

Some studies were also conducted to test the visual object recognition performance,
showing that G. petersii is able to recognise bigger and fast moving objects using its
visual sense (Kreysing et al., 2012; Schuster & Amtsfeld, 2002).

There is no experimental evidence, so far, that the lateral line system is involved in
object recognition.

Although it is known that Gnathonemus travels quite large distances in its natural
environment and thus has to rely on navigation, its navigational abilities have not
been studied. A few experiments by Peter Cain and colleagues have shown that
these fish are able to use electrical and hydrostatic cues to navigate at short range
when trained to find a hole in a partition located at a certain height. Furthermore,
they found out that in an unfamiliar environment Gnathonemus relied strongly on
the electrosensory cues but when the environment became familiar, electrical cues
were not necessary anymore and the fish relied on an internal representation and
the hydrostatic information (Cain, 1995; Cain, Gerin, & Moller, 1994; Cain &
Malwal, 2002). In the closely related Mormyrus rume studies have shown that
these fish use electrical, visual and lateral line information synergistically during
navigation in a meander maze. They use landmark based navigation in the
presence of electrical cues but used egocentric information when only visual

landmarks were available (Walton & Moller, 2010).

1.7. Aims of this thesis

To date, most studies concerning the sensory systems of Gnathonemus petersii have
taken a uni-modal approach. The active electric sense and vision were mainly
investigated individually and the mechanosensory lateral line system was
completely neglected in most studies. However, under natural conditions all three
senses are available at the same time and vision and electrolocation provide
similar information about the environment (so far it is unknown how detailed the
mechanosensory lateral line input is). Therefore, it is likely that these two senses
are used for similar tasks and they should consequently interact in some way. This
supposition is supported by previous studies, showing that during shelter seeking

multisensory information is integrated leading to a synergetic effect (Moller, 2002;
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Rojas & Moller, 2002). Similarly, during foraging tasks, multisensory information
is used for prey detection (Gerhard von der Emde & Horst Bleckmann, 1998).
However, little is known about the interaction of the sensory systems in
Gnathonemus petersii. Furthermore, the fundamental mechanisms underlying
multisensory integration have been revealed in only a few mammalian species
(Ernst & Banks, 2002; Ernst & Bulthoff, 2004; Fetsch et al., 2009; Sheppard et al.,
2013). This leaves open the question of how multisensory integration is achieved in
other vertebrates, like fish, which rely on less complex brain structures. The
overarching aim of this thesis was to investigate multisensory interactions in the
weakly electric fish Gnathonemus petersii, by using two different behavioural
paradigms.

Under the headline "Multisensing" the first part of my thesis deals with the basic
question how multisensory inputs are processed during object recognition. In detail
I aimed to test the following:

e Is Gnathonemus petersii able to transfer object related information
from vision to the active electric sense and vice versa, i.e. is
G. petersii capable of cross-modal object recognition?

e Is multisensory integration achieved via similar fundamental
mechanisms known from mammals, i.e. is there dynamic weighting
of sensory inputs in G. petersii?

e Is there a hierarchy of the sensory systems during object
recognition, i.e. does one of the sensory systems dominate over the
other?

e Are there advantages, such as synergy, redundancy or
complementation, of using vision and electrolocation for similar
tasks?

e Is the mechanosensory lateral line system involved in object
recognition?

e How is the structure of the peripheral mechanosensory lateral line
system of G. petersii, i.e. how are the superficial neuromasts
distributed over the body, how is their morphological structure
and how is the structure of the head canal system?

To answer these questions, I used a two-alternative forced-choice procedure to
train the fish to discriminate between two objects. By varying object properties and

environmental conditions, the sensory input to the fish was manipulated, so that
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only specific senses could be used for the discrimination task. To investigate the
structure of the lateral line system I used DASPEI staining and pCT.

In the second section titled "Navigation" I investigated the sensory influence on
navigation. The main questions I wanted to answer in this project were:

e Does the sensory system available during navigation influence
route acquisition, i.e. does G. petersii learn a navigation task
faster when trained with visual or electrical landmarks?

¢ Which navigational strategy uses G. petersii during navigation in
a maze? Egocentric or allocentric navigation?

e Is the navigational strategy influenced by the sensory system
available during navigation?

o 1Is G. petersii able to transfer landmark related information from
vision to the active electric sense and vice versa, i.e. is there cross-
modal landmark recognition in G. petersii?

Here either visual or electrical landmarks were used to train fish in a navigational
task to swim through a maze using the correct route. Again the sensory input was
controlled by changing the object properties of the landmarks.

Together the results of this thesis will show how the sensory systems of G. petersii
work together during different tasks and thus provide new insights in the
mechanisms underlying multisensory processing in a non-mammalian vertebrate

and the cognitive capabilities of these fish.
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2. Multisensing

2.1. Cross-modal object recognition and dynamic weighting of
sensory inputs in a fish

2.1.1. Abstract

Most animals use multiple sensory modalities to obtain information about objects
in their environment. There is a clear adaptive advantage to being able to
recognize objects cross-modally and spontaneously (without prior training with the
sense being tested) as this increases the flexibility of a multisensory system,
allowing an animal to perceive its world more accurately and to react more quickly
to environmental changes. So far, spontaneous cross-modal object recognition has
only been shown in a few mammalian species, raising the question as to whether
such a high-level function may be associated with complex mammalian brain
structures and therefore absent in animals lacking a cerebral cortex. Here we use
an object discrimination paradigm based on operant conditioning to show, for the
first time, that a non-mammalian vertebrate, the weakly electric fish Gnathonemus
petersii, is capable of performing spontaneous cross-modal object recognition and
that the sensory inputs are weighted dynamically during object discrimination. We
found that fish trained to discriminate between two objects with either vision or
the active electric sense, were subsequently able to accomplish the task using only
the untrained sense. Furthermore we show that cross-modal object recognition is
influenced by a dynamic weighting of sensory inputs. The fish weight object related
sensory inputs according to their reliability, to minimize uncertainty and to enable
an optimal multisensory integration. Our results show that spontaneous cross-
modal object recognition and dynamic weighting of sensory inputs are present in a

non-mammalian vertebrate.

2.1.2. Introduction
To behave adaptively, an animal must be able to perceive and react appropriately
to environmental stimuli. Sensory information can often be obtained through
multiple sensory channels and can interact in a number of ways before a
behavioral output is produced. To increase the flexibility of a multisensory system,
information about objects in the environment can be transferred between different

senses. This enables some animals to use spatial information acquired with one
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particular sensory system to recognize objects with another one (cross-modal object
recognition). In contrast to simple forms of cross-modal information transfer, which
are based on the formation of direct associations between two specific stimuli (Guo
& Guo, 2005; Proops, McComb, & Reby, 2009; Seraganian & Popova, 1976; Yehle &
Ward, 1969), cross-modal object recognition requires additional and more complex
conditions to be meet. These are: 1) The information provided by the two senses
has to match in content, i.e., both senses have to provide information about the
same characteristic object property (e.g. shape, surface structure). 2) The sensory
inputs have to be encoded in a way that allows temporally disjointed information
from two senses to be identified as identical, despite these senses relying on
different physical stimuli. 3) Characteristic object features have to be stored in a
neuronal representation that is accessible by multiple senses. So far, spontaneous
cross modal object recognition has only been described in humans (Gaydos, 1956),
apes (Davenport & Rogers, 1970), monkeys (Cowey & Weiskrantz, 1975), dolphins
(Herman et al., 1998) and rats (Winters & Reid, 2010), and little is known about
the neuronal structures that are involved in this process.

A reliable percept is fundamental for cross-modal object recognition. Although the
interaction of multiple sensory channels offers many advantages, the integration of
conflicting information from different senses could also lead to a decrease of the
perceptual reliability. Therefore in order to obtain a reliable percept not all
available senses contribute equally, and the observable behavioral output tends to
be dominated by certain senses. Which sense dominates and the degree to which
each sensory input contributes to the overall perception depends on the conditions
and the task, and might be determined by the reliability of the different sensory
inputs under the given conditions (Alais & Burr, 2004; Ernst & Banks, 2002;
Sheppard et al., 2013; Young, Landy, & Maloney, 1993) and prior experience (Ernst
& Bilthoff, 2004; Ernst & Di Luca, 2011). In humans, for example, vision is
dominant during spatial tasks (Howard & Templeton, 1966b; Rock & Victor, 1964),
while the acoustic or the haptic sense dominate over vision during tasks that
require temporal assessments (Shams, Kamitani, & Shimojo, 2000, 2002). Since
conditions may change rapidly, this “weighting” of sensory inputs has to be
dynamically adjustable. Dynamic weighting of sensory inputs enables animals to
integrate multisensory information optimally to obtain a reliable percept of the

environment (Sheppard et al., 2013), but like cross modal object recognition has so
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far only been described in mammals (Alais, Newell, & Mamassian, 2010; Fetsch et
al., 2009; Sheppard et al., 2013).

Weakly electric fish Gnathonemus petersii possess multiple senses, which could
potentially be used for fine-scale spatial interrogation of their surroundings. These
fish can discriminate between nearby objects using active electrolocation (von der
Emde et al., 2010), a process during which object-evoked distortions in a self-
generated electric field (electrical images) (Caputi, Budelli, Grant, & Bell, 1998;
Rasnow, 1996) are perceived with special electroreceptor organs in the skin
(Jorgensen, 2005). Active electrolocation is a near-field sense, which works only at
short distances from the fish (von der Emde et al., 2010). In addition to this active
electric sense, G. petersii possess a visual system with highly specialized eyes
(Kreysing et al., 2012). The visual system is adapted to the crepuscular and
nocturnal activity of the fish and their habitat, i.e., turbid black water streams in
Central and West Africa. In the ‘grouped retina’ of their eyes, the photoreceptors
are packed into bundles within a tapetum lucidum, which improves vision under
dim light and in turbid waters (Kreysing et al., 2012). Previous studies have shown
that the visual and electrosensory inputs can be integrated when sensing the
surroundings (Moller, 2002), and both senses provide spatial information
(matching content) about objects, making G. petersii a suitable model system to
investigate cross-modal object recognition and dynamic weighting in a non-
mammalian animal.

Here we used G. petersii to test for spontaneous cross-modal object recognition and
dynamic weighing of sensory inputs. We applied a two-alternative forced-choice
procedure, during which the fish were trained to discriminate between two objects
using only vision or only their active electric sense and tested them subsequently
with the untrained sense. Crucially, access to object information using the two
senses was varied by altering features of the objects themselves without having to
surgically manipulate the fish. This is an important approach as it reduces the

uncontrolled effects of modifying animals’ senses.

2.1.3. Methods
Ten naive Gnathonemus petersii were individually housed in tanks, which also
served as the experimental arenas (Figure 15). Fish were trained in a two-
alternative forced-choice procedure to swim through a gate with an object (Figure

16) that was positively associated with a food reward (a chironomid insect larva)
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and to avoid a second gate with a negative object, which was associated with a mild
punishment (fish being chased back to start position). The position of the positive
object was changed behind the gates pseudo-randomly after Gellermann
(Gellermann, 1933). During training the objects were placed 1 cm behind the gates.
In order to make sure that during training and testing the fish kept a certain
minimal distance during object inspection, a so-called distance grid was placed
directly behind each gate (Figure 15). Distance grids were made from thin cotton
threads, with a mesh size of 15 mm (diagonal), which ensured unimpeded
electrolocation through this mesh. The fish could pass the grids by pushing them

aside.

(A) (B)

Figure 15: Experimental set-up. G. petersii were individually housed in 75 cm x 40 cm x 40 cm
tanks, which also served as the experimental arenas ((A) schematic side view, (B) schematic
top view). These were divided into two compartments (40 cm x 40 cm and 35 cm x 40 cm) by a
partition with two closable gates behind which were positioned two objects (indicated in red)
1cm from gate. Distance grids, which were placed directly behind the gates and which could be
passed by pushing them aside, made sure that the fish kept the correct minimal distance to the
objects. The larger compartment (experimental area) was again divided into two compartments,

one gate leading to each compartment.

All experiments, except the dark controls, were conducted at an ambient light level
of 3-6 1x (measured just above the water surface) which lies in the optimal intensity
range for visual object discrimination in Gnathonemus petersii (Schuster &
Amtsfeld, 2002). The conductivity (95-110 pS/cm) and the temperature (25-27°C) of
the water were kept constant.

Fish were divided into two training groups, which were either able to use vision or
the active electric sense for object discrimination. Access via these senses was
controlled by manipulating the objects or the ambient surroundings. Objects used

in the visually trained group were constructed of electrically transparent, red
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coloured agarose (Figure 16 A, B). The conductivity of those objects was adjusted to
the conductivity of the tank water (ca. 100 uS/cm); therefore they were “electrical
invisible” to the fish (Heiligenberg, 1973)(see control tests). Red food colour
(Lebensmittelpaste Rot, Deko Back, Waibstadt, Germany)) was added to deionised
water (conductivity <10 uS) until a conductivity of 40 uS/cm was reached. By
adding agarose powder (Agarose BP 160-100, Fisher Scientific, Fair Lawn, New
Jersey, USA) (2g per 100ml) the conductivity was increased to ca. 100 uS/cm. This
mixture was boiled and cast in moulds. After cooling down the agarose became stiff
and the objects could be used in the discrimination experiments. Since it wasn’t
possible to measure the conductivity of the stiffened agarose directly, the resistance
of 250 ml stiff agarose within a beaker was compared with the resistance of 250 ml
tank water using a multimeter (M-3650B, Voltcraft) to test whether their electrical
properties were identical. For both measurements the measuring electrodes were
positioned 5 cm apart. There was no measureable difference between the agarose
and the tank water. Control tests ensured that the fish could not use electrical cues
to discriminate between the objects (see control tests). Red colour was used because
the cones of G. petersii are most sensitive to red light (absorption maximum: 615
nm (Kreysing et al., 2012)).

During training in the electrical group (group 2) aluminium objects were covered
with hoods made of opaque, black cotton fabric to prevent influence of vision and
the lateral line system on the discrimination performance (Figure 16 C,D,E). Since
the cotton fabric was soaked with the tank water, the hoods themselves were
electrically transparent. To ensure that the hoods had no influence on the
discrimination performance, control tests were conducted (see Figure 21).

For all fish a sphere (0 3 cm) was used as the positive object (S+). In both groups,
three fish (Fish No. 3, 4, 5, 6, 7 and 8) were trained with a cross (width: 4 cm,
height: 4 cm, depth: 1.7 cm) and two fish (Fish No. 1, 2, 9 and 10) with a cuboid
(4 cm x 2.2 em x 1.7 cm) as negative object (S-). Since the volume and the material
of S+ and all S- were the same, the fish could use only the shape to discriminate
the objects.

After the preassigned learning criterion of at least 75% correct choices on three
consecutive days was reached, test trials (s. below), which were neither rewarded
nor punished, were introduced every third trial. After three to five days, the

training to test trial ratio was increased to 2:2. With each test condition 30 trials
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were conducted with each fish. The number of training trials per fish ranged

between 182 and 934.

Figure 16: Training objects of the visual trained group (A + B) and the electrically trained group
(C+D+E). To prevent electrical discrimination, the objects of the visually trained group were
made of red colored electrically transparent agarose. For training with the electric sense, metal
objects covered with hoods made of black cotton fabric were used. In all fish, a sphere was
used as the positive object and either a cross (A, C) or a cuboid (B, D) served as negative

object.

2.1.3.1. Transfer tests
During the transfer tests the fish could use only the previously untrained sense for
the discrimination task. The fish of the visually trained group were tested in the
dark at 1 cm distance with aluminium objects that were encased in cubes of
electrically transparent agarose so that the positive and the negative object had the
same outer shape and were only electrically distinguishable excluding vision and
the lateral line system. The electrically trained group was tested visually with the

red coloured, electrically transparent agarose objects placed 1 cm behind the gates.

2.1.3.2. Range tests
Four of the electrically trained fish were tested at different object distances (0.2
cm, 1 cm — 7 ecm and 9 em) with only the active electric sense available (aluminium
objects covered with black cotton hood), with the visual sense available (red
coloured, electrically transparent agarose objects) and with both senses available.
For the latter, red coloured conductive agarose objects were used. These objects

were produced in the same way as the electrically transparent agarose objects but

50



MULTISENSING

instead of using deionised water a high conductive saline solution (> 10 S/m) was
used. The tests with both senses available were conducted last to ensure that they
would not influence the results of the visual tests. Besides that, the tested sense
and object distances were chosen pseudo-randomly for each day. Tests with
“electrically silenced” fish

For these tests four fish (Fish No. 6, 8, 9 and 10) of the electrically trained group
were electrically silenced by cutting the spinal cord just anterior to the electric
organ located in the caudal peduncle. Before the actual operation a sham operation
was conducted. The fish were narcotized in a 100 mg/l solution of MS 222 (Acros
Organics, Geel, Belgium), the operation site was locally anaesthetized with
Xylocain Gel (AstraZeneca GmgH, 22876 Wedel) and the skin was penetrated with
a dissecting needle. Afterwards the fish were tested electrically and visually with 1
cm object distance as a control (see supplementary data). For the real operation,
fish were treated as in the sham operation described above but the dissecting
needle was inserted dorsally into the vertebral canal to transect the spinal cord.
After the fish were electrically silenced, visual tests were conducted with the red
coloured electric neutral agarose objects at 1 cm distance. Since the electric input
was missing for training trials, every third trial was rewarded independently of the

choice made by the fish to maintain motivation.

2.1.3.3. Control tests
A series of control tests was conducted to exclude the influence of uncontrolled cues

during the tests.

Control I: Exclusion of electrical or lateral line information during visual tests

During training in the visual trained group and during the transfer tests in the
electrically trained group, red coloured agarose objects were used, which had
approximately the same conductivity as the surrounding tank water. Even though
the resistance of the objects was measured and matched that of the tank water,
the fish might have been able to discriminate between these objects electrically
using differences between the resistance of the objects compared to the tank water
that were not technically measurable. Furthermore during the visual experiments
an influence of the lateral line on the discrimination performance could not be
excluded through the object design. Therefore to ensure that the fish used no other

sensory cues than visual ones to discriminate between the red coloured, electrically
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transparent agarose objects, control tests at 1 cm and 3 cm distance were
conducted before and after the fish were electrically silenced. The objects were
presented in the dark (light intensity < 0.01 1x) excluding visual discrimination. In
order to observe the outcome, the tank was illuminated with infrared light of 850
nm (IR Illuminator, S8030-3D-L-IR, ITAKKA, Wattens, Austria), which is invisible
for G. petersii (Ciali et al., 1997), and was observed through an infrared sensitive

camera (DCR-HC40E, Sony).

Control II: Exclusion of effects of the cotton hoods

A second control was conducted to test whether the black cotton hoods that were
used during the training of the electrically trained group influenced the
discrimination performance. During the tests with both senses available the
performance of the electrically trained fish increased compared to the tests with
only the electric sense available for object discrimination especially at longer
distances (Figure 18 black curve). This could be explained by the additional visual
input or it could have been an effect of the changes in the experimental condition.
During tests with only the electric sense available, the objects were covered with
hoods to prevent visual discrimination. These hoods were removed during the tests
with both senses available, which could have lead to an increase in performance.
Furthermore during the tests with both senses available red coloured agarose
objects were used instead of the metal objects that were used during electrical
tests. These were made of a high conductive saline solution (see description of
range tests), so the different object material might have also influenced the
performance. To exclude these factors, control tests with the conductive red

coloured agarose objects were conducted in the dark at 2 cm resp. 3 cm distance.

Control IlI: Exclusion of influence of the experimenter

A double blind control under the training conditions was conducted to make sure
that there was no influence of the experimenter on the decision of the fish. During
this control, a person that had previous experience with the experimental
procedure but had never worked with the tested fish before and did not know

which object was positive, conducted the experiments.

Control IV: Exclusion of effects of the surgical procedure for electrical silencing
After the sham operation, a control was conducted to ensure that the principal
surgical procedure had no influence on the performance. The fish were tested with

only the electric sense and with only vision available.
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Control V: Exclusion of effects of electrical input in electrically silenced fish and of
passive electrical cues

After the surgery, control tests with the hood covered aluminium objects were
conducted to test whether the “electrically silenced” fish were unable to
discriminate between the objects electrically. Furthermore this control ensured
that no additional electrical cues arising from the metal objects influenced the
discrimination performance by stimulating the passive (ampullary) electrosensory

system of the fish.

Control VI: Exclusion of effects of the electrically transparent agarose cubes

In the visually trained group aluminum objects encased in a cube of electrically
transparent agarose were used in complete darkness during the electrical test in
order to prevent influence of the lateral line system. To ensure that the agarose
cubes did not influence the discrimination performance, control tests were
conducted, during which the discrimination performance of the visually trained

fish with and without the agarose cube were compared in the dark.

2.1.4. Results

To test for cross-modal object recognition, ten Gnathonemus petersii with no
experimental experience were trained to discriminate between two objects of
different shapes placed at a distance of 1 ecm from the fish. By using objects made
from different materials, either the visual sense only (red coloured electrically
transparent agarose objects; group one, n=5) or the active electric sense only (metal
objects covered by hoods; group two, n=5) provided information, which could be
used for object discrimination. After the fish reached a preassigned learning
criterion (75% correct choices on three consecutive training days), they were
subjected to transfer tests, during which they could use only the untrained sense
for the discrimination task; in the visually trained group the active electric sense
(metal objects encased in a cube of electrically transparent agarose presented in
the dark), and the visual sense in the electrically trained group (red coloured
electrically transparent agarose objects). Control tests were performed to ensure
that the fish could not use any other cues (e.g. electrical or lateral line input) to
discriminate between the red coloured, electrically transparent agarose objects,
and that the hoods did not influence the electrical performance during training or

the tests (see control tests).
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2.1.4.1. Transfer tests
After training, all fish of both training groups were able to discriminate between
the objects with similar performances of 85% to 92% correct choices. However,
when the objects were placed at a distance of 1 cm from the fish, the results of the
two groups during the transfer tests differed (Figure 17). The discrimination
performance of all fish in the visually trained group remained constant during
transfer tests, during which only the electric sense was available for discrimination
(Figure 17 A), indicating that the fish were able to spontaneously discriminate
between the objects electrically without previously being trained with this
modality. In other words, they were capable of cross-modal object recognition. In
contrast, only two out of five fish trained with only the active electric sense
available reached a performance significantly different from chance-level when
tested only with visual information available for object recognition. These two fish

transferred information from the active electric sense to vision (Figure 17 B).

2.1.4.2. Range tests
We were unable to ascertain whether in the three unsuccessful fish (Fish No. 7, 8
and 10), transfer from the electric sense to vision failed to occur at the processing
stage, or whether transfer did occur, but was masked by a dominance of the electric
sense. During the tests when objects were only perceivable visually, the electrically
trained fish were presented with conflicting information from the electric sense
(providing the information that no object is present) and from vision (providing the
information that an object is present)). Therefore the inability to discriminate
between the objects in the visual transfer tests might have been driven by a
reliability-based dominance of the electric sense at short distances. To investigate
this, four fish (Fish No. 6, 8, 9, 10 (Fish 7 died)) from the electrically trained group
were subsequently tested at different distances from the objects in three
experimental situations: firstly, with only the active electric sense providing
information about the objects (to provide a measure of the reliability of the electric
sense at different distances); secondly, with only vision available (to test the
transfer from the electric sense to vision) and thirdly with both senses available for

object discrimination (a control).
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Figure 17: Visual (blue) and electrical (red) discrimination performance, under training
conditions and during the transfer tests of (A) visually trained fish (Fish No. 1-5) and (B)
electrically trained fish (Fish No. 6-10). All trials were conducted with two objects that only
differed in shape placed at a distance of 1 cm behind the respective gates. The number of trials
conducted with each condition is indicated within the bars. Training results include all training
trials after reaching the learning criterion. The dashed line indicates the 50% chance level. A
Chi2-Test was conducted to test whether the performances were significantly different from
chance level (* : P<0.05; **: P<0.01; ***: P<0.001).

At longer distances, the discrimination performance of the fish in the electrical
tests decreased in line with decreasing reliability of the electric sense (Figure 18,
red curves). However, the performance in the transfer tests, in which vision alone
was available for object discrimination, increased with distance, eventually
reaching a similar level as in the electrical training (Figure 18, blue curves). At
even longer distances, the performances decreased again. These tests reveal that

transfer must have occurred from the active electric sense to vision (there was no
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failure of transfer at the processing stage), but at short distances may have been
masked in all but two fish at the point of the behavioural output.

When tested with both senses (vision and the electric sense) available for object
discrimination, the information from both modalities corresponded, leading to a
high discrimination performance at both short and long distances (Figure 18, black
curves). Even at intermediate distances, where in both uni-modal cases the
performances were near threshold-level (at a distance of about 2 cm), the fish now
discriminated effectively between the objects. Control tests ensured that this effect

was not due to differences in the experimental conditions (see Control tests).
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Figure 18: Discrimination performance of the electrically trained fish (Fish No. 6 (A), 8 (B), 9 (C)
and 10 (D), same fish as in Figure 17 B) tested at different distances with only the electric sense
(red circles), only vision (blue squares) and both senses (black triangles) available for object
discrimination. At least 30 trials were conducted for each distance. The electrical (red line) and
visual (blue line) results were fitted with a Gaussian fitting curve and a sigmoidal fit was used for
the results of the tests with both senses available (black line). The R2?-value is given in the
corresponding colour for each curve in the figure. Results above the dotted line are significantly
different from chance level (P < 0.05, Chi*-test).
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2.1.4.3. Tests with “electrically silenced” fish
To pursue this further and to test whether the inability to discriminate between
the objects visually at short distances might be due to a non-functioning of the
visual sense, the electric organ of each of the four electrically trained fish (Fish No.
6, 8, 9, 10) was surgically silenced. To do this, the spinal cord was sectioned
anterior to the electric organ, which is located in the caudal peduncle (Rojas &
Moller, 2002). Following this procedure, the performances in the visual transfer
tests at short distance (1 cm) increased to a level similar to that during electrical
training (Figure 19). This reveals that at short distances the eyes of the animals do
provide information about object shape, and that in the absence of any electrical
input the behavioural output is driven by the visual input. Control experiments
after the tests at varying distances, before the fish were electrically silenced
ensured that the changes in the discrimination performance were not due to

experience gathered during the experiments with both senses (Figure 23).
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Figure 19: Discrimination performance at 1 cm object distances during the visual transfer tests
of the electrically trained fish (Fish No. 6, 8, 9,10; same fish as in Figure 17 B and Figure 18)
before (blue)(same data as in Figure 17 B) and after (dark blue) "electric silencing" (surgical

deactivation of the electric organ). For further description see Figure 17.

2.1.4.4. Control tests
Control I: Exclusion of electrical or lateral line information during visual tests
A dark control was conducted during which the electrically transparent red
coloured agarose objects were presented in complete darkness to test whether any

other cues such as lateral line information or passive electric cues were used
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during visual tests. All fish of both training groups were unable to discriminate the
objects during these control tests (Figure 20), showing that neither the lateral line
system nor the electrical input was sufficient for the discrimination task, and that
the fish used vision to discriminate between the objects during the training resp.

the transfer tests with light.
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Figure 20: Discrimination performance during the dark control. These control tests were
conducted to ensure that no additional cues were used to discriminate between the electrically
transparent, red colored agarose objects. Tests were conducted at 1cm (green) and 3 cm (light
green) object distance before and after electric silencing (dark green) with the visually trained
fish (Fish No. 1-5) and four of the electrically trained fish (Fish No. 6, 8, 9, 10). A Chi?-test
showed that none of the performances was significantly different from 50% chance-level
(P > 0.05), indicating that the fish were not able to use additional cues such as electrical or
lateral line input to discriminate between the objects. This shows that during the tests with light,

only vision was used for discrimination. For further description see Figure 17.

Control II: Exclusion of effects of the cotton hoods

A control was conducted during which the performance during tests with
conductive, red coloured agarose objects presented in complete darkness was
compared with the performance during the standard electrical tests with hood
covered metal objects to ensure that the differences in the experimental conditions
did not influence the performance during tests with both senses. The results of
these control tests were almost identical to the results of the tests with the hood
covered metal objects (Figure 21), revealing that neither the hoods nor the different
object material influenced the discrimination behaviour and leaving the additional

visual input as an explanation for the performance increase in test with both
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senses available. The lack of influence of the cotton hoods furthermore supports the

assumption that the cotton hoods were electrically transparent.

100 1 ns n.s. n.s n.s
. 90 - — [ — | — [
3 80 -

2 70
sl M 00 g e BN
2 40 4
3]
g 30 -
8 20 ~
10 1 30 30 30
° £ : g :
o™~ [a2] [sp] ™
6 8 9 10
Fish No.

Figure 21: Discrimination performance of four of the electrically trained fish (Fish No. 6, 8, 9
and 10) during control tests which ensured that there was no influence of the hoods on the
discrimination performance. Electrical tests were conducted with the hood-covered metal
objects (black) and with conductive, red colored agarose objects in the dark (grey) at 2 cm resp.
3 cm object distance. The exact Fisher-test was used to test for significant differences between
the performances (n .s.: P > 0.05). There were no significant differences between both
conditions, showing that there was no influence of the hoods on the discrimination performance.
Thus, performance differences between electrical tests and tests with the conductive red
colored agarose objects in light (tests with both senses) (Figure 18 red and black curve) were
not due to differences in the experimental conditions but originated from the additional visual

input. For further description see Figure 17.

Control lll: Exclusion of influence of the experimenter

Effects of the experimenter on the discrimination behaviour were controlled via a
double blind control, during which a unknown experimenter conducted the
experiments. The performance of the fish under these conditions was no different

compared to the results with the original experimenter (Figure 22).
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Figure 22: Discrimination performance of one fish of each training group (Fish No. 1 trained
with vision and Fish No. 6 trained with the active electric sense) with the usual experimenter
(dark purple) and with another experimenter during the double blind control (light purple). The
tests aimed at excluding influences of the experimenter on the discrimination performance and
were conducted under training conditions with both fish. The exact Fisher test showed no
significant differences between both conditions (n. s. : P > 0.05). For further description see

Figure 17.

Control IV: Exclusion of effects of the surgical procedure for electrical silencing

A sham operation was conducted to exclude influence of the principal surgical
procedure for electrical silencing on the discrimination behaviour. In all fish there
was no significant change in performance during these tests compared to before the
sham operation (Figure 23, intact vs. sham). This shows also that the performance
changes after the real operation were not influenced by previous experiments with

both senses available.

Control V: Exclusion of effects of electrical input in electrically silenced fish and of
passive electrical cues

None of the electrically silenced fish was able to discriminate between the objects
without visual cues and the performance of the fish decreased highly significantly

compared to the performance of the intact fish (Figure 23, silenced).
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Figure 23: Discrimination performance of the electrically trained fish during control tests, which
were conducted to exclude influences of the principal surgical procedure for electrical silencing
on the discrimination performance. Electrical (red) and visual (blue) tests were conducted
before the sham operation (intact, same data as in Figure 17), after the sham operation and
after "electrically silencing” (only for the electrical tests). The exact Fisher-Test was used to test
for significant differences between the performances of the intact fish compared to after the
sham operation and after electric silencing (***: P < 0.001; n .s.: P > 0.05). For further
description see Figure 17.

Control VI: Exclusion of effects of the electrically transparent agarose cubes

Tomake sure that the electrically transparent agarose cubes around the metal
objects used during the electrical tests of the visually trained fish had no influence
on the discrimination performance, tests under the same conditions without
agarose cubes were conducted. These tests showed that the agarose cubes did not

influence the discrimination behavior significantly (Figure 24).

2.1.4.5. Object inspection behaviour
During our experiments only the minimal distance of the fish to the objects was
restricted and the fish could choose its distance to the gate freely. However
observations of the behaviour of the fish while inspecting the objects showed that
when approaching the gates all fish stopped in front of the gates/ distance grits and
inspected the objects from this minimal distance, before swimming through the
gate or swimming to the other gate. This behaviour did not change throughout the
experiments suggesting, together with the results that the fish were unable to

discriminate between the objects visually at short distance while being able to do
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so from a longer distance, that in this paradigm the fish made their decision at a

more or less distinct location not applying information acquired before at longer

distances.
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Figure 24: Discrimination performance of the visually trained fish (Fish No. 1-5) in complete
darkness with (red) and without (dark red) agarose cubes encasing the aluminum objects.
These control tests were conducted to exclude influences of the agarose cubes on the
discrimination performance during the electrical tests. The exact Fisher test showed no
significant differences between both conditions (n. s. : P > 0.05). For further description see
Figure 17.

2.1.5. Discussion
Our results show that, similar to mammals, the weakly electric fish Gnathonemus
petersii is capable of cross-modal object recognition (Figure 17). Cross-modal object
recognition increases the flexibility of a multisensory system as it allows animals to
recognize objects under varying conditions (e.g. day and night) and to exploit the
advantages of their long range (vision) and short range (active electrolocation)
sensory systems optimally. Since the senses have to provide information with
matching content for cross-modal object recognition, in most mammals, this ability
1s restricted to vision and the haptic/tactile sense (Cowey & Weiskrantz, 1975;
Davenport & Rogers, 1970; Gaydos, 1956; Winters & Reid, 2010). Similarly,
dolphins are capable of performing cross-modal object recognition between vision
and active echolocation (Herman et al., 1998). Here we show for the first time that
cross-modal object recognition is also possible between vision and the active electric
sense. Although the mechanosensitive lateral line system or the passive electric

sense also could have provided object information and might influence object
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recognition in a natural environment, control experiments showed no involvement
of these sensory systems in our experiments (Figure 20, Figure 23).

During our study, G. petersii used its active electric sense and vision to acquire
information about the shape of the two objects to be discriminated. Thus, the
animals had to recognise that the information provided by the two sensory systems
about the same spatial object feature were identical, even though they were relying
on different physical stimuli and the sensory information was arriving
sequentially. This means that the sensory information had to be encoded in the
brain in a way that allowed the two sensory channels to exchange information and
compare and match object related inputs. This highly cognitive ability could be
achieved in two different ways: Firstly, information about certain object features
(in our experiment pertaining to shape) is encoded in a generic form, regardless of
the input channel, i.e. both channels use a matching format of encoding. This
would enable the fish to recognize objects cross-modally without any previous
experience, in other words cross-modal object recognition would be an innate
ability. Alternatively, information originating from multiple senses might not
match in format. Instead, the fish could have learned to associate visual and
electric inputs of basic features also common in other environmental objects when
exposed to the features in the past. So, for example, a fish might have learned to
associate a visual and electric image of a curved edge and/or a corner.
Subsequently, these associations would have been generalized to new objects and
new situations. In this case, cross-modal object recognition would be dependent on
sensory experience and would not be innate. At present, we do not know which
scenario is correct for G. petersii. Studies with humans have shown, however, that
newborn infants are cable of cross-modal recognition of object shape and texture
using touch and vision, suggesting that information is encoded generically (Sann &
Streri, 2007; Streri, 2003; Streri & Gentaz, 2004). However, this has remained
untested in any other animal.

In order to recognize objects cross-modally, information about characteristic object
features has to be stored in some kind of neuronal representation, which is
subsequently accessible by the other sense. This could be achieved either through a
comparison of modality specific representations or through a single multimodal
representation stored in a multisensory brain area (Ettlinger & Wilson, 1990;
Lacey, Campbell, & Sathian, 2007; Winters & Reid, 2010). In mammals, cross-

modal object recognition is associated with cortical structures such as the
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prefrontal cortex (Fuster, Bodner, & Kroger, 2000), the perirhinal or the posterior
parietal cortex (Taylor, Moss, Stamatakis, & Tyler, 2006; Winters & Reid, 2010).
Since fish lack an isocortex, the ability of cross-modal object recognition cannot
depend on the existence of these mammalian brain structures per se. However, a
recent study has shown a cryptic laminar and columnar organization of the
dorsolateral pallium (DL) of a gymnotiform weakly electric fish which, together
with other organizational structures, supports the hypothesis that there is a
homology between the teleost DL and the mammalian cortex (Trinh, Harvey-
Girard, Teixeira, & Maler, 2016). Furthermore the pallium of G. petersii is known
to receive inputs from the auditory, the visual, the electrosensory and the lateral
line systems (Prechtl et al., 1998), and lesion experiments in goldfish have shown
that the teleost telencephalon is involved in spatial learning tasks (Broglio et al.,
2005; Portavella, Vargas, Torres, & Salas, 2002; Rodriguez et al., 2002), making it
a prime candidate for the location of cross-modal object recognition in G. petersii.
Other brain areas such as the tectum opticum, the torus semicirularis and the
valvula cerebelli also receive multiple sensory inputs in G. petersii and therefore
could also be involved in cross-modal transfers.

In G. petersii, cross-modal object recognition is influenced by dynamic weighting of
the sensory inputs. The fish “weight” object related sensory inputs according to
their reliability, to minimize uncertainty and to enable optimal multisensory
integration. At short distances the active electric sense dominates the behavioural
output during object discrimination. When the object was close by, the conflict
between vision and the active electric sense (one sense providing the information
that an object is present, the other sense providing the information that no object is
present) was resolved in favour of the active electric sense, leading to an
inability/decreased ability to discriminate between the objects visually in the intact
electrically trained fish (Figure 17, Figure 18). However after being electrically
silenced the identical fish were able to discriminate between the objects visually at
short range at the same level as during electrical training (Figure 19). This
suggests that in the absence of any electrical input, the visual information was no
longer overwritten and the behavioural output was driven by the visual input,
supporting the hypothesis that when intact the ability to discriminate between the
objects visually was masked by the dominance of the active electric sense. At short
range, the reliability of the electric sense exceeds that of the visual sense, which

has a relatively low spatial resolution (minimal visual angle of about 3°) (Francke
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et al., 2014; Kreysing et al., 2012; Pusch, Wagner, von der Emde, & Engelmann,
2013). In contrast, active electrolocation provides the fish with fine scale three-
dimensional spatial information and additionally informs the fish about the
electrical properties of an object (von der Emde, 2006; von der Emde & Ronacher,
1994). The electric sense is very reliable at short distances because environmental
factors like light level, turbidity or small suspended particles do not interfere with
active electrolocation (in contrast to vision, which suffers e.g. from reflection,
refraction, scattering, attenuation)(C. Hopkins, 2009). In addition, the observed
dominance of the electric sense at short range might be based on the prior
experience that in nature there are no nearby objects that cannot be perceived
electrically. Because of the huge conflict between the visual and the electrical
inputs during our experiments, integration might have even broken down
(segregation), so that the visual information may have been discounted and the fish
have ignored the objects even though they could be perceived by the visual sense
(Ernst & Di Luca, 2011).

However, the results obtained after visual training of the fish show that the
“weighting” of the sensory inputs can be adjusted through learning (Figure 17 A).
The repetition and rewarding of the visual stimulus without electrical object input
during visual training may have remapped the system so that the visual training
was eventually successful. Also in experiments with humans and monkeys (Adams,
Banks, & van Ee, 2001; Zaidel, Turner, & Angelaki, 2011) it was shown that it is
possible to adapt to discrepancies in sensory inputs, if they are consistent and
occur over many repetitions (Ernst & Di Luca, 2011).

At longer object distances, the reliability of the electric sense decreases rapidly due
to its small working range (Pedraja, Aguilera, Caputi, & Budelli, 2014; von der
Emde et al., 2010). Consequently, the dominance of the electric sense over vision
decreases, and the conflict between vision and the electric sense is now solved in
favour of the visual information (Figure 18). These results correspond well with
findings in humans (Ernst & Banks, 2002), monkeys (Fetsch et al., 2009) and rats
(Sheppard et al., 2013) and suggest that dynamic weighting of sensory inputs is a
fundamental process necessary for multisensory integration, and is conserved
across vertebrates. However, it is not known yet how the inputs of multiple senses
are weighted and integrated in the brain. Multisensory information could, for
example, be processed in a centralized or decentralized manner. In a centralised

system information received through all sensory systems would be fed into a single
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integration centre, where the multiple inputs would be integrated (Magosso,
Cuppini, Serino, Di Pellegrino, & Ursino, 2008; Ursino, Cuppini, Magosso, Serino,
& D1 Pellegrino, 2009). In contrast, in a decentralized system the integration would
be achieved through the interconnection of many multisensory areas (W.-h. Zhang,
Chen, Rasch, & Wu, 2016).

Here we show, for the first time, that cross-modal object recognition as well as
dynamic weighting of sensory inputs exists not only in mammals but also in fish.
This has important implications for our understanding of the mechanisms and the
neuronal requirements underlying these functions, by revealing that the teleost
brain, which is usually considered to be simple in relation to those of birds and

mammals, 1s nonetheless capable of performing these complex cognitive tasks.
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2.2. Electrosensory capture during multisensory discrimination
of nearby objects in the weakly electric fish Gnathonemus
petersii

2.2.1. Abstract

Animal multisensory systems are able to cope with discrepancies in information
provided by individual senses by integrating information using a weighted average
of the sensory inputs. Such sensory weighting often leads to a dominance of a
certain sense during particular tasks and conditions, also called sensory capture.
Here we investigated the interaction of vision and active electrolocation during
object discrimination in the weakly electric fish Gnathonemus petersii. Fish were
trained to discriminate between two objects using both senses and were
subsequently tested using either only vision or only the active electric sense. We
found that at short range the electric sense dominates over vision, leading to a
decreased ability to discriminate between objects visually when vision and
electrolocation provide conflicting information. In line with visual capture in
humans, we call this dominance of the electric sense electrosensory capture.
Further, our results suggest that the fish are able to exploit the advantages of
multiple senses using vision and electrolocation redundantly, synergistically and
complementarily. Together our results show that by providing similar information
about the environment on different spatial scales, vision and the electric sense of

G. petersii are well attuned to each other producing a robust and flexible percept.

2.2.2. Introduction

The vast majority of studies in the field of sensory biology have been restricted to a
single modality. However, objects and environments contain inherently multimodal
information, therefore animals are likely to use information from multiple sensory
channels to analyse features of their environment and to guide behaviour (Braun,
Coombs, & Fay, 2002). A fundamental question in sensory biology is how multiple
sensory systems operate together to produce an appropriate behavioural response.
Here we aimed to investigate this question by using an object discrimination
paradigm based on operant conditioning, to explore the interaction of the active
electric sense and vision in the weakly electric fish Gnathonemus petersii.

In a multisensory system each sense provides an individual stream of information

about the environment based on different physical stimuli. In order to form a
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robust and reliable overall percept these individual streams can be combined and
integrated in different ways. The combination of different information sources can
be used to increase the information input, and the integration of information from
different senses about the same event or object can increase the reliability of the
resulting percept (Ernst & Biilthoff, 2004). However, there is inherent noise within
all sensory systems; so, even if different senses provide information arising from
the same source, the informational content of the inputs varies slightly. For
example, the visually perceived size of an object might differ slightly from the
haptically perceived size of the same object. Instead of increasing the reliability of
the percept through integration, these discrepancies between the inputs of different
senses might lead to a decrease of reliability if combined equally.

To prevent this decrease and to obtain a coherent and reliable percept, not all
senses contribute to the overall percept to the same degree. Instead the
information from the different senses is integrated using a weighted average of the
inputs. Studies in humans, monkeys and rats have found that this weighting
depends on the reliability of the sensory inputs (Alais & Burr, 2004; Ernst &
Banks, 2002; Fetsch et al., 2009; Sheppard et al., 2013) and is probably also based
on prior experience (Ernst & Bilthoff, 2004; Ernst & Di Luca, 2011). As a result,
the percept, and thus the observable behavioural output, is often dominated by a
certain sense under certain conditions and during a certain task. Examples for
such dominance of a sense can be seen in visual capture in humans during spatial
tasks and in auditory capture during timing tasks. In humans, spatial decisions
such as size estimation or source localisation are dominated by visual information,
which can be observed when the sensory inputs of vision and the haptic or acoustic
sense provide conflicting information (Howard & Templeton, 1966a; Rock & Victor,
1964). On the other hand, this dominance is reversed during tasks that require
temporal decisions. For example during the identification of the number of
presented light flashes and beeps, the number of presented beeps will affect the
number of perceived flashes (Shams et al., 2000, 2002).

Although in these and other examples one sensory input dominates, the observed
behaviour is still also influenced slightly by the input of the other senses.
Therefore, drastic discrepancies between the different inputs might still lead to a
decrease of the reliability of the overall percept. In order to prevent this loss of
reliability, integration breaks down if the discrepancies between multisensory

inputs are too large and the different inputs are processed separately (segregation)
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(Ernst & Di Luca, 2011). The system is thus able to prevent the integration of
information arising from two different events or objects.

The principles of integration through weighting of sensory inputs and segregation
enable a multisensory system to obtain a robust percept and to exploit the
advantages of possessing multiple information sources. For example, integration of
multiple sensory inputs often leads to a synergetic effect, improving the
behavioural response during multisensory trials compared to single sensory trials
(Guo & Guo, 2005; Leonard & Masek, 2014; Stein, Meredith, Huneycutt, &
McDade, 1989; L.-Z. Zhang, Zhang, Wang, Yan, & Zeng, 2014). Segregated
information can be complementary, if the information streams are tuned to
particular tasks or to components of a task (Agrawal, Safarik, & Dickinson, 2014).
Furthermore, information from multiple senses could be used redundantly, where
one sense can independently guide a behaviour but can be replaced by another if it
becomes unavailable, for example at night when low light levels mean that vision
cannot be used (Wilgers & Hebets, 2011).

Here, we aim to investigate these principles of multisensing by using the African
weakly electric fish Gnathonemus petersii as a model. G. petersii 1s primarily
known for its ability to orientate and communicate using its active electric sense.
These fish are able to detect and discriminate objects by producing weak electric
pulses in an electric organ located in the caudal peduncle (electric organ discharges
(EODs)) (von der Emde, 2006; von der Emde & Fetz, 2007). Each EOD generates
an electric field around the animal. Objects within this electric field distort the
spreading of the field lines, creating an electric image (Caputi et al., 1998; Rasnow,
1996), and these distortions can be perceived by the fish using special cutaneous
electroreceptor organs (Jorgensen, 2005). Electric images provide fine scale spatial
information about the shape, size and location of nearby objects and they
additionally provide information about the electrical properties of objects, such as
their resistance and capacitance, which inform the fish whether these objects are
animated or inanimate (von der Emde & Fetz, 2007).

Besides the prominent active electric sense, G. petersii possess a highly specialised
visual system. As an adaptation to their crepuscular or nocturnal life style and
their habitat in black water streams, these fish possess a so-called grouped retina,
in which the photoreceptors are packed into bundles surrounded by a tapetum
lucidum (Francke et al., 2014; Kreysing et al., 2012). This organisation of the
photoreceptors improves vision under dim light and within turbid water but comes

with the cost of a relatively low spatial resolution (minimal visual angle of about
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3°) (Pusch, Wagner, et al., 2013). Since this visual system has a high temporal
resolution (Pusch, Kassing, et al.,, 2013), it mainly functions to detect fast
movement of bigger objects such as predators but it also enables the fish to
discriminate between objects (Schumacher, Burt de Perera, Thenert, & von der
Emde, 2016).

In an earlier study(Schumacher, Burt de Perera, Thenert, et al., 2016), we showed
that G. petersii, which were trained to discriminate between two objects using
either only the active electric sense or only vision, were capable of spontaneous
cross-modal object recognition. Furthermore, when trained only with the active
electric sense, electrolocation dominated over vision during object discrimination at
short range. With increasing object distance this dominance of the active electric
sense diminished, suggesting that the sensory inputs were weighted dynamically
according to their reliability (Schumacher, Burt de Perera, Thenert, et al., 2016).
During these experiments the fish could use only single senses to learn the task,
which might have influenced the hierarchy of the senses through learning. The
question remains as to how vision and the active electric sense operate together
during an object discrimination task under more natural conditions when both
senses can be used to acquire information about the object. Is there still a
hierarchy of the senses or are vision and the electric sense weighted equally, when
both senses could be used during training?

Here we extended this work by investigating sensory dominance, also known as
sensory capture, with fish that were trained with both senses available, by
subsequently comparing their performance during visual and electrical uni-modal
tests. Furthermore, by investigating the performances of fish trained (1) with both
senses, (2) only with vision (intact and electrically silenced), and (3) only with the
active electric sense, we were able to study additional aspects of sensory weighting,
such as remapping and the influence of sensory conflict, and whether there are any
advantages of using both senses to solve similar tasks, including, redundancy,
synergy and complementation. Together, our experiments indicate how the active
electric sense and vision operate together to produce an appropriate behavioural

response during object discrimination.
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2.2.3. Methods

2.2.3.1. Subjects and set up

The subjects were eighteen naive G. petersii with a standard length of 9 — 14 cm.
The fish were kept individually in 75 cm x 40 cm x 40 cm tanks, which also served
as experimental tanks. Each tank was divided into two compartments (40 cm x 40
cm and 35 cm x 40cm) by a partition containing two gates. The bigger
compartment was used as the experimental area. It was again divided into two
compartments, each of which was connected with the smaller section (living area)
through one gate (Figure 25).

During the experiments objects were placed 1 cm behind the gates in the
experimental area. Grids were placed behind the gates to make sure that the fish
always kept the same minimum distance while inspecting the objects. These grids
were made of a plastic frame stringed with cotton thread (diagonal mesh size 15
mm) and the fish had to push them aside in order to pass the gate. Most
experiments were conducted under dim light conditions of 3-6 1x measured just
above water level with a light probemeter (Extech instruments, Nashua, USA),
which is within the range that allows optimal visual object recognition in G.
petersit (Schuster & Amtsfeld, 2002). The experiments that required exclusion of

visual input were conducted in complete darkness (<0.01 Ix).

Figure 25: Schematic side view of the experimental tank.
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2.2.3.2. Experimental procedure

The fish were trained in a two alternative forced choice procedure to discriminate
between two objects that only differed in shape. At the start of each trial, the fish
remained in the living area with closed gates, and the positive object (S+) and the
negative object (S-) were placed behind the gates on the left or the right side of the
experimental area according to a pseudorandom sequence (Gellermann, 1933). To
start the trial, the gates were opened simultaneously, and the fish was able to
inspect both objects through the gates. If the fish chose to swim through the gate
with the S+ behind, it received a food reward (chironomid larva), while the
selection of the S- was punished by chasing the fish back into the living area. After
a correct decision, the fish was given approximately 1 min to return to the living
area. If the fish did not swim back within this timeframe, it was carefully forced
back into the living area (without inflicting stress). When the fish was back in the
living area, the gates were closed and a new trial was prepared. Each fish
conducted 15 — 44 trials per day.

Training was considered successful when the fish reached a pre-assigned learning
criterion of > 75% correct choices on three consecutive training days. After the fish
reached this criterion, tests were interspersed every third trial. This training to
test ratio was increased to 2:2 after 3-5 days. During test trials fish were neither

rewarded nor punished to prevent training effects during the tests.

2.2.3.3. Training groups and tests

Fifteen fish were divided into three training groups of five fish each, which could
use either both vision and the active electric senses (B group; fish 1-5), only vision
(V group; fish 6-10) or only the active electric sense (E group; fish 11-15) to
discriminate between the objects. Additionally three fish were “electrically
silenced” before being trained with only vision available (S group; fish 16-18).
During all experiments a sphere (0 3 cm) was used as the S+ (Figure 26 A). In the
B, V and E training group three fish each were trained with a cross (width: 4 cm,
height: 4 cm, depth: 1.7 em; Figure 26 C1) and two with a cuboid (4 cm x 2.2 cm x
1.7 cm; Figure 26 B) as S-. In the S training group, the cross was used as S- for two
fish and the cuboid for one.

To enable the fish to use both the active electric sense and vision to learn the
discrimination task, the objects that were used during training in the B group were

made of aluminium and were presented under light conditions.

74



MULTISENSING

For training in the V group as well as in the S group, electrically transparent
agarose objects were used, which had approximately the same conductivity as the
surrounding tank water, therefore they were “electrically invisible” to the fish. To
improve the visual perceptibility, the objects were coloured with red food colour.
Red was chosen because the absorption maximum of the cones of G. petersii is at a
wave length of 615 nm (Kreysing et al., 2012). To produce the objects, red food
colour (Lebensmittelpaste Rot, Deko Back, Waibstadt, Germany) was added to
deionised water (conductivity: 8 uS/cm) until a conductivity of ca. 40 uS/cm was
reached. Agarose powder was added in a ratio of 2g per 100 ml liquid (increasing
the conductivity to ca, 100 uS/cm) and the mixture was boiled and cast in moulds.
The objects were ready to use when the agarose became stiff.

To measure whether the electrical properties of the agarose objects matched those
of the tank water, the resistances of 250 ml stiff agarose and 250 ml tank water
were compared. For these measurements, the measuring electrodes of a multimeter
(M-3650B, Voltcraft) were injected with 5 cm distance to each other in the agarose
or water. There was no measurable difference between the resistance of the
agarose and that of the tank water. Additional control test were conducted to
ensure that the fish were unable to use electrical input for the discrimination task
(see control tests).

In the E training group, aluminium objects were used that were covered with
electrically transparent hoods made of opaque black cotton fabric ensuring that the
positive and the negative objects had the same outer shape. This prevented
discrimination with vision and also excluded a possible influence of the lateral line
system on the performance.

In the V training group, it was not possible to exclude an influence of the lateral
line system without also interfering with the visual discrimination. Hence, control
tests were conducted to ensure that the lateral line system was not involved in the
discrimination in the B, V and S training group (Control tests).

The three fish of the S training group underwent a surgical procedure before
training, during which the spinal cord was sectioned anterior to the electric organ
located in the caudal peduncle. The fish were narcotised in a 100 mg/l solution of
MS 222 (Acros Organics, Geel, Belgium). Once the fish were unconscious, the
operation side was locally anaesthetized with Xylocain Gel (AstraZeneca GmbH,
Wedel, Germany) and a dissecting needle was inserted into the vertebral canal.

With slight movements of the dissecting needle the spinal cord was sectioned, so
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that the electric organ no longer received command signals from the brain, hence

the fish were unable to produce electric signals.

(A) (B) (C1) (C2)
(D1) (D2) (D3) (D4)
(E1) (E2) (F) (G)

Figure 26: Shapes of objects used during training (A-C1) and during the feature recognition
tests (C2-G). All objects had the same volume. The material of the objects differed for the
different training groups. For the experiments with the B-group, which could use both vision and
the electric sense for the discrimination task aluminium objects were presented in ambient light.
For the training with only the electric sense (E group), the aluminium objects were covered with
black cotton hoods. During vision only training and tests, the objects were made of red coloured
electrically transparent agarose. The sphere (A) was used as the positive object during all
experiments except for the tests with an exchanged positive object. The cuboid (B) and the
cross (C1) were used as negative objects during training and during the uni-modal tests. Object
D, E, F and G were neutral and never used in experiments with these fish before. To ensure
that when using objects D3, D4 or E1 the horizontal bar was presented in the same height as in
the cross, small cubes of electrically and visually transparent agarose were used to lift the
objects.

2.2.3.3.1. Speed of task acquisition
To test whether the available sense influenced the speed of learning, the mean
number of training days needed to reach the pre-assigned learning criterion of 75%
correct choices on three consecutive training days was compared for the four
different training groups. A Kolmogorov-Smirnov-test was conducted to test
whether the training durations of each group was normally distributed. Afterwards
a One-Way-ANOVA and a post-hoc-test with a Bonferoni-correction were conducted

to compare the results of the different groups.
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2.2.3.3.2. Accuracy of response
To test whether there were any effects of the available sense on the accuracy with
which the fish solved the task, the performances of the different groups under their
training conditions were compared at asymptote-level. The percentage of correct
choices during all training trials after reaching the learning criterion was
calculated for each fish. To allow statistical analyses, the percentage data were
transformed using the Arcsine transformation. The results of each group were
tested for normal distribution with the Kolmogorov-Smirnov-test and the groups
were compared using a One-Way-ANOVA and a post-hoc-test with a Bonferoni-
correction. The mean and the standard error of the mean were calculated for each

group, transformed back and plotted in bar charts.

2.2.3.3.3. Uni-modal tests

After training, the fish trained with both vision and the active electric sense
(B training group) were tested in uni-modal tests, during which the fish could use
either only vision or only the electric sense to discriminate between the objects.
During the tests, the fish were neither rewarded nor punished. The vision only
tests were conducted with the red coloured electrically transparent agarose objects
presented in light. To test the discrimination performance when only the active
electric sense provided information about the objects and to prevent influence of
other sensory systems, aluminium objects were encased in cubes of electrically
transparent agarose and presented in complete darkness.

After all tests (increased conflict, feature detection, memory test and control tests)
were completed, two of the fish trained with both senses (fish 2 and 5) were
electrically silenced. Since these fish were used during the memory tests
beforehand (see below), fish 2 had to be retrained again before it was silenced. Fish
5 never reached a performance below 70 %, therefore retraining was unnecessary.
Before the actual operation, a sham operation was conducted, following the same
procedure as the real operation described above for the S training group, but
instead of inserting the dissecting needle into the vertebral canal, only the skin
was penetrated, so that the ability to produce electrical signals was not impaired.
The fish were then tested again with the metal objects and with the electrically
transparent red coloured agarose objects in light, to ensure that the surgical
procedure had no effect on the discrimination performance. Because this was the

case in all fish, the fish were then electrically silenced and tested again with only
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vision (red coloured electrically transparent agarose objects in light) available for
the discrimination task.

With each test condition at least 30 trials were conducted. The performance of each
fish during the different tests was plotted in a bar chart and tested for significant
differences to the 50%-chance level using a Chi?-test. Exact Fisher-Tests were used

to compare the performance under the different conditions for each fish.

2.2.3.3.4. Conflict between senses
During the uni-modal visual tests, vision and the active electric sense provide
conflicting information about the objects (vision giving the information that objects
are present and the electric sense giving the information that there are no objects).
To test how the conflict between vision and the electric sense affects the
discrimination performance, the intact fish of the B group, the fish of the V group
and two fish of the B group (fish 2 and 5) after being electrically silenced were
tested visually with visually transparent plastic screens (5 cm x 8 cm, 0.1 cm thick)
placed in front of the red coloured electrically transparent agarose objects. During
these tests the visual sense still provided information about the shape of the
objects, while the electric sense provided information about the shape of the plastic
screens, thus increasing the conflict between both senses compared to the visual
tests without plastic screens. The screens were placed directly in front of the
objects, so that the distance of the fish to the object and the screen was almost
identical. With each fish at least 30 test trials were conducted and a Chi?-test was
conducted to test whether the performance was significantly different from chance
level. To test whether there were significant differences between the performances
of the two fish trained with both senses before and after they were electrically

silenced the exact Fisher-test was used.

2.2.3.3.5. Feature detection
To investigate whether vision and the electric sense are tuned to particular aspects
of object discrimination, we tested which features of the objects the fish used to
discriminate between them under different sensory conditions. First we tested
whether both objects were used to fulfil the discrimination task or whether the
discrimination task only depended on one of the objects (either the S+ or the S-). To
do this, two fish of the B group (fish 1 and 2) and two fish of the V group (fish 8 and
9) (all four fish were trained with the cross as negative object) were tested with: 1)

the known positive object vs. a different shaped unknown neutral object (ellipsoid,
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Figure 26, object G) and 2) with the known negative object vs. the ellipsoid. Since
all fish were able to fulfil the task when the positive object was exchanged but none
of the fish was able to do so when the negative object was exchanged (see results),
the further feature detection tests were conducted by exchanging the negative
object.

The feature detection tests were again conducted with fish 1 and 2 of the B group
and fish 8 and 9 of the V group. During these tests, the S- was replaced by three
additional unknown objects (Figure 26 D-F), which all had the same volume as the
known negative object (cross, C1). Object D consisted of the same basic elements as
the cross and was presented at four different perspectives (D1-4). Depending on the
perspective, the object had certain identical features as the cross, e.g. the
horizontal bar or the vertical bar, with relocated features, for example, the upper
and lower arm or the right and the left arm. Object E consisted only of a single bar
of the cross and was presented either horizontally or vertically (E 1, 2). Object F
was a cuboid with the same length and height (4 cm x 4 c¢cm) as the cross. The
known negative object (cross, C1) was also presented with a rotation of 45° (C2).
Thus there were eight different test conditions that were compared with the results
of the training trials with the cross. 20 trials were conducted with each condition.
The percentages of correct choices with the different objects were plotted in bar
charts and a Chi2- test was used to test whether the performance was significantly

different from chance level.

2.2.3.3.6. Robustness of performance
To test for how long the fish were able to perform the learned discrimination task,
three fish of the B group (fish 1, 2 and 5) and two fish of the V group (fish 6 and 7)
were tested after four weeks without any training and subsequently once a week
under the same conditions that they were trained with (except fish 5, which was
tested after 6 weeks and then once every 4 weeks). On each test day, 20 trials were
conducted, during which the fish received a food reward every third trial no matter
which decision was made in order to maintain motivation. No punishment was
used during these tests. When the fish reached a performance of less than 70%
correct choices on three consecutive weeks, it was assumed that the fish were no

longer able to perform the task and the tests were stopped.
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2.2.4. Results

During training, 15 intact and 3 electrically silenced (S group) naive G. petersii
were trained to discriminate between two differently shaped objects under different
sensory conditions. Either they could use both vision and the active electric sense
(B group; metal objects), only vision (V and S group; electrically transparent
agarose objects) or only the active electric sense (E group; metal objects covered

with opaque cotton hoods) to discriminate between the objects.

2.2.4.1. Speed of task acquisition

All fish, no matter which senses they could use during training, learned the
discrimination task and reached the pre-assigned learning criteria of 75% correct
choices on three consecutive training days. The speed of learning however differed
significantly depending on the senses available (Figure 27). The five fish of the V
training group learned the discrimination task on average in 31.5 (29-36) training
days, which was significantly slower than the five fish of the B training group with
an average of 12.5 (4-28) training days and the five fish of the E training group
with an average of 16.2 (10-23) training days. When trained under the same
conditions, the three electrically silenced fish, which were not able to produce any
electric signals, reached the learning criterion significantly faster than the intact
V group. With an average training duration of only 6 (5-7) days these fish also
learned the task slightly faster than the fish of the B and the E training groups.
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Figure 27: Mean number of training days the different training groups needed to reach the pre-
assigned learning criterion. The error bars indicate the standard errors of mean. To test for

normal distribution, the Kolmogorov-Smirnov-test was used (P > 0.05 for all groups). A One-
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Way-ANOVA (P < 0.001, F = 13.123) and a post-hoc-test with Bonferroni-correction were
conducted to compare the different groups. The letters above the bars indicate the results of the
post-hoc-test. Bars which do not differ significantly are indicated by the same letter above the
bars (P > 0.05). A different letter above the bar indicates a significant difference in performance
(P £ 0.05). The number of fish in each group is shown within the bars.

2.2.4.2. Accuracy of response
After reaching the learning criterion, the accuracy of all of the fish increased up to
at least 84 % correct choices (Figure 28). The highest accuracy at asymptote level
was reached by the fish of the B training group with an average of 94.5% (90.4% -
99.2%), which was significantly higher than the accuracy of the V training group
and the S training group. With an average accuracy of 89.8% (87.1% - 92.1%) the
performance of the E training group was not significantly different from the results
of the B group (P =0.058) but a similar trend to a reduced performance could be
observed. The accuracy of the V training group (@ 86.2% (84.6% - 88.2%)) and the
electrically silenced fish trained under the same conditions (@ 85.3% (84.1 % -

86.0%)) were very similar.
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Figure 28: Mean accuracy of the different training groups during the training trials of the object
discrimination experiments. The percentage of correct choices was calculated for each fish
including all training trials after the fish reached the learning criterion. For the statistical
analyses the data was arcsine transformed. The Kolmogorov-Smirnov-test was used to test for
normal distribution (P > 0.05 for all groups). To compare the results of the different groups a
One-Way-ANOVA (P = 0.001, F = 8.908) and post-hoc-tests with Bonferroni-correction were
conducted. The mean and standard error of mean (indicated by the error bars) were calculated
and back transformed. The dashed line indicates the 50% chance-level. For further description

see Figure 27.
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2.2.4.3. Uni-modal tests

After training, the fish of the B training group were tested in uni-modal tests,
during which they could use only the active electric sense or only vision.

All of the five fish of the B group were able to discriminate between the two objects
using only the active electric sense with an accuracy of over 93% correct choices,
significantly above the 50% chance level (Figure 29). In tests, during which the fish
could use only the visual sense, the performance of the individuals differed. Three
(fish 2, 4 and 5) of the five fish were not able to discriminate between the objects in
these tests performing just at chance level (40.7 % - 53.3 %). However two of the
fish (fish 1 and 3) reached an accuracy significantly above chance level (74.2 % and
68 %) and were thus able to discriminate between the objects even though the
accuracy was significantly lower than in training.

During the visual tests with the electrically transparent agarose objects there was
a conflict between vision (providing information about the object) and the electric
sense (providing the information that no object was present). The visual
discrimination could have failed in the three unsuccessful fish either because the
fish had not learned to use visual information for the task or because the conflict
between the sensory inputs was solved in favour of the electric sense. To test
between these alternatives, two of these unsuccessful fish were subsequently
electrically silenced, which excluded electrical input. When subsequently tested
visually under the same conditions as before, the fish reached a performance
significantly above chance level (80 %, 82%) and thus were now able to
discriminate between the objects using only vision (Figure 29). This means that the
information for discriminating between the objects using vision must have been

available but wasn’t used as long as the electric sense was working.
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Figure 29: Discrimination performance of the fish trained with both senses (fish 1-5) during
training (black), during uni-modal test with the active electric sense only (red) and with vision
only (blue) and during visual test after being electrically silenced (fish 2 and 5; dark blue). The
number of trials conducted with each condition is given within the bars. The 50%-chance level is
indicated by the dashed line. To test whether the performances were significantly different from
chance level, Chi2-tests were conducted (* : P < 0.05; ** : P < 0.01; *** : P £0.001). Fisher-tests
were used to compare the performances under the different conditions for each fish. Bars which
do not differ significantly are indicated by the same letter (a) above the bars (P > 0.05). A

different letter (b) above the bar indicates a significant difference in performance (P < 0.05).

2.2.4.4. Conflict between senses

To test whether the degree of conflict between vision and the active electric sense
during the visual tests influences the discrimination performance, a test with a
large conflict between the two senses was conducted by putting a clear plastic
screen in front of the red coloured electrically transparent agarose objects. The
plastic screens increased the conflict between vision and the electric sense
compared to the visual tests without screens, because the fish electrically perceived
the shape of the screen, while seeing the shape of the agarose objects.

During these tests, none of the intact fish of the B group were able to discriminate
between the objects (Figure 30 A, light blue bars). Even the two fish (fish 1 and 3),
which were able to discriminate between the objects during the visual test, did not
reach a performance significantly different from chance level. However after fish 2
and 5 were electrically silenced, the performance during the tests with an
increased conflict significantly rose to a level significantly different from chance

level (green bars). These fish were now able to discriminate between the objects.
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The performance of the fish of the V group during the tests with an increased
conflict however did not differ from those during the visual tests and all five fish

reached a performance significantly different from chance level (Figure 30 B).
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Figure 30: Discrimination performance of the fish trained with both sense (A) and the fish
trained only with vision (B) during tests with an increased conflict between the visual and the
electrical object information provided (grey). During these tests, a visually transparent plastic
screen was placed in front of the red coloured electrically transparent agarose objects. Thus
vision provided information about the shape of the objects, while the active electric sense
provided information about the plastic screen, creating a stronger conflict between the sensory
inputs compared to visual tests without plastic screens. Fish 2 and 5 were tested again after
being electrically silenced (green). For reference, the performance of the fish during the visual
tests is shown (blue; A same data as in Figure 29, B data from Schumacher et al 2016). An
exact Fisher-Test was conducted to compare the performance during the visual tests and the
test with increased conflict and the performance before and after being silenced. For further
description see Figure 29.
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2.2.4.5. Feature detection
To test which features the fish used to discriminate between the objects, we first
tested whether the fish had learned both objects, only the positive or only the
negative object. All fish, no matter whether trained with both senses or trained
only with vision, reached a performance significantly different from chance level
when the positive object was exchanged with a neutral object (Figure 31, dark
bars). Thus they were able to fulfil the discrimination task although the known
positive object was missing. However when tested with a neutral object replacing
the negative object, the performance of all tested fish dropped to chance level,
showing that the fish were unable to fulfil the task without the negative object
present (Figure 31, lighter bars). This suggests that the presence of the negative

object 1s vital for the discrimination task.
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Figure 31: Discrimination performance of two fish trained with both senses (fish 1 and 2) and
two fish trained with vision (fish 8 and 9) during test where either the positive object (dark bars)
or the negative object (lighter bars) was exchanged by a neutral object. For further description
see Figure 29.

In the next test, the negative object was changed to test which features of the
object the fish used to recognise it. All four tested fish, no matter whether trained
with both senses or only with vision, were able to fulfil the task not only when the
known negative object (C1) was present but also reach performances significantly
different from chance level with some of the other objects, suggesting that the fish
recognised certain features of the negative objects (Figure 32). The objects the fish
recognised as negative differed between the fish. Both fish of the B group were

unable to fulfil the task, when only the vertical bar of the cross was present (E2) or
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when only the very basic dimensions of the object matched those of the cross (F),
suggesting that both features together were not sufficient for the fish to recognise
the objects as their negative object. While fish 2 was also unable to discriminate
between the objects when only the horizontal bar was present (E1), fish 1 reached a
performance significantly different from chance level with this object, suggesting
that the horizontal bar was necessary for fish 1 to recognise the object. This is
supported by the ability of this fish to fulfil the task when object D3 and D4 were
presented instead of the cross. In both objects the horizontal bar was also
unchanged. Furthermore, this fish was unable to discriminate between the objects
when object D2 without an intact horizontal bar was presented. However, fish 1
also reached a performance significantly different from chance level with object D1
replacing the cross, suggesting that the presence of the right arm was crucial for
the fish. Fish 2 was only able to fulfil the task when object D1 and D4 were
presented. Thus, this fish might have learned a certain combination of the right
arm and the upper arm.

The two fish of the V group reached a performance of at least 70% correct choices in
all test except for the tests with object E1 and 2 and thus were probably able to
recognise features of the known negative object. Due to the small N, a performance
of 70% correct choices was not significantly different from chance level but still it is
likely that the fish were able to fulfil the task. Both fish were still able to fulfil the
task when an object, which only matched the cross in its basic dimensions (F), was
presented but did not reach a performance different from chance level when objects
with very different dimensions (E1 and 2) replaced the negative object. This leads
to the suggestion that the visually trained fish had learned the basic outer

dimensions of the S- rather than a certain feature of the cross.
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Figure 32: Discrimination performance of two fish trained with both senses (A) and two fish
trained only with vision (B) during tests during which the negative object (cross, C1) was
exchanged with an unknown object. The performance during training trials is shown as
reference indicated by the red arrow above the bar. All objects had the same volume and were
made of the same material (aluminium in A, red-coloured electrically transparent agarose in B)
as the negative object. Which object was used is shown beneath the bars. For further

description see Figure 29.

2.2.4.6. Robustness of performance

To test for how long the fish were able to perform the discrimination task without
further training, three fish of the B group and two fish of the V group were tested
four weeks after the last training day and thereafter once per week.

All three fish of the B group reached a performance of at least 70% correct choices
up to week 17 after the last training (Figure 33 A). The performance of fish 1 and 2
dropped below 70% correct choices after 18/17 weeks. Fish 5 never reached a
performance below 75% correct choices and was still able to fulfil the
discrimination task after 26 weeks without training. The performance of the two
fish of the V group dropped below 70% already after week 10 respectively 9 (Figure

33 B). Thus the fish trained with both senses were able to fulfil the task for nearly
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twice as long (or longer in case of fish 5) as the fish trained with vision alone. The
comparison of the fish trained with both senses and the fish trained only with
vision shows that while the performance of the fish of the B group decreased
steadily with increasing time without training, the performance of the fish of the V

group decreased more rapidly.
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Figure 33: Discrimination performance of three fish (fish 1 (black), fish 2 (grey) and fish 5 (light
grey)) trained with both senses (A) and two fish (fish 6 (blue) and fish 7 (dark blue)) trained only
with vision (B) during tests of the robustness of performance. Fish 1, 2, 6 and 7 were tested with
their trained senses after four weeks without training and thereafter once a week. Fish 5 was
tested with after 6 weeks without training and from there on every four weeks. On each test day
20 trials were conducted with each fish. During test every third trial was rewarded, no matter
which decision the fish made, and no punishment was applied. If the fish did not reach a
performance above 70% correct choices on three consecutive test days, it was assumed that
the fish had forgotten the task and tests were stopped. The dotted line indicates the threshold of
70% correct choices.

2.2.4.7. Control tests
To exclude that other cues like electrical or lateral line input influenced the results
during the visual tests, a control test was conducted during which the electrically
transparent agarose objects were presented in complete darkness. None of the
tested fish no matter whether intact or electrically silenced was able to fulfill the
discrimination task when vision was unavailable for the discrimination task
(Figure 34). The performance of all fish was close to chance level under these
conditions, showing that the fish could not use other cues to discriminate between

the agarose objects.
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Figure 34: Discrimination performance of the intact fish trained with both senses (fish 1-5), fish
2 and 5 after being electrically silenced, the fish trained only with vision (fish 6-10, data from
Schumacher et al. 2016) and the electrically silenced fish trained with vision (fish 16-18) during
the dark control. To ensure that no other cues than those that were visual were used to
discriminate between the red coloured electrically transparent agarose object, these trials were
completed in complete darkness. For further description see Figure 29.

As a second control test a double blind control was conducted with an unknown
experimenter, to exclude that the experimenter influenced the discrimination
performance. Both tested fish were able to fulfil the task under these conditions,
and there was no significant difference in the performance compare to the training
with the known experimenter. This showed that the ability of the fish to

discriminate between the objects was independent of the experimenter (Figure 35).

D -
o o o

n
o

Correct Choices (%)
888

N
o

—_
o o

Fish No.

Figure 35: Discrimination performance of two fish trained with both senses (fish 1 and 2) during

the double blind control with an unknown experimenter (purple). The experimenter had previous
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experience with the experimental procedure but did not know which object was positive and
which negative. For comparison the performance with the known experimenter is given (black).
An exact Fisher-test was conducted to compare the performances (n.s.: P > 0.05). For further
description see Figure 29.

2.2.5. Discussion
The presence of multiple senses allows an animal to obtain a full and flexible
representation of the world. Streams of information are acquired through multiple
sensory channels and are integrated at the neural level allowing the animal to
respond appropriately to environmental challenges. Here, we considered the
advantages of multisensing by examining the interaction of vision and the active

electric sense in the weakly electric fish G. petersii.

2.2.5.1. Electrosensory capture
Our results show that, at short range (1 cm distance of the objects), the active
electric sense dominates over vision during an object discrimination task even if
the fish were able to learn the task with both senses. In line with visual or acoustic
capture in humans, we call this dominance of the active electric sense
electrosensory capture. While all five fish trained with both senses were able to
discriminate the objects electrically during the uni-modal tests at the same level of
accuracy as during training with both senses, the uni-modal visual performance of
those fish was significantly worse than during training. Three of the five fish were
not able to discriminate between the objects at all when using only vision (Figure
29). However, after two of those fish were electrically silenced, they were able to
discriminate between the objects when using only vision. This shows that the
reason that the intact fish were unable to discriminate during the visual tests
(where vision alone was available for object discrimination) was not because of a
general inability of the visual system to fulfil the task. Instead, this supports the
hypothesis that the limited visual performance was produced by a masking effect
caused by the dominance of the electric sense. During the visual test the perceptual
conflict between vision (which gave the information that there was an object) and
the electric sense (which gave the information that there was no object) was solved
in favour of the electric sense. This led to the fish being unable, or less able to
discriminate between the objects during these tests. After the fish were electrically

silenced, the electric sense did not provide any information about the surrounding
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environment. Without any electrical input, which might overwrite the visual
information, vision could be used to discriminate between the objects.

The uni-modal tests correspond with the results of fish that were trained only with
the active electric sense (Schumacher, Burt de Perera, Thenert, et al., 2016). Thus,
electrosensory capture is independent of possible training effects, which might
have influenced the results of the electrically trained fish. In the fish that were
trained only with the active electric sense, the dominance of the electric sense
might have been an effect of an overrepresentation of the electrical information
during training, i.e., it might have been a training effect (remapping). However this
study shows that the dominance of the electric sense remained present under more
natural conditions, when the fish could use both senses to acquire and store
information about the objects. This is consistent with studies on mammalian
species (such as humans, monkeys and rats) that reveal that sensory inputs are
weighted, which often leads to a dominance of certain senses during particular
situations and tasks (Alais & Burr, 2004; Ernst & Banks, 2002; Fetsch et al., 2009;
Sheppard et al., 2013). These results are consistent with studies in South American
weakly electric fish (Gymnotidae), which also showed a dominance of the electric
sense over vision during refuge-tracking and object discrimination (Dangelmayer,
Benda, & Grewe; Sutton, Demir, Stamper, Fortune, & Cowan, 2016).

There are a number of potential functional explanations for the dominance of the
electric sense. The active electric sense is well adapted for object discrimination. It
provides detailed three-dimensional information about objects within a very short
temporal scale (von der Emde et al., 2010), making it a well-suited sense for object
detection and discrimination. Properties like the distance or the size of an object
can be extracted from only one EOD (von der Emde, 2006; von der Emde et al.,
1998). With an EOD frequency of about 30 — 140 Hz (during swimming and object
inspection) (Moller, 1980; Schumacher, Burt de Perera, & von der Emde), the
temporal resolution of the electric sense exceeds that of the visual sense (Pusch,
Kassing, et al., 2013), and the fish are able to analyse their environment effectively
even during fast swimming using active electrolocation. Furthermore, the electric
sense 1s not restricted to the presence of light and is therefore available throughout
day and night, which is of special importance for a nocturnal animal such as G.
petersii. The dominance of the active electric sense might also be based upon
experience. In a natural environment, it would be extremely unlikely that objects

have the same conductivity as the surrounding water. Therefore, it would be
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unlikely that objects exist that are within the working range of the electric sense
but could not be perceived electrically.

The dominance of the electric sense can also be inferred from neuroanatomical
observations. A large part of the brain is occupied by areas that process the input
from the electric sense (ELL, Torus semicircularis, Valvula, a.o.) while the optic
tectum is reduced in comparison to other fish (von der Emde & Ruhl, 2016). These
immense structural differences in the brain suggest strongly that the electric sense

has a central role during perception of the environment.

2.2.5.1.1. Conflict between senses
The effect of the conflict between vision and the electric sense is shown by the
results of the fish that were trained with both senses, and subsequently tested with
a large conflict (in comparison to the previous uni-modal visual tests) (Figure 30 A).
During the visual tests without plastic screens, the conflict between vision and the
electric sense lay in vision providing information about the objects while the
electric sense provided the information that no object was present. These bits of
information were conflicting but not irreconcilable, because there are natural
condition e.g. when an object is far away, during which also only vision provides
information about an object. During these tests without plastic screens, the visual
information did not appear to be completely discarded and vision therefore still
influenced the behaviour. When using the plastic screens, however, the electric
sense and vision provided contradictory shape information. The visual sense
provided the shape information of the objects and electrolocation provided shape
information arising from the plastic screens (rectangular shape). The information
of both senses was therefore incompatible (one object cannot have two different
shapes, e.g. a cross and a rectangle, at the same time). The results show that under
these conditions, all of the intact fish trained with both senses were unable to
discriminate between the objects visually. Thus the increased conflict might have
led to sensory segregation and a complete discarding of the visual information or at
least to a further down rating of the visual information. As before, the ability of the
silenced fish to fulfil the same task shows that this effect cannot be explained by a

failure of the visual system.

2.2.5.1.2. Remapping
The differences in the training durations show that the dominance of the active

electric sense might also influence the training performance. While the fish trained

92



MULTISENSING

with both senses and with only the active electric sense learned the task in a
similar time, the fish trained only with vision needed significantly longer to learn
the task (Figure 27). Due to the dominance of the active electric sense, visual
information could have been overwritten at the start of training, which would have
led to the fish being unable to discriminate between the objects when only visual
object information was available. The fish could therefore not learn the task.
However, due to the constant repetition of the consistent discrepancy between
vision (which gave the information that there was an object) and the active electric
sense (which gave the information that there was no object) during training, the
system seems to be able to adjust the hierarchy of the senses (which is termed,
remapping) (Ernst & Di Luca, 2011). The system could have been trained to rely on
the visual information instead of relying on the usually dominant electrical input
via the repeated presentation of the visual object information without any
electrical object information. After the system was remapped, the visual
information could have been used to learn the discrimination task. This hypothesis
1s supported by the results of the fish of the S group, which were trained under the
same conditions as the visually trained fish after being electrically silenced. These
fish learned the task significantly faster than the fish of the V group. This shows
that G. petersii is in principal able to learn the discrimination task visually as fast
as electrically and suggests that the significantly longer training duration of the
visually trained intact fish might result from the additional time the system
needed to be remapped.

This remapping in the visually trained fish does not seem to have been restricted to
the particular conflict in information created by the red coloured electrically
transparent agarose objects but seems to have led to a more general dominance of
the visual sense at short range in these fish. During the tests with an increased
conflict, the performance of the visually trained fish did not change compared to
training (Figure 30 B). Hence the system did still rely on the visual information
although the conflict was different.

The robustness of performance might also be influenced by the remapping of the
system. The visually trained fish were unable to fulfil the discrimination task after
9 or 10 weeks without further training. In contrast, the fish trained with both
senses were able to do so nearly twice as long or even longer (Figure 33). This could
either be explained through differences in the storage of the information or through
a re-remapping of the system in the visually trained fish. Without further visual

training, the everyday experience of the electric sense being more reliable at short
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range might have re-remapped the system so that visual discrimination at close
range might have been masked again by the regained dominance of the electric
sense. This hypothesis is supported by the abruptness by which the visually
trained fish suddenly became unable to discriminate between the objects. Once the
system was re-remapped, the fish would have been unable to fulfil the task without
a constant decrease of performance. However, further experiments are necessary to
test this hypothesis.

The ability to remap the weighting of the sensory inputs increases the flexibility of
a multisensory system and emphasises the importance of the influence of prior
experience on the weighting of sensory inputs. It allows the animal to adjust to new
conditions and maintain multisensory integration at an optimal level in a variable

environment.

2.2.5.2. Multisensing: Redundancy, synergy and complementation

In addition to electrosensory capture and the flexibility within a multisensory
system provided by remapping, this study shows that G. petersii exploits the
advantages of possessing two sensory systems that can be used to solve similar
tasks. We have shown that the fish are able to use the active electric sense and
vision redundantly (one sense can be used as a backup for the other),
synergistically (performance can be improved through multisensory integration)
and complementarily (senses are tuned to particular tasks).

While the electric sense dominates during close-range object discrimination, vision
can be used as a backup and is sufficient to fulfil the task alone, if the active
electric sense is inoperable as was the case in the electrically silenced fish (Figure
27, Figure 28, Figure 29). This redundancy has a clear adaptive value, for example
if the electric organ is damaged. With its location in the caudal peduncle damages
to the electric organ are possible without being lethal, and therefore the ability to
use vision as a backup is highly beneficial.

The comparison of the accuracy of the discrimination performance of the four
training groups suggests that there is a synergetic effect between vision and the
active electric sense, since the fish trained with both senses available reached a
higher discrimination accuracy than the other groups (Figure 28). As the level of
discrimination was already highly accurate when only single senses were available,
this synergetic effect is rather small. However, under conditions where the

discrimination performance with the single senses is near threshold level, this
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synergetic effect might be more important. In this way, multisensory integration
would enable the fish to recognise environmental objects under suboptimal
conditions and would therefore enable the fish to operate successfully under a
broad spectrum of environmental settings. These results align with earlier studies
that show synergetic effects during foraging and shelter seeking in G. petersii
(Rojas & Moller, 2002; G von der Emde & H Bleckmann, 1998).

The results of the feature detection tests suggest that vision and the electric sense
can also complement one another in some situations. While the fish that could use
the electric sense for the discrimination task seemed to have used specific features
of the objects for recognition of the negative object, the visually tested fish
recognised the objects as negative as long as the general outer dimensions matched
those of the known negative object (Figure 32). These results correspond with the
visual template matching described by Schuster and Amtsfeld (Schuster &
Amtsfeld, 2002) and the electrical feature detection described by von der Emde and
Fetz(von der Emde & Fetz, 2007). This suggests that in intact fish, the visual sense
is probably not used for recognition of fine scale object information because of the
low spatial resolution of the visual system (Pusch, Wagner, et al., 2013). Instead,
acquisition of fine scale information is better provided by the active electric sense.
However, due to its small working range(von der Emde et al., 2010) electrical fine
scale inspection of the environment is restricted to an area within the close vicinity
of the fish. Thus, the visual sense might be used instead, to perceive an overview of
the surroundings. This would enable the electrical information to be placed within
a spatial context and would allow the fish to locate possible predators from afar.
With this specific task division of vision and the active electric sense, G. petersii is

able to use the advantages of both far and close ranging senses optimally.

2.2.5.3. Conclusion
Together our results show that there is electrosensory capture during object
discrimination at short range in Gnathonemus petersii. Even if the fish are able to
use both senses to acquire and learn information about an object, the electric sense
dominates over vision under conditions, during which both senses provide
conflicting information. Nevertheless, by using both senses redundantly and
complementarily and by integrating information from the senses synergistically,
these fish exploit the advantages of possessing two senses, which provide similar

information about the environment on different spatial scales.
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2.3. Morphology of the peripheral mechanosensory lateral line
system of the weakly electric fish Gnathonemus petersii

2.3.1. Abstract

The mechanosensory lateral line system of teleost fish, consists of superficial
neuromasts (SNs) and canal neuromasts (CNs) within a subepidermal canal
system and it mediates the perception of water movements. The number and
distribution of SNs as well as the structure of the canal system varies greatly
between species. Weakly electric fish, like Gnathonemus petersii, additionally
possess an electrosensory lateral line system, consisting of three different types of
electroreceptor organs. While the electrosensory system is well studied, little is
known about the morphology of the peripheral mechanosensory system of these
fish. Here we investigated the distribution and morphology of the SNs and the
structure of the head canal system of G. petersii using DASPEI staining, a
preparation of the canal system, and micro computed tomography (uCT) scans. We
found that these fish possess only a limited number of SNs and that their
morphology is reduced, consisting only of 1 - 6 hair cells. The results of the uCT
scans show that while the head canal system of G. petersii consists of seven cranial
canals, which is typical for teleosts, these canals are reduced to open canals or
simply a groove-like structure. Together, our results show a reduction of the
complete peripheral mechanosensory lateral line system, which suggests a
restricted function, perhaps as a result of the presence of the electrosensory

system.

2.3.2. Introduction
Fish and amphibians are able to perceive water movements and pressure changes
using the mechanosensory lateral line system (Bleckmann & Zelick, 2009; Coombs
et al., 2014; Dijkgraaf, 1963). The functional unit of the lateral line system is the
neuromast, which consist of several hair cells covered by a single gelatinous
cupula. The cilliary bundles of the hair cells, consisting of a single long kinocilium
and several shorter stereovilli, project into the cupula. A deflection of the cupula,
induced by movement of the surrounding medium, leads to a deflection of the
cillary bundle, which results in a response of the hair cells (Flock, 1967; Van
Trump & McHenry, 2008). The hair cells of the neuromasts are secondary receptor

cells and are synaptically innervated by the anterior (all neuromasts at the head)
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or posterior (all neuromasts at the trunk) lateral line nerve (Bleckmann &
Mogdans, 2014; McCormick, 1989; Northcutt, 1989).

In teleost fish the neuromasts are either located at the body surface in direct
contact to the surrounding water (superficial neuromasts, SNs) or they are located
within a subepidermal fluid-filled canal (canal neuromasts, CNs). These canals are
connected to the surrounding water via a series of pores, whereby usually one
neuromast is located in between two pores. The CNs respond to movements of the
canal fluid induced by pressure gradients between two pores and thus respond
indirectly to external stimuli. Most fish possess a canal at the trunk, building the
eponymous visible lateral line, and a canal system at the head (cranial canal
system) (Coombs et al., 1988; Webb, 1989). The development of the canals starts
with a presumptive canal neuromast at the surface. In later stages of development
a bony groove is built around the presumptive CN, which is later enclosed by soft
tissue walls, building an epithelial canal. In the last stage of canal development the
bony walls fuse together building a complete canal (Webb & Shirey, 2003).

The number and distribution of superficial neuromasts as well as the structure and
complexity of the head canal system varies greatly between species, which might
be an adaptation to the environmental conditions (Coombs et al., 1992; Coombs et
al., 1988; Webb, 2013). Most fish living in still waters, such as lakes, possess
relatively high numbers of superficial neuromasts with a reduced canal system,
while fish living in fast running rivers tended to show a reduction of the superficial
neuromasts with a more complex canal system (Bassett, Carton, & Montgomery,
2006; Bleckmann & Miinz, 1990; Engelmann, Hanke, & Bleckmann, 2002;
Engelmann, Kréther, Bleckmann, & Mogdans, 2003; Merriless & Crossman, 1973a,
1973b).

In addition to this mechanosensory lateral line system, some fish possess an
electrosensory lateral line system. The electroreceptor organs of this system
probably derives from the mechanosensory neuromasts and it mediates passive
electroreception. In combination with an electric organ it also enables active
electrolocation in two groups of teleost fish (mormyriformes and gymnotiformes)
(Baker et al., 2013).

The mormyrid weakly electric fish Gnathonemus petersii lives in turbid fast
running rivers in Central and West Africa and uses active electrolocation for
orientation and communication with conspecifics (Lissmann & Machin, 1958;
Moller & Bauer, 1973; Moritz, 2010; von der Emde, 2006). To do so, these fish

produce weakly electric pulses with their electric organ located in the caudal
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peduncle and perceive object evoked changes in the resulting electrical field
(Lissmann & Machin, 1958; von der Emde, 1990). Like all members of the
mormyriformes, G. petersii possesses three different types of epidermal electro-
receptor organs, which are distributed over the whole surface of the head and at
the dorsal and ventral parts of the trunk, leaving only an area of ca. 2 cm around
the visible lateral line without electroreceptor organs (Hollmann et al., 2008;
Jorgensen, 2005). Like the mechanosensory neuromasts, the electroreceptor organs
are innervated by the anterior or posterior lateral line nerve. However, the
electrosensory fibres terminate in a specific brain area called the electrosensory
lateral line lobe (ELL) (Bell & Maler, 2005).

While some studies have shown that the mechanosensory lateral line system of
G. petersii 1s involved in foraging and shelter seeking (Rojas & Moller, 2002;
Gerhard von der Emde & Horst Bleckmann, 1998), no involvement of the lateral
line system was found during object recognition in these fish (Schumacher, Burt de
Perera, Thenert, et al., 2016; Schumacher, Burt de Perera, & von der Emde, 2017).
This raises the question to which extent G. petersii is able to perceive information
using the lateral line system and how the peripheral lateral line system of these
fish is constituted.

To investigate the morphological structure of the peripheral lateral line system of
G. petersii, we used the fluorescent dye DASPEI to stain the superficial neuromasts
and a preparation of the head canal system as well as micro computed tomography
(uCT) to find out whether there is a head canal system and if so, how it is

structured.

2.3.3. Methods
Six individuals of the species Gnathonemus petersii with a standard length of 9.5 -
12 cm were used for the DASPEI staining. Two of those fish with a standard length
of 9.5 and 12 cm were subsequently used for the preparation of the head canal
system and another one with a standard length of 10 cm for the pCT scans. A
seventh individual with a standard length of 15,5 cm was additionally used for the
preparation. The fish were wild caught in Africa and bought in a local store,
therefore sex and age were unknown. All fish were kept individually at least four
weeks prior to the staining to ensure that the superficial neuromasts were not

damaged by fights between fish and that there was enough time for neuromast
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regeneration (Hernandez et al., 2007). Four of the six fish were previously used

during behavioural experiments and kept individually for ca. two years.

2.3.3.1. Distribution and morphology of superficial neuromasts
To investigate the number and distribution of superficial neuromasts, fish were
incubated in a 0.1 mmol/l solution of 2-[4-dimethylaminostyryl]-N-ethylpyridinium
iodide (DASPEI; Sigma-Aldrich, Taufkirchen, Germany) for 30 min with constant
oxygen supply. Subsequently, the fish were euthanized with an overdose of 200mg/1
MS 222 (Tricaine-methansulfonat, Acros Organics, Geel, Belgium). The fish were
then examined using a fluorescence microscope (blue spectrum 460-480 nm; Leica
Leitz, DRBE) and the location of superficial neuromasts was recorded. After the
examination the fish were preserved in a 70% ethanol solution or in a 4%

paraformaldehyde solution.Structure of the head canal system.

2.3.3.2. Structure of the head canal system

The structure of the head canal system in G. petersii was investigated via a
preparation and using uCT scans. For the preparation two ethanol preserved fish
from the DASPEI staining were used. The head canal system was prepared
starting at the position where the visible lateral line ends at the skull, following
the course of the canals. A third fish was euthanized with an overdose of 200mg/1
MS 222 and the head canal system was prepared in the freshly killed fish. A 0.1 %
solution of methylene blue was injected in the canal at the last pore of the trunk
canal and at the postotic canal.

For the pCT scans the fish was fixated in paraformaldehyde for three days and
subsequently transferred to a 70% ethanol solution using an ascending ethanol
series starting with 10%. For the scans the fish was fixed in a plastic tube. The
scans were conducted at the Steinmann Institute of the University of Bonn
(phoenix v|tome|x s 180/240). The resulting data was analysed and visualised

using the programs phoenix datos | x and VGStudio MAX (Volume Graphics).
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2.3.4. Results

2.3.4.1. Distribution and morphology of superficial neuromasts

The DASPEI staining showed that G. petersii possess only a very limited number of
superficial neuromasts. In all six examined fish SNs were found singly or in pairs
along the visible lateral line canal at the trunk (Figure36 A, red dots). Pairs
(Figure 36 B) were mainly found at the caudal peduncle. In some individuals,
additional pairs were found in a more rostral location, the position slightly varying
between individuals (blue dots). In four of the six examined individuals three to
four SNs were found at the base of the dorsal fin and six to eight SNs were found at
the base of the anal fin. A cluster of four SNs was found at the operculum in four of
the six fish and a single neuromast was found at the same place in a fifth
individual. In three individuals a row of three SNs was found above the eye. The
total number of SNs varied between 28 and 48.

The morphological analyses showed that the SNs of G. petersii are relatively small.
Most SNs possessed only four or two hair cells (Figure 36 B-D) and while there
were a few neuromasts with six hair cells in the tail region there were also some
with only a single hair cell especially at the base of the dorsal and anal fin.

Consequently the neuromasts were only 20 um or less in size.

2.3.4.2. Structure of the head canal system
The preparation of the head canal system as well as the uCT scans of the skull
show that the head canal system of G. petersii is similar to the typical teleost
lateral line system with seven cranial canals (Figure 37, Figure 38 and Figure 39):
infraorbital (IO; black), supraorbital (SO; white), preopercular (PR; blue),
mandibular (MD; yellow), otic (OT; red), postotic (PO; dark red) and supratemporal
(ST; violet). However, in contrast to most other teleost fish there is no connection
between the OT canal and the SO canal, which is clearly visible in the pnCT scans
(Figure 39 A) and was also found in the preparation. The transverse section
through the scans of the rostral end of the OT canal shows that here its bony
structure was incomplete and rather resembled a groove (Figure 39 B, upper

magnification). This was again confirmed by the preparation.
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Figure 36: Distribution and morphology of superficial neuromasts. (A) In all six examined
fish superficial neuromasts were found along the visible lateral line (indicated by the dashed
line) in double rows (example shown in B) or singly (examples in C and D) (red dots). In
some individual superficial neuromasts were additionally found above the eye, at the
operculum and at the root of the dorsal and anal fin (blue dots). In grey indicated is the area
where electroreceptor organs were found by Hollmann et al (Hollmann et al., 2008). (B-D)
The found neuromasts were relatively small (ca. 20-25 um) and consisted of only six to one

hair cells (most often four (C) or two (D)).

Furthermore, the uCT scans show that the PR and MD canal possess a few small
branches and the section through the scan shows that these canals have a tube-like
structure with a narrow vent, which probably connects the canal with the skin
(Figure 39 B, lower magnification). Without any contrast in the nearly clear
structure of the canal and due to the limited magnification of a binocular, the vent
was not clearly visible in the preparation (Figure 37 E).

The scans also suggest that the structure of most parts of the SO and IO canals
vary between both structures described above. However, caudal to the eye the
canal seems to be completely closed and the preparation suggests that there is at
least one, probably two pores in this part of the canal. Apart from those, pores were

only found in the trunk canal (Figure 37 D).
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The injection with methylene blue was not successful. The dye spread only in the
very near field of the injection side. However, clearly visible through the staining is
a branched system at the transition from the trunk to the head canal system

(Figure 38 C).

Figure 37: Preparation of the lateral line head canal system in two individuals of G. petersii
(A+B and C-D). The preparation was started at the junction of the trunk canal with the head
canal system. (A and C) G. petersii possess a more or less typical teleost head canal system
with seven different canal, which are indicated colour-coded by the dotted lines: supratemporal
(ST; violet), postotic (PO; dark red), otic (OT; red), supraorbital (SO; white), infraorbital (10;
black), preopercular (PR; blue) and the mandibular (MD; yellow) canals at the head (indicated
by the dotted lines). Indicated in green is the trunk canal system. B shows a magnification of A.
D and E are magnifications of C, D showing the canal pores of the trunk canal (exposed by
removal of the covering scales), E showing the PR and parts of the PO and OT.
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Figure 38: Preparation of the lateral line head canal system of G. petersii injected with
methylene blue. The methylene blue dye spread only in the range of a few millimetres around
the injection side. (A) Overview of the lateral line canal system (for description of the coloures
see Figure 37). (B) Magnification of the head canal system. (C) Magnification of the transition
from the trunk to the head canal system (for description of the abbreviations see Figure 37)
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Figure 39: Micro computed tomographic scans of the skull of G.petersii. (A) Lateral view:
Visible are the same canals also found in the preparation: supratemporal (violet, ST), postotic
(dark red, PO), otic (red, OT) supraorbital (SO, white), infraorbital (IO, black), preopercular (PR,
blue) and the mandibular (MD, yellow) canals at the head (indicated by the dotted lines).
Indicated in green is the trunk canal. The magnification shows the canals without indication. (B)
Transverse section through the skull just posterior of the eye (position indicated by the dashed
line in A). The magnifications show the sections through the rostral end of the otic canal (upper)
and through the propercular/mandibular canal (lower). While there is a clear canal structure in

the mandibular canal the otic canal is quite reduced.

2.3.5. Discussion
Gnathonemus petersii is known for its ability to use active electrolocation and
consequently its electrosensory system has been studied intensively. However,
little is known about the mechanosensory lateral line system of these fish. Here we
investigated the morphological structure of the peripheral mechanosensory system
by examining the distribution and morphology of superficial neuromasts and we

determined the structure of the head canal system.
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2.3.5.1. Distribution and morphology of superficial neuromasts

The results of the DASPEI staining show that G. petersii possesses only very few
superficial neuromasts, which are both reduced in size and in the number of hair
cells (Figure 36). The maximum number of SNs found was 48. For comparison the
goldfish (Carassius auratus) possesses 1800-2000 SNs and the minnow (Phoxinus
phoxinus), a cyprinid fish living in fast running European rivers, possesses ca. 900
SNs (Schmitz, Bleckmann, & Mogdans, 2008; Schmitz et al., 2014). The small
number of SNs is consistent with findings in gymnotiform weakly electric fish and
1s also similar to the cichlid fish Astatotilapia burtoni, which lives in a comparable
habitat as G. petersii (African tropical rivers and lakes) (Butler & Maruska, 2015;
Szabo, 1965; Vischer, 1989). While in contrast to G. petersii, A. burtoni possesses a
higher number of SNs in the head region, the distribution of the SNs around the
trunk canal in pairs or singly is similar to the one we found in G. petersii. The even
smaller number of SNs found e.g. in the gymnotiform fish Hypopomus were also
arranged in a longitudinal line but in contrast to G. petersii, this line is located at
the dorsal part of the trunk.

The small number of SNs mainly located in a longitudinal line in G. petersii might
be an adaptation to its habitat (fast running rivers), which might explain the
similarities in SN distribution to the not closely related A. burtoni and gymnitiform
fish living in similar habitats. The permanent strong currents of such rivers
provide a very noisy environment and therefore probably reduce the efficiency of
SNs (Engelmann et al., 2002; Engelmann et al., 2003). Another explanation for the
small number of SNs, especially at the head, might be the presence of a very high
number of electroreceptor organs, mediating active and passive electrolocation
(Hollmann et al., 2008). The head possesses only a limited area of skin surface and,
like all mormyrid fish, G. petersii possesses three different types of electroreceptor
organs, which compete with the SNs for that area. This might have led to a
reduction of SNs in favour of the more important electroreceptor organs. This
would explain why SNs are mainly found in regions where no (visible lateral line
and operculum) or only a limited number (base of dorsal and anal fin) of
electroreceptor organs are located (Figure 36 A).

In addition to the restricted surface area, another aspect of electrolocation might
affect the mechanosensory lateral line system. The area, where electroreceptor
organs are located, is covered with a mucus layer, which is thickest at the head

(Figure 40) (Szabo, 1965). This thick slimy layer at the head would prevent direct
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contact of the SNs with the surrounding water and thus probably influence their
response properties.

The individual differences in SN numbers between the six examined fish might be
explained by differences in examination time rather than morphological
differences. In the first two examined fish only the neuromasts along the lateral
line were found. During these two examinations it took considerable time to find
and photograph the stained neuromasts because the staining was relatively weak
and could only be seen in high magnification (the examination was started at the
tail lateral line). The DASPEI staining lasts only for 30 - 60 min, therefore it is well
possible that the staining in neuromasts at other body parts was already faded out
before they were found in these first attempts.

Besides the reduction of the number of SNs we also found a reduction in size and
number of hair cells (Figure 36 B-D). The SNs possessed only two to six hair cells
and in some cases even only a single hair cell. In comparison, the number of hair
cells in goldfish and minnows varies between ca. 14 and 38 and in the blind cave
fish (Astyanax mexicanus), a lateral line specialist, a single neuromast can possess
up a hundred hair cells (Schmitz et al., 2008, 2014; Teyke, 1990; Yoshizawa,
Goricki, Soares, & Jeffery, 2010).

This reduction of hair cells probably drastically affects the sensitivity of the SNs.
Hair cells of neuromasts are usually arranged in pairs with opposite directionality
to increase the response of the neuromast (Rouse & Pickles, 1991a). A single hair
cell is therefore much less sensitive. Furthermore individual hair cell pairs within
a neuromast usually slightly vary in the direction of maximum response allowing a
more accurate perception of the direction of water movement (Song & Northcutt,
1991). With only up to three pairs of hair cells the sensitivity of direction

perception is probably also reduced.

Figure 40: Mucus layer covering the area where electroreceptor organs are located in an
ethanol fixated G. petersii. In living fish this mucus layer is clear and slimy and covers all areas
where electroreceptor organs are located (A, for comparison see Figure 36 or (Hollmann et al.,
2008)). In the fixated fish the mucus becomes milky and forms a more solid layer, which can be

removed (B).
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2.3.5.2. Structure of the head canal system

Our results show that in general, the structure of the head canal system of
G. petersii corresponds with the typical teleost cranial system, consisting of seven
canals (Northcutt, 1989; Webb, 1989, 2013). However, in comparison to this typical
teleost canal system, the canals are reduced (Figure 37, Figure 38 and Figure 39).
The connection between the OT and SO canal is missing and the uCT scans show
that the rostral end of the OT is reduced to a groove-like structure, like it is usually
found during canal development (Webb & Shirey, 2003). Furthermore, the position
of the superficial neuromasts above the eye found during the DASPEI staining
correlates with the position where the connection between OT and SO is missing.
This might suggest that these found neuromasts are not primary SNs but
replacement neuromasts (presumptive CNs remaining on the surface due to
reduction of the canal) (Webb, 2013). This would suggest that there is a complete
loss of SNs at the head in G. petersii. As described above this loss might be a result
of the competition with the electrosensory system.

Except for a small part of the IO canal caudal to the eye, the cranial canals are also
reduced as they are not completely closed, which also explains the absence of pores.
The reduction of the cranial canals might indicate that in G. petersii, canal
development stops at an earlier incomplete stage (epithelial canal), suggesting an
ongoing evolutionary reduction of the mechanosensory lateral line system in these
fish. However, since the fish that was used for the pCT scans was relatively small
(10 cm; fully grown fish can reach a size over 20 cm), canal development might
have been not completed yet in this fish (note, however, that the fish was more
than two years old) and a detailed examination of the canal structure was not
possible in the preparation. It is be possible that the bony canal would have closed
over in time. However, in the preparation of the 15.5 cm long fish no additional
pores were found in the head canal system and no obvious differences were found
in comparison to the smaller fish, pointing against an ongoing development of the
canal system with further growth in adult fish. To ensure that there are no
structural differences in the cranial canal system between small and large fish and
thus the canal structure remains on an early developmental stage independent of
size, further uCT scans with larger fish are necessary.

Like for the SNs the reduction of the cranial system might be induced by the
presence of the electrosensory system and the thick mucus layer covering the head.
Even if pores were present, the mucus layer would prevent direct contact with the

surrounding water, which would probably result in a drastically decrease of the
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sensitivity of the canal system. This impaired function might have led to the
reduction of the head canal system.

The open structure of the canal and the absence of pores has further implications
for the function of the canal system. CNs usually detect fluid movements in the
canal induced by pressure gradients between two pores. Without pores, and in an
open canal, the transduction of pressure changes is much more difficult, which
probably results in a considerable decrease of sensibility of CNs. This is supported
by the unsuccessful injection of methylene blue into the canal (Figure 38). In
studies with other species an injection of methylene blue into cranial pores resulted
in blue staining of the whole canal system (Butler & Maruska, 2015; Maruska &
Tricas, 1998; Vischer, 1990). In our experiments the blue stain only spread in the
trunk canal and its transition to the head canal system, when injected in the last
pore of the trunk canal. Also when injected in the postotic canal the dye spread
only in the range of a few millimetres in parts of the preopercular, otic and
supratemporal canal, which were seemingly completely closed. The open structure
of most parts of the canal might have prevented further transport of the stain,
possibly due to missing capillary forces. This indicates strong effects of the open
structure on fluid movements in the canal. However, additional investigations on
the morphology and number of CNs in the cranial canals as well as in the trunk
canal are necessary to draw more detailed conclusions about the function of the

canal system.

2.3.6. Conclusion

Our examinations show that the whole peripheral mechanosensory lateral line
system (superficial neuromasts and canal system) of G. petersii is reduced in
comparison to most other teleost fish. This probably has serious implications for
the function of this system. While some studies have shown that the lateral line
system is involved in some behavioural tasks (Rojas & Moller, 2002; Gerhard von
der Emde & Horst Bleckmann, 1998), the sensory limits and the behavioural
1mportance of this sense are still unknown. Nevertheless, some predictions can be
made based on the morphological structure of the system:

The arrangement of the SNs in a longitudinal line together with the trunk canal
system probably allows the perception of flow velocity, despite the reduction of hair
cells within the neuromasts. This would for example allow the fish to use rheotaxis

during navigation in the environment. The small number of SNs and their small
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number of hair cells probably reduce the sensitivity of the system especially in
respect to directional information and within the noisy natural environment of the
fish. The open structure of the cranial canals probably allows only a restricted
function of the head canal system.

From an adaptational point of view, the reduction of the lateral line system of
G. petersii might be influenced by the habitat, e.g. the arrangement of the SNs in a
longitudinal line, but is probably mostly driven by the takeover of the
electrosensory lateral line system, which provides more detailed information about
the environment and thus might have superseded the mechanosensory system
during many tasks like during social interactions and foraging. In contrast to other
senses, such as the visual system, the mechanosensory and the electrosensory
system are in direct competition in relation to their positioning on the body surface
and they also compete in terms of their central capacities. The competition of two
sensory systems, which are used for similar tasks, consequently leads to the
reduction of the less efficient system, in this case the mechanosensory lateral line.
While the anatomical competition between the electrosensory and mechanosensory
lateral line system might have led to a reduction of the mechanosensory system,
the available inputs of both systems might functionally interact. Neuroanatomical
studies show that mechanosensory input from the lateral line system is processed
in multisensory brain areas like the torus semicircularis or the pallium (Bell &
Maler, 2005; Prechtl et al., 1998; von der Emde & Prechtl, 1999). This strongly
suggests that lateral line information is integrated with electrical and also visual
information and thus synergistically contributes to the multisensory system of

G. petersii.
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3. Navigation

3.1. Sensory influence on navigation in the weakly electric fish
Gnathonemus petersii

3.1.1. Abstract

Most animals possess multiple sensory systems, which can be used during
navigation. Different senses obtain environmental information on different spatial
scales and thus provide a different basis for efficient navigation. Here we used the
weakly electric fish Gnathonemus petersii to investigate how different sensory
inputs influence the navigational strategy and whether landmark information can
be transferred flexibly between two sensory systems. Fish were trained to swim
through a maze using a particular route indicated by either visual landmarks,
electrical landmarks or without any landmarks. In subsequent tests, egocentric
(internal cues, such as motion patterns) and allocentric cues (external cues like
landmarks) were put in conflict by relocating the local landmarks. We found that
all fish, independent of the available sensory input, chose the egocentric over the
allocentric route. However, visual landmarks significantly improved the training
duration compared to the other groups, suggesting an involvement of allocentric
visual cues during route acquisition. In a second experimental series, fish were
trained to use either visual or electrical landmarks for navigation and were
subsequently tested in sensory transfer tests. Fish trained with visual landmarks
were able to learn this allocentric navigation task and were capable of cross-modal
landmark recognition, although navigation based on electrical landmarks was less
efficient. The fish trained with electrical landmarks did not learn the task at all,
suggesting that the short perceptual range of the electric sense prevented learning
of allocentric navigation. Together our results show that the type of sensory input
influences the efficiency of allocentric navigation in G. petersii and that these fish
are able to use egocentric and allocentric strategies flexibly to navigate successfully

under varying environmental conditions.

3.1.2. Introduction
The ability to navigate successfully is vital for most actively moving organisms and
is therefore widely spread amongst animals. A range of different navigation
strategies are known that allow animals to return to food sources, mating sites or

refuges across different spatial scales (Able, 1980; Benhamou, Sauvé, & Bovet,
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1990; Bingman & Cheng, 2005; T. S. Collett & Rees, 1997; Etienne, Maurer, et al.,
1998; Etienne, Maurer, & Séguinot, 1996; Rudiger Wehner, 1998; Rudiger Wehner,
Michel, & Antonsen, 1996). While navigation is well studied in many species, little
1s known about how sensory input shapes the strategy that animals use, and how
information can be used flexibly by different senses to navigate through their
environment. Here we investigate these questions by using the weakly electric fish
Gnathonemus petersii.

In order to navigate through space, animals must perceive information about their
surroundings using sensory systems. Among other factors, the sensory equipment
and the quantity and quality of sensory input determines whether an organism is
only capable of performing simple phototaxis orientating towards or away from a
light source (e.g. bacteria relying on simple photoreceptors (Hader, 1987; Jékely,
2009)) or whether it is capable of navigating successfully halfway around the world
during migration (e.g. birds or mammals equipped with an array of complex
sensory system (Alerstam, Gudmundsson, Green, & Hedenstrom, 2001; Gagliardo,
2013; Mouritsen, 2015; R. Wiltschko & Wiltschko, 2009). Besides influencing this
basic navigational framework, the sensory input might also affect the navigational
strategy within a single individual. Most animals possess multiple sensory
systems, which can be used combined, redundantly or complementarily and provide
different potentials which navigation strategy could be used efficiently (Able, 1991;
Braithwaite & De Perera, 2006; Ernst & Biulthoff, 2004; Hebets et al., 2014;
Sutherland, Holbrook, & Burt De Perera, 2009; R. Wiltschko & Wiltschko, 2009).

A key factor affecting which navigational strategy is applied might be the
perceptual range of the sensory system that is used to gather information about the
environment (Able, 1991; Prevedello, Forero-Medina, & Vieira, 2010; Schooley &
Branch, 2005; Sutherland et al., 2009). Depending on the sense that is employed
and the limits of its perceptual range, an animal might obtain information only
from its very near surroundings or at a greater distance (C. U. M. Smith, 2008).
While navigation always involves an interaction with the surroundings and thus
always requires sensory input, the degree to which individual navigation strategies
depend on environmental information varies greatly. Egocentric navigation, for
example, is based on internal cues such as learned motion sequences and is
therefore less dependent on external information (Benhamou et al., 1990; Etienne,
Berlie, Georgakopoulos, & Maurer, 1998; Etienne, Maurer, et al., 1998; Healy,
1998; Klatzky, 1998). A prominent example of egocentric navigation is path

integration (in mammals also called dead reckoning). For instance, after extensive
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food searching walks, the desert ant Cataglyphis fortis is able to return to its nest
on a straight direct path by integrating internal information on direction and
distance that are based upon internal cues such as proprioception and odometry
(Muller & Wehner, 1988; Wittlinger, Wehner, & Wolf, 2006). Similar mechanisms
are also found in humans and other mammals (Etienne & Jeffery, 2004; Etienne,
Maurer, et al., 1998; Loomis, Klatzky, Golledge, & Philbeck, 1999; M. -L.
Mittelstaedt & Mittelstaedt, 1980; Marie-Luise Mittelstaedt & Mittelstaedt, 2001).
An egocentric strategy provides the advantage that it is robust to changes in the
environment. However, 1t is restricted to a defined known route and external cues
are required to give information about the start point or for calibrating the current
location (Benhamou et al., 1990), for example, the in addition to using egocentric
cues, the desert ant uses visual, olfactory and tactile cues to optimise path
integration (Buehlmann, Hansson, & Knaden, 2012; T.S. Collett, Collett, &
Wehner, 2001; Seidl & Wehner, 2006; Rudiger Wehner, 2003; Riidiger Wehner et
al., 1996). On the other hand, allocentric navigation relies on external information
such as landmarks to return to a goal location. For example, pigeons are famously
known to rely on visual landmarks when navigating within a familiar environment
(Biro, Guilford, & Dawkins, 2003; Burt, Holland, & Guilford, 1997). During such
allocentric navigation strategies, landmarks can be used in various ways, for
example, they can directly indicate a goal (beacon), or many landmarks can be
combined together in a map-like system (Braithwaite & De Perera, 2006; Healy,
1998; Loépez, Broglio, Rodriguez, Thinus-Blanc, & Salas, 1999; Odling-Smee &
Braithwaite, 2003; Rodriguez, Duran, Vargas, Torres, & Salas, 1994; Schluessel &
Bleckmann, 2005). Allocentric navigation strategies will be most efficient when
landmarks can be perceived from a longer distance (Pe’er & Kramer-Schadt, 2008).
From this, it can be hypothesised that the available sensory input might determine
which navigation strategy is employed. For example, the availability of a far range
sense, such as vision, might promote allocentric navigation and the restriction to
short range sensory input, might favour the use of an egocentric strategy.

Here we used the African weakly electric fish Gnathonemus petersii as a model to
investigate the influence of sensory input on navigation. With its active electric
sense and a highly specialised visual system these fish possess two sensory systems
that provide similar information about the environment on different spatial scales.

During active electrolocation, G. petersii is able to perceive its surroundings by
detecting distortions in a self-generated electric field. These fish produce weak

electrical pulses also called electric organ discharges (EOD) with an electric organ
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located in the caudal peduncle (Lissmann, 1958; Lissmann & Machin, 1958). With
each EOD, a 3-dimensional electric field is built up around the fish, which is
perceived with epidermal electroreceptor organs (Jorgensen, 2005). According to
their electrical properties, objects within this electric field distort the spreading of
the field lines, which leads to a local change of the perceived amplitude and
waveform of the EOD (Lissmann & Machin, 1958; von der Emde, 1990; von der
Emde et al., 2010). Using these object evoked distortions of the electrical field, G.
petersii 1s able to detect and recognise objects within its environment (Graff,
Kaminski, Gresty, & Ohlmann, 2004; Schumacher, Burt de Perera, & von der
Emde, 2016; von der Emde & Fetz, 2007). However, the perceptual range of the
active electric sense is restricted to approximately one or two fish length (ca. 10 -
20 cm) when detecting objects and to only a few centimetres during object
recognition (Fechler & von der Emde, 2013; Moller, 1995; von der Emde et al.,
1998)

The visual system of G. petersii relies on a so-called grouped retina, which
enhances light absorption under dim light conditions and reduces visual noise in
turbid water (Kreysing et al., 2012; Landsberger et al., 2008). Thus it is perfectly
adapted to the fishes’ crepuscular (main activity during dusk and dawn) or
nocturnal life style and their habitat in black water streams in Central and West
Africa. Within this grouped retina, the photoreceptor cells are packed into bundles
and are located at the bottom of a cup like structure formed by reflective retinal
pigment epithelial cells (tapetum lucidum), which focuses incoming light on the
outer segments of the cones (Francke et al., 2014; Kreysing et al., 2012;
Landsberger et al., 2008). This organisation of the retina, however, results in a
relatively low spatial resolution of the visual system of G. petersii (minimal visual
angle of about 3°)(Kreysing et al., 2012; Schuster & Amtsfeld, 2002). Despite this
poor spatial resolution these fish are able to use visual information for object
recognition, applying template matching to do so (Schumacher et al., 2017,
Schuster & Amtsfeld, 2002).

Previous studies have shown that G, petersii is able to integrate information from
vision and the active electric sense and that both senses can be used to recognise
objects in the near field of the fish (Moller, 2002; Rojas & Moller, 2002;
Schumacher, Burt de Perera, Thenert, et al., 2016; Schumacher et al., 2017).
Furthermore, G. petersii is capable of cross-modal object recognition, i.e. object
information acquired and learned with one of the senses can be used by the other

for object recognition (Schumacher, Burt de Perera, Thenert, et al., 2016). Both
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senses have a high temporal resolution which allows detailed perception of the
environment even during fast swimming (Moller, 1980; Pusch, Kassing, et al.,
2013; Schumacher, Burt de Perera, & von der Emde, 2016). Together, this means
that both sensory systems are able to provide the information necessary for
allocentric navigation. However due to the short perceptual range of the active
electric sense, navigation based on the perception of landmarks might be
inefficient.

So far little is known about how Gnathonemus petersii navigates in its environment
and which senses they use primarily to do so. Studies have shown that during a
vertical navigation task, G. petersii is able to use electrical and hydrostatic
pressure cues for short range navigation (Cain, 1995; Cain et al., 1994; Cain &
Malwal, 2002). In their natural environment G. petersii is known to possess home
territories, which they leave to forage and where they regularly return to (Moller et
al., 1979). In order to do this, they must be able to navigate successfully in their
environment across a considerable range.

Here we investigate how the use of vision or the active electric sense affects the
navigation strategy in G. petersii by training individual fish to swim through a
maze using a particular route indicated by either visual landmarks, electrical
landmarks or without landmarks. By putting egocentric and landmark-based
allocentric cues into conflict, we tested whether the fish employed an egocentric or
an allocentric strategy. In a second experimental series we explored whether the
use of landmarks could be transferred between the senses, by testing visually
trained fish with electrical landmarks and vice versa. Together our experiments
inform us how the perceptual range of sensory systems influences navigation and

how flexible navigation strategies can be employed within a species.

3.1.3. Methods

3.1.3.1. Subjects and set up
During this study we used 17 G. petersii, with a standard length of 8.5 - 13 cm as
subjects. The fish were bought in a local store in Oxford (The Goldfish Bowl Oxford)
and were imported, wild caught from Africa. The age and sex of the fish were
unknown. The fish were housed individually in housing tanks with the dimensions
60 cm x 35 cm x 40 cm. The experiments were conducted in a separate
experimental tank (130 cm x 45 cm x 45 cm), which was divided into five

compartments (Figure 41). The outermost compartments acted as the start and
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goal area. They were divided from the other compartments with a partition
containing one door and were, in contrast to the inner compartments, equipped
with gravel on the floor. The other three compartments had the same size (30 cm)
and were divided by partitions containing two gates, so that in order to get from
the start area to the goal area the fish had to choose twice between two gates. A
cage made of a plastic framework covered with fly screen net was attached to each
gate. At each partition there was one open cage and one closed cage, therefore the
passage into the next compartment was only possible if the fish chose the gate with
the open cage behind. The cages were used in order to prevent the possibility of the
fish detecting the difference between an open and a closed gate from afar. The
cages could be taken off, and since the setup was symmetrical, the experiments
could be conducted in both directions by relocating the cages to the other side of the
partition. In other words, the goal area of the first trial was used as the start area
of the second trial and vice versa.

The temperature, the pH-value and the conductivity of the water in the

experimental as well as in the housing tanks were kept constant at 24+1°C, 6-7 and

100+10 pS/cm.
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Figure 41: Top view of the experimental tank with a symmetrical two-directional design. Start
and goal area switched after each trial as the fish either had to swim from left to right or from
right to left. The correct landmark indicated route allowed passage via open cages, whereas
incorrect doors denied passage via closed cages (dead end). To maintain motivation the goal
area was equipped with a refuge (plastic tube) and a food reward (bloodworms).To minimise

uncontrolled external cues a black curtain was placed around the setup.
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3.1.3.2. General procedure

Before the first trial was started, the door of the start area was closed and the door
of the goal area opened. The goal area contained a plastic tube as a hiding place
and a food reward in the form of a small amount of bloodworm (Chironomidae
larvae). Both motivated the fish to swim into the goal area.

The fish was carefully netted, taken from its home tank and placed in the start
area of the experimental tank. After a short habituation phase of two minutes, the
door of the start area was opened. When the fish had left the start area, the door
was closed in order to prevent a return of the fish. The fish was given 10 minutes to
swim into the goal area. If it did not enter the area in this time the trial was
aborted and the fish was placed back into the start area. If the fish did swim into
the goal area the door was closed and the fish was given 3 minutes to feed and
hide. In the meantime, the cages were replaced on the other side of the partitions
and the new goal area was equipped with the food reward and a plastic tube.
Before the new trial was stared the plastic tube was removed from the new start

area.

3.1.3.3. Sensory influence on navigation
3.1.3.3.1. Training

Before the training started, pre-training sessions were conducted, during which the
fish were trained to swim from the start area to the goal area without the two
partitions in between. As described above the food reward and the hiding place
were placed in the goal area to motivate the animals to perform. Once the fish had
learned to swim directly from the start area to the goal area (after 2 - 3 days) the
partitions with the cages were introduced.

To test the sensory influence on navigation during the first experimental series,
the open cages were positioned in a pre-assigned order. For example, on the first
partition (first decision) the open cage was attached to the right gate and on the
second partition (second decision) it was placed behind the left gate, forcing the fish
to swim a right - left route in order to reach the goal area. An object (landmark)
was placed 3 cm in front of each correct gate with the open cage behind. For the
first decision a sphere with a diameter of 5 cm was used as the landmark and a
cross with the same volume was used for the second decision. The number of

training trials conducted per day varied between two and eight trials per fish (only
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even numbers to avoid overrepresentation of one of the swimming directions in the
two-directional design), all fish conducting the same number of trials each day..
The fish were divided into four training groups composed of five or four in each. In
all training groups three or two fish were trained to the route, right - left and two
to the route, left - right. The training groups were exposed to objects that were
made from different materials, which influenced the senses that could be used to
detect the objects:

1) The first training group (visual group, fish 1 - 5) could only use vision to detect
the objects. This was achieved by making the objects from red coloured electrically
transparent agarose. These objects had approximately the same conductivity as the
tank water and were therefore electrically "invisible". To produce these objects, red
food colour was added to deionised water until the conductivity of the mixture
reached a value of ca. 40 uS/cm. Red colour was used because the cones of G.
petersii are most sensitive to red light (absorption maximum: 615 nm (Kreysing et
al., 2012)). By adding agarose powder (Agarose BP 160-100, Fisher Scientific, Fair
Lawn, New dJersey, USA) (2g per 100ml) the conductivity was increased to ca. 100
wS/em. This mixture was boiled and cast in moulds. After cooling down the agarose
became stiff and the objects could be used. Since it was not possible to measure the
conductivity of the stiffened agarose directly, the resistance of 250 ml stiff agarose
within a beaker was compared with the resistance of 250 ml tank water using a
multimeter (M-3650B, Voltcraft) to test whether their electrical properties were
identical. For both measurements the measuring electrodes were positioned 5 cm
apart. There was no measureable difference between the agarose and the tank
water.

2) The second group (plastic group, fish 6 - 9) could use only their active electric
sense to perceive the objects. In this case, visual detection of the landmark was
prevented by covering plastic objects (detectable by the active electric sense) with
hoods made of opaque, black cotton fabric. Identical hoods containing no landmark,
were placed in front of the doors with the closed cages behind, therefore the fish
had to use electrolocation to detect the navigational landmark.

3) Since the effect of plastic on the electrical field of the fish is relatively small, a
third group (metal group, fish 10 - 13) was trained with metal objects covered by
the cotton hoods instead of the plastic objects.

4) As a control a fourth group (control group, fish 14 - 17) was trained without any
landmarks at all. The aim of this was to test whether the objects had an

uncontrolled effect and whether these objects acted as positive or negative
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reinforcers on the training duration and the accuracy with which the fish navigated
through the maze.

During training, the fish learned to swim from the start to the goal area on the pre-
assigned route without directional errors. Directional errors were counted when
the fish either swam into the dead-end of a closed cage or when the fish swam back
through an open cage in the direction of the start area. The probability of
completing this task without any errors at random was 16.67% (first decision: right
or left gate (50:50), second decision: right, left or backwards (1/3:1/3:1/3)).

The number of errors as well as the trial duration, from leaving the start area to
entering the goal area, were documented. Training was considered successful when
the fish reached the pre-assigned learning criterion of 21 correct trials out of 24
(87.5 %).

To compare the training performance of the four different training groups, we
plotted the number of trials taken to reach the learning criterion (e.g. a fish
making errors only in three trials between trial 32 and 55 reached the criterion
after 55 trials) in box plots, and we conducted a Kurskal Wallis test and a post hoc
test. We calculated the mean trial duration, the mean number of errors and the
percentage of correct trials of 8 trial intervals for each group and plotted them in
learning curves. To compare the within-subjects effects of trial number and the
interaction of trial number x training group as well as the between-subjects effect
of training group, we conducted a mixed-design ANOVA with post-hoc-tests
(Bonferroni correction) for trial duration, number of errors and percentage of
correct trials. We arcsine-transformed the percentage of correct trials and back-

transformed the mean and the standard error for plotting the learning curves.

3.1.3.3.2. Egocentric vs. allocentric navigation
After the fish had reached the preassigned learning criterion, probes were
introduced every fifth trial, to test whether the fish learned the egocentric route or
whether they learned to navigate by using the landmarks (allocentric route). To
achieve this, the egocentric and the allocentric information were put into conflict by
moving the landmarks. For these tests, all cages were opened and the objects were
placed in front of the gates that were closed during training; e.g. in tests with fish
that were trained to the route right - left, the objects were placed left - right. In the
group trained without landmarks only, all cages were opened to control whether

the closed cages had any effect on the performance. In order to prevent a training
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effect during the tests, no food reward or hiding place was placed in the goal area.
Ten test trials were conducted with each fish.

We calculated the percentage of trials during which the fish chose the previously
trained to route (egocentric route) for all training trials after the fish had reached
the learning criterion and for the test trials for each fish and conducted a Chi2-test
to test whether the performance was significantly different from the 16.66%
chance-level. To test whether there was a significant difference between the
performances during training and tests and between the different training groups
we arcsine-transformed the data and conducted a mixed design ANOVA.
Subsequently we calculated the mean and the standard error and transformed the

data back to percentage and plotted them in bar charts.

3.1.3.4. Cross-modal landmark recognition during navigation
3.1.3.4.1. Training

After the first experimental series a second set of experiments was conducted with
the group trained with visual landmarks and the group trained with plastic
landmarks, in which the fish were forced to use the landmarks for navigation
instead of following a pre-assigned route. To do this, the positions of the correct
gates with the open cages were changed pseudo-randomly every trial using the four
possible combinations (right - right, right - left, left - left, left - right). As in the first
experimental series the correct gates were indicated by the wvisual/plastic
landmarks (red coloured electric transparent agarose objects/ plastic objects
covered with cotton hoods and empty cotton hoods).

Since none of the fish trained with plastic landmarks showed a training effect after
96 trials, the plastic objects were replaced by metal objects. This was done because
metal has a stronger effect on the electrical field and therefore is easier to detect
and can be perceived from a greater distance. The learning criterion for this
experimental series was set to 17 correct trials out of 25 (68%).

We plotted the number of trials to criterion for those fish that reached the learning
criterion. For all fish the percentage of correct trials of the last 25 training trials
was calculated (either the fish reached the learning criterion or the training was
considered unsuccessful and stopped). We used a Chi?-test to test whether the
performance was significantly different from the 16.67% chance level. We plotted
the mean trial duration, the mean number of errors and the mean percentage of

correct trials of 8 trial intervals for each group and conducted a mixed-design
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ANOVA with post hoc-tests (Bonferroni correction) to analyse the within-subjects
effects of trial number and the interaction of trial number x training group as well
as the between-subjects effect of training group for trial duration, number of errors
and percentage of correct trials. To do this the percentage of correct trials was
arcsine-transformed and the mean and the standard error were back-transformed

for plotting the learning curves.

3.1.3.4.2. Transfer tests

After the fish had reached the learning criterion, we tested whether the ability to
recognise the landmarks and use them for navigation was transferable between the
senses. To do this, the training landmarks used by the visually trained fish were
replaced by electrical landmarks (metal objects covered with hoods) and vice versa.
During these tests all cages behind the gates were open and no reward was used. A
total of 20 probe trials were interspersed into training every fifth trial.

We calculated the percentage of correct trials for each fish for all training trials
after the fish had reached the learning criterion and for the test trials. To test
whether the performance was significantly different from chance level we used a
Chi?-test and with exact Fisher-tests we compared the performance during training
and tests for each fish. Furthermore, we compared the performance with electrical
landmarks of the group trained with visual landmarks during the transfer tests
and the group trained with electrical landmarks during training using a Mann-

Whitney-U-test.

3.1.3.4.3. Analyses of decision behaviour
To record the decision behaviour of the fish during training and transfer test trials,
a camera was placed above the tank. For each fish 22-35 training trials and 20 test
trials were recorded and analysed. We observed the direction in which the fish
swam after leaving the start area/ after passing the first barrier (right or left) and
whether it changed the swimming direction. Training and test trials as well as
correct and incorrect decisions were analysed separately. We plotted the mean
relative frequency of decisions, during which the fish swam in the individual
favoured direction (direction chosen with a relative frequency of more than 50%;
the favourite direction was separately assigned for the first and the second decision
for each fish) and of decision during which the fish changed direction (swimming
towards one gate and at a distance of ca. 5 cm in front of the gate turning towards

the other gate without entering the first) for the correct and the incorrect decisions
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during training and transfer tests. To analyse the main effects of training/transfer
and correct/incorrect and the interaction of both factors (training/transfer x
correct/incorrect) we arcsine-transformed the data and conducted a two-way
repeated measures ANOVA with subsequent post hoc-tests (Bonferroni correction)
for favourite direction and changed direction. For the plots the mean and the

standard error were back-transformed into percentage data.

3.1.4. Results

3.1.4.1. Sensory influence on navigation
To test whether the navigation strategy of G. petersii is influenced by the sensory
system available for landmark detection, we trained the fish to swim through a
maze using a defined route, which was indicated by landmarks that could be
perceived only with vision (electrically transparent agarose objects) or only with

the active electric sense (plastic or metal objects) or no landmarks were present.

3.1.4.1.1. Route acquisition
All fish from the four training groups reached the pre-assigned learning criterion of
21 correct trials out of 24 and therefore learned to swim from the start area to the
goal area using the defined route. However the number of trials the fish needed to
learn the task differed between the groups (Figure 42). The fish, which were
trained with the visual landmarks, learned the navigation task significantly faster
than all the other groups (Kurskal-Wallis-test: Hs = 11.504, P = 0.009), reaching
the learning criterion with a median number of 55 training trials. The training
duration of the other three groups did not differ significantly. These results suggest
that the visual landmarks had a positive influence on the training, while the
electrical landmarks (plastic and metal) had no significant influence compared to

the control group without landmarks.
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Figure 42: Box plots of the number of training trials the different training groups needed to
reach the pre-assigned learning criterion of 21 correct trials out of 24. The fish were trained to
swim from the start area to the goal area using a pre-assigned landmark indicated combination
of gates (either right - left or left - right). The number of fish within each group is indicated in the
figure. The lines of the box plot indicate the lower quartile (25 %), the median (50%) and the
upper quartile (75 %) and the whiskers indicate the minimum and maximum values. A Kurskal
Wallis-test and a post hoc test was conducted to ascertain whether the training duration of the
groups differed significantly (KW: Hs = 11.504, P=0.009). The letters above the box plots
indicate which training durations are significantly different. Groups with the same letter do not
differ significantly (P > 0.05). Groups with different letters are significantly different (P < 0.05).

In line with the significantly shorter training duration a comparison of the learning
curves of the four different training groups also indicates that the performance of
the group trained with visual landmarks improved faster than that of the other
groups (Figure 43). While there was no significant difference in trial latency or
number of errors between the four training groups (mixed-design ANOVA:
between-subjects effects of training group: Fs13 = 1.257; P = 0.33 (trial latency); Fs,
13 = 2.250 ; P= 0.131 (No. of errors); interaction No. of trials x group: Faies7, 20310 =
0.625; P = 0.673 Greenhouse-Geisser correction ¢ =0.195 (trial duration); Fs.9s2,
25.924= 0.807; P = 0.574 Greenhouse-Geisser correction € = 0.195 (No. of errors)), the
percentage of correct trials differed between the groups over the training period
(mixed-design ANOVA: interaction trial No. x training group: Fa4, 104= 2.09; P =
0.006). On trials No.41-48, 49-56 and 57-64 the visually trained group reached a
significantly higher performance than the other groups, suggesting that during this
training period the visual landmarks positively influenced the training

performance.
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Figure 43: Learning curves of the four different groups trained with visual landmarks (blue),
plastic landmarks (red), metal landmarks (dark red) and without landmarks (grey). Mean trial
duration (A), mean number of errors (B) and mean percentage of correct trials (C) of 8 trials of
each group. The trial duration was measured from the moment the fish left the start area to the
moment it entered the goal area. It was counted as an error when the fish swam into a dead
end of the incorrect gate or swam back in the direction of the start through an open gate. During
a correct trial the fish swam from the start to the goal area without any errors. The error bars
indicate the standard error within each group. The dashed line in C indicates the chance level of
16.67% which results from a 50% chance for the first decision (correct or incorrect gate) and a
33.33% chance for the second decision (correct, incorrect or backwards).
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3.1.4.1.2. Egocentric vs. allocenric navigation

After the fish reached the learning criterion, we tested whether they had learned
the egocentric route or whether they had learned to rely on the landmarks by
putting these navigational strategies in conflict.

During the conflict tests all fish chose the previously learned egocentric route over
the landmark indicated allocentric route in at least 9 of 10 test trials (Chi2-test: P <
0.001). The comparison of the performance during tests and training shows that in
all four groups the fish chose the egocentric route during tests with the same
accuracy as during training (mixed design ANOVA, within-subjects effects: Fi, 13 =
0.93, P = 0.352, interaction group X training/test: F7, 13 = 0.993, P = 0.427) (Figure
44). Furthermore, there was no difference in the performances of the different
training groups (mixed design ANOVA, between-subjects effects: Fs 13 = 1.11, P =
0.381), revealing that the fish chose the egocentric route no matter which sense

was used for landmark detection.
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Figure 44: Mean choice of the training route of the four different groups trained with visual
landmarks (blue), plastic landmarks (red), metal landmarks (dark red) and without landmarks
(grey) during training (lighter bars) and during tests where egocentric and landmark cues were
put in conflict (darker bars). The error bars indicate the standard error and the number of tested
fish is given within the bars. The chance level of 16.67% is marked by the dashed line.
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3.1.4.2. Cross-modal landmark recognition during navigation
To test whether G. petersii is able to navigate using landmarks that are transferred
across two senses, we trained the fish from the visual and the plastic groups to use
allocentric local landmark cues for navigation. To do this the landmark indicated
correct route was altered pseudo-randomly every trial. After the fish had reached
the pre-assigned learning criterion of 17 correct trials out of 25, we tested the fish

with the previously untrained sense.

3.1.4.2.1. Training

In the group trained with visual landmarks four of the five fish reached the
learning criterion. On average they needed 136 trials to do so (Figure 45 A) and
thus needed more than twice as many trials to learn the navigation task as during
the first experimental series. After 168 trials, the fifth fish of this group showed a
slight learning effect and reached a level of 40% correct trials within the last 25
trials, which is significantly above the chance level of 16.67% but it did not reach
the learning criterion (Chi*-test: P =0.002).

After 96 training trials none of the fish trained with plastic landmarks showed any
training effect, therefore we replaced the plastic objects with metal objects. This
was done because metal has a much stronger effect on the electric field than plastic
and is therefore easier to detect for the fish. However even with the metal
landmarks, none of the fish reached the pre-assigned learning criterion, so that the
training was considered unsuccessful and was stopped after a minimum of 168
training trials. Within the last 25 training trials, none of the fish reached an
accuracy of over 24% correct trials which is not significantly different from chance

level (Chi%-test: P > 0.05) (Figure 45 B).
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Figure 45: Training performance of the fish trained with visual landmarks (A) and the fish
trained with electrical landmarks (B) during the experiments where the fish were trained to use
an allocentric navigation strategy. To do this, the correct route indicated by the landmarks was
changed pseudo-randomly every trial. The black bars on the primary y-axis (left) show the
number of training trials the fish needed to reach the learning criterion of 17 correct trials out of
25 (68%). If the fish did not reach the criterion no bar is shown. The blue/red columns on the
secondary y-axis (right) show the percentage of correct trials the fish reached within the last 25
trials of training before the fish reached the learning criterion or before training was stopped. To
test whether the performance of the fish was significantly different from the 16.67% chance
level, Chi2-tests were conducted (n.s.: P > 0.05, *: P< 0.05, **: P < 0.01, ***: P < 0.001). The

dashed line indicates chance level and the dotted line indicates the learning criterion.

The learning curves (Figure 46) show that while there was no significant difference
in the decrease of trial duration between the visual and the electrical group (mixed-
design ANOVA: within-subjects effect of training group: Fi, 7 = 1.151, P = 0.319,
trial No. x training group: Fsoee, 27942 = 1.307, P = 0.292 Greenhouse-Geisser
correction € =0.210), the number of errors and the percentage of correct trials
differed significantly between the groups from trial No. 121-128 unti the end of
training at trial No. 161-168 (mixed-design ANOVA: trial No. x training group:
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Fasss, 34179 = 2.908, P =0.028 Greenhouse-Geisser correction e =0.257 (No. of
errors) , Fass7, 31762 = 3.163, P = 0.023 Greenhouse-Geisser correction ¢ =0.239
(correct trials) post-hoc-tests with Bonferroni correction P < 0.05). This reveals that
the visually trained fish learned the task better than the electrically trained group.
The learning curves (Figure 46 B and C) also show that there was no training effect
over the entire training period in the electrical landmark group (red lines). There
was no significant difference in the mean number of errors or in the mean
percentage of correct trials between trials No. 1-8 and any other trial interval
(mixed-designed ANOVA: trial No. x training group: Faisss, 34179 = 2.908, P = 0.028
Greenhouse-Geisser correction ¢ =0.257 (No. of errors), Fass7 31.762=3.163, P =
0.023 Greenhouse-Geisser correction e =0.239 (correct trials) post-hoc-tests with
Bonferroni correction P > 0.05). In contrast, the performance of the fish trained
with visual landmarks significantly improved over time. After trial 64, the number
of mistakes steadily decreased and the percentage of correct trials increased in line
(mixed-designed ANOVA: trial No. x training group: Fasss 34179 = 2.908, P = 0.028
Greenhouse-Geisser correction € =0.257 (No. of errors), Fass7 31.762=3.163, P =
0.023 Greenhouse-Geisser correction e =0.239 (correct trials) post-hoc-tests with
Bonferroni correction P < 0.05). However in comparison to the first experimental
series, where the fish were trained to use a defined route, the mean percentage of

correct trials was much poorer and never exceeded 73%.
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Learning curves of the groups trained with visual landmarks (blue) and with electrical

(red). Mean ftrial duration (A), mean number of errors (B) and mean percentage of

correct trials (C) of 8 trials of each group. Within the first 24 trials the route the fish were

previously trained to (right - left or left - right) was not used during training (black framed data

points). Subsequently all four possible routes were shuffled pseudo-randomly and were used

with the same frequency. After 96 trials there was still no consistent trainings effect in all fish

trained with plastic landmarks, therefore the plastic objects were replaced by metal objects from

trial 97 on (dark red). For further description see Figure 43.
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3.1.4.2.2. Transfer tests

Subsequent to training, the four fish of the group trained with visual landmarks
were tested in transfer tests, during which the visual landmarks were replaced by
electrical landmarks (metal objects covered with electrically transparent cotton
hoods in front of one gate and empty hoods in front of the other gate).

During the transfer test, all four tested fish reached a performance significantly
different from the 16.67% chance level (Chi?-test: P < 0.05; Figure 47). However, in
all fish the transfer performance with the electrical landmarks (38.75 + 2.39) was
significantly worse than the training performance with the visual landmarks
(70.87 + 1.1) (exact Fisher-test: P < 0.001). The comparison of the performance
during the transfer tests with the training performance of the group trained with
the electrical landmarks after at least 168 training trials shows that the visually
trained group reached a significantly better performance during navigation with
the electrical landmarks without any training with these landmarks (Mann-
Whitney-U-test: U = -2.337, N1 = N2 = 4, P = 0.029; Figure 48). This suggests that
while the fish seemed to be able to transfer the use of the landmarks, the electrical

input might not be sufficient for efficient allocentric navigation.
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Figure 47: Percentage of correct trials of the four fish trained with visual landmarks that
reached the learning criterion during training (blue) and during transfer tests with electrical
landmarks (purple). The training performance was calculated for each fish using all training
trials after the fish had reached the learning criterion. Chi*-tests were conducted to test whether
the performances were significantly different from the 16.67% chance level. The results are
indicated by the asterisks within the bars (*: P < 0.05; **: P < 0.01; ***; P < 0.001). To test
whether there was a significant difference between the performance during training and during
the transfer tests exact Fisher-tests were conducted (***: P < 0.001).
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Figure 48: Box plots of the percentage of correct trials of the group trained with visual
landmarks during transfer tests with electrical landmarks and of the group trained with electrical
landmarks during training. For each fish of the group trained with visual landmarks the
percentage of correct trials was calculated from the 20 transfer test trials. For the fish trained
with electrical landmarks, the last 25 trials before the training was stopped were analysed. A
Mann-Whitney-U-test was conducted to test whether there was a significant difference between
the performances (U = -2.337, Ny = N, = 4, P = 0.029).

3.1.4.2.3. Decision behaviour

The analysis of the recorded trials shows that each fish tended to swim in an
individually preferred direction during most decisions (Figure 49). This preferred
direction did not depend on the direction the fish was trained to in the first
experimental series. The fish chose this individually preferred direction on average
in 62.4 % (training) and 68.6 % (transfer tests) of the correct decisions and in 78.7
% (training) and 81.7 % (transfer tests) of the incorrect decisions, indicating a non-
significant trend towards choosing the favourite direction more often during
incorrect trials (two-way repeated measures ANOVA: main effect correct/incorrect:
Fi,3=5,947, P = 0.093 Greenhouse-Geisser correction ¢ = 1.000).

Furthermore during the correct decisions, the fish changed directions (swimming
in one direction and changing direction shortly before (ca. 5cm) entering the gate)
on average in 43.25% of the training decisions and in 53.74% of the transfer
decisions. In comparison, during the incorrect decisions the fish changed directions
with an average 6.39% of the training decisions and 7.24% of the transfer decisions
significantly less often (two-way repeated measures ANOVA: main effect
correct/incorrect: Fi, s = 2021.877; P < 0.001 Greenhouse-Geisser correction

e = 1.000). This suggests that during correct trials the fish changed the direction
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towards the correct gate when noticing the absence of the landmark on an initially
incorrect route and tended to swim less often in the individually preferred direction
maybe in favour of swimming towards the landmark.

During both decision behaviours (favourite direction and changed direction), there
was no significant difference between training and test (two-way repeated
measures ANOVA: main effect training/transfer: F1, 3 = 0.671, P = 0.473 (favourite
direction); Fi, 3 = 3.646, P = 0.152 (changed direction)) and no significant
Interaction between training/transfer and correct/incorrect (two-way repeated
measures ANOVA: training/transfer x correct/incorrect: Fi, 3 = 0.530, P = 0.833
(favourite direction); Fi, 3 = 0.250, P = 0.651 (changed direction) Greenhouse-

Geisser correction ¢ = 1.000) .
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Figure 49: Mean relative frequency of decisions (two decisions per trial), during which the fish
swam in its favoured direction and changed directions during training (blue) and during the
transfer tests of the four fish trained with visual landmarks that reached the learning criterion.
Correct (+) and incorrect (-; lighter bars) decisions were analysed separately. The favourite
direction is defined as the direction the fish chose with a frequency of more than 50% and it was
assigned for each fish for both decisions separately. The fish changed direction when swimming
in the direction of one of the gates but then swam in the direction of the other gate before
entering the first gate. For each fish, 22-35 training trials after reaching the criterion (44-70
decisions, 34-55 correct decisions, 10-25 incorrect decisions) and 20 transfer test trials (40
decisions, 20-24 correct decisions, 16-20 incorrect decisions) were analysed. The percentage
data was arcsine transformed and a two-way repeated measures ANOVA was conducted
independently for the favourite direction and for changed direction. The mean and the standard

error (error bars) were back transformed into percentage data.
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3.1.5. Discussion

3.1.5.1. Sensory Influence on navigation
3.1.5.1.1. Route acquisition

Our results show that G. petersii is able to learn a determined route highly
accurately. All fish, no matter whether trained with visual landmarks, electrical
landmarks or without landmarks, were able to navigate through the maze with an
accuracy of nearly 100% correct trials after training (Figure 44). However, the
performance during training shows that task acquisition was influenced by the
available sensory input (Figure 42 and Figure 43). The fish trained with visual
landmarks learned the task significantly faster than all other groups. These fish
were probably able to see the visual landmarks in front of the correct doors from
their start position or after swimming through the first partition, therefore the
visual landmarks might have affected the decision in which direction to swim,
iImproving route acquisition.

The electrical landmarks (plastic and metal objects) had no significant influence on
the training duration compared to the group trained without landmarks. Because
of the short perceptual range of the electric sense and the distance of ca. 27 cm
between the door and the objects, the fish could not perceive the electrical
landmarks from their start position. In this case, the landmarks were unlikely to
guide the directional decision, and thus had no influence on task acquisition. This
does not correspond with the results of studies of Cain et al. showing that in a
vertical navigation task G. petersii did use electrical cues during task acquisition
(Cain, 1995; Cain et al., 1994; Cain & Malwal, 2002). These differences might be
explained by differences in the navigational task and differences in the
experimental setup. During the experiments of Cain et al the fish had to find a hole
in a partition located at a certain height, vertically navigating in the range of ca. 20
cm, while during our experiments the fish had to swim a specific more complex
route, navigating over a total range of 90 cm (from start area to goal area). During
a very short range navigation task such as that used in the studies by Cain et al.,
the electric sense seems to be much more efficient than in our experiments.
However, our results might also be influenced by a systematic difference in
landmark presentation of the visual and the electrical cues. During the
experiments with the visual landmarks there was only one object present for each
decision. In contrast, during the experiments with the electrical landmarks, the

hoods were placed in front of both gates. The presence of visually detectable hoods

137



NAVIGATION

in front of both doors while only one of them contained an electrically detectable
object, introduced an additional conflict between the visual and electrical

information, which might have made the electrical landmarks less reliable.

3.1.5.1.2. Egocentric vs. allocentric navigation

The results of the test in which egocentric and allocentric cues were put in conflict
reveal that all fish no matter which landmarks were available preferred the
previously learned egocentric route over the use of landmarks (Figure 44). This
suggests that there is an inherent dominance of the egocentric navigation strategy
in G. petersii when navigating on a familiar route, which is not influenced by the
availability of certain senses. This corresponds with findings in fruit bats
(Rousettus aegyptiacus) showing a very similar dominance of an egocentric
representation of space over displaced local landmarks during a familiar
navigation task independent of whether the bats used vision or echolocation for
landmark detection (Holland, Winter, & Waters, 2005). Together with studies in
pigeons and hummingbirds this indicates the importance of egocentric
representation of space (Hurly & Healy, 1996; Strasser & Bingman, 1996).
Egocentric navigation is more robust against changes in the environment and is
therefore the more reliable strategy in a variable environment. The natural
habitats of G. petersii are rivers in West and Central Africa, which provide a highly
variable environment (Moller, 1995). Because of the water current of rivers, local
landmarks are likely to be relocated and seasonal changes of the water level (rainy
and dry seasons) will additionally affect the structure of the fish’s habitat. Within
such unstable environments, allocentric navigation based on local landmarks is
probably less reliable than egocentric navigation, especially if the route is very well
known and used repeatedly. Therefore river fish might be more likely to use an
egocentric strategy than fish that live in more stable habitats like lakes or ponds,
as for example shown in sticklebacks (Girvan & Braithwaite, 1998; Odling-Smee &
Braithwaite, 2003). Our results, however, do not correspond with maze studies in
the closely related African weakly electric fish Mormyrus rume, which used
landmark based navigation when electrical landmarks were available and only
chose egocentric navigation in the presence of visual landmarks (Walton & Moller,
2010). The experimental setup and landmark presentation were very different in
this study so that the results are not directly comparable.

An additional factor, which might have influenced our results, is that we might

have created a conflict between local and global landmark as we not only put
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egocentric and allocentric cues in conflict but we also changed the position of the
local landmarks within the tank. While we minimised global cues by shielding the
tank from the outside and by using the setup in two directions, the availability of
uncontrolled cues cannot be completely excluded. Such global landmarks might
have supported the egocentric navigation strategy and reduced the reliability of the

local landmarks.

3.1.5.2. Cross-modal landmark recognition during navigation
3.1.5.2.1. Training

The training results of the second experimental series show that while the fish
preferred the egocentric route in the first series, G. petersii is able to use visual
landmarks for allocentric navigation (Figure 45). However, with an accuracy of ca.
70% correct trials and a more than twice as long training duration, this allocentric
navigation was much less efficient than the egocentric strategy. This might result
from the possible conflict between the local landmarks and global cues. Under
natural conditions using objects for navigation, which vary their position relative to
unchanging global cues, probably would not be efficient. Therefore it was proposed
that a conflict between local and global cues is solved based on the perceived
stability (a priori reliability) of the cues (Biegler & Morris, 1996). Since in our
experiments only the local landmarks changed their position and the rest of the
setup stayed constant throughout the experiments, the local landmarks were
probably perceived as less reliable. Hence to learn the task, the fish might first had
to learn to rely on the local cues.

Caution should be taken, however, as the training performances during the first
and the second experimental series are not independent. The previous experience
of the first experimental series, during which the fish were trained using one
defined route, might have influenced the training of the second experimental
series. The fish were already familiar with the setup and knew that they had to
swim from the start area to the goal area, which might have positively influenced
the training performance. This positive effect is shown in the trial duration (Figure
43 A and Figure 46 A). While at the start of the second experimental series the
trial duration slightly increased compared to the end of the first series, the fish
were much faster than at the start of the first series. Alternatively, the previous
experience might also have had a negative influence on training. The new task

contradicted with the previously learned information, hence to learn the new task
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the previously learned task had to be overwritten. It is therefore possible that
naive fish would have learned the allocentric navigation task faster.

The difference in the training performance of the fish trained with visual
landmarks and the fish trained with electrical landmarks is probably based on the
difference in perceptual range of both senses (Figure 45 and Figure 46). As
described above the fish could not perceive the electrical landmarks from their
start position or directly after they had passed the first barrier. Therefore, the fish
could have made the decision in which direction to swim before they could detect
the electrical landmarks and thus did not associate the decision and its
consequences with the landmark.

The visual landmarks, on the other hand, could be perceived from a greater
distance, so the fish might have been more likely to associate the landmark with
the directional decision and thus to learn the task. However, the analysis of the
swimming behaviour of the fish trained with visual landmarks shows that these
fish also tended to swim in a preferred direction independently of whether this
direction was indicated by a landmark or not (Figure 49). This was especially the
case when they made an incorrect decision, suggesting that in these cases the fish
swam in their preferred direction without attending to the landmarks. During
trials in which correct decisions were made, the fish seem to have used the
landmarks in two different ways. In 56.75% of the correct training decisions the
fish directly swam in the direction of the correct landmark indicated direction,
suggesting that the fish might have used the landmarks for guiding the decision. In
the other 43.25% of the correct decision, the fish first swam in the direction of the
incorrect gate and then changed the direction, suggesting that the fish noticed the
absence of the landmark when swimming in the direction of the incorrect gate and

reacted with a change of direction.

3.1.5.2.2. Transfer tests
The results of the transfer tests with electrical landmarks show that all four
visually trained fish tested reached a performance significantly different from
chance level (Figure 47). However, with only 35% - 45% correct trials the
performance was significantly worse than during training with visual landmarks
and navigation was not very efficient. The comparison of this test performance with
the training performance of the group trained with electrical landmarks shows that
under the same conditions the visually trained fish without any training with the

electrical landmarks reached a significantly higher performance than the
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electrically trained group after more than 160 training trials (Figure 48). This
suggests that the visually trained fish were able to transfer the use of landmarks
from vision to the electric sense, however, the short working range of the electric
sense made the landmark recognition ineffective. During the transfer tests with
the electrical landmarks, the hoods and thus some visual cues were present in front
of both gates. From this, the fish received ambiguous visual information, which
made the task more difficult to solve. The fact that despite this ambiguous visual
input the fish reached a performance significantly different from chance level,
might suggest that the fish had not just learned to swim to any visible object but
recognised the landmarks more specifically and were able to transfer this
information from vision to the electric sense. This corresponds with the findings of
an earlier study that G. petersii is capable of cross-modal object recognition
(Schumacher, Burt de Perera, Thenert, et al., 2016).

The comparison of the recorded decision behaviour during training and transfer
tests supports the hypothesis that the fish were able to transfer the use of the
landmarks but that navigation was impaired, because of the small perceptual
range of the electric sense. The decision behaviour during training and test was
very similar but during the transfer test the fish chose slightly more often the
favoured direction and changed the direction slightly more often (Figure 49).
During the transfer trials the fish could not perceive the landmarks from their
start position but could only detect their presence or absence when close to the gate
and therefore might have changed the direction more often than during the trials

with visual landmarks.

3.1.5.3. Conclusion
Our results show that G. petersii is able to navigate highly efficiently in a familiar
environment using egocentric cues. After learning the navigational task, an
egocentric strategy, perhaps supported by global landmarks, dominated over an
allocentric strategy, independently of the available sensory system. Nevertheless,
our results suggest that navigation is influenced by the employed sensory system
in subtle ways. In contrast to electrical landmarks, visual landmarks significantly
improved task acquisition and allowed allocentric navigation. This suggests that
there might be a task division of allocentric and egocentric navigation. G. petersii
might tend to use allocentric cues during route acquisition in less familiar

environments whereas the egocentric strategy might be employed when following
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familiar routes. This hypothesis is supported by the results of Cain et al. showing
that G. petersii used electrical cues during acquisition of a short range vertical
navigation task and relied on an egocentric representation when the fish were
familiarised with the task (Cain, 1995; Cain et al., 1994). Furthermore, our results
in conjunction with the above cited results from Cain et al. and previous studies
showing a dominance of the electric sense at close range (Schumacher, Burt de
Perera, Thenert, et al., 2016; Schumacher et al., 2017), suggest that there is also a
task division between vision and the active electric sense. Vision might be used for
detecting larger landmarks from some distance, which aids longer range
navigation, whereas active electrolocation is probably used to perceive fine-scale
information about its close surroundings, orientating at very close range.

The results of the allocentric training and the transfer tests show that, although
egocentric navigation seems to be inherently dominant during navigation in a
familiar environment, G. petersii is able to adjust its navigation strategy if
necessary, and is able to use cross-modal landmark recognition to further increase
the flexibility of the navigational system. These results, together with previous
research in other taxa, underpin the importance of navigation mechanisms being
flexible in order to cope with environmental challenges (T. S. Collett & Graham,
2004). A flexible multisensory system allows an animal to navigate successfully
within the environment under varying conditions in diverse environments,

providing a clear adaptive advantage.

142



4. General Discussion







GENERAL DISCUSSION

4. General Discussion

The perception of the environment via combination and integration of multiple
sensory inputs provides several adaptive advantages (Ernst & Bulthoff, 2004).
Consequently, not only the individual senses but rather the whole multisensory
system is adapted to optimise information input within a given habitat. Through
cognitive abilities. such as learning, this perceptually gained information can be
used flexibly to fulfil complex tasks like object recognition and navigation. Thus
perception and cognition are essential features allowing successful interaction with
the environment. In this thesis I investigated how the sensory systems of the
weakly electric fish Gnathonemus petersii operate together, forming a multisensory
system that is specially adapted to the environmental conditions of its habitat and
its nocturnal live style. The results reveal some of the fundamental mechanisms
underlying multisensory processing and underline the high cognitive abilities of

these non-mammalian vertebrates.

4.1. Perception: Sensory ecology of the multisensory system
Both vision and the active electric sense are well studied on a uni-modal basis in G.
petersii, whereas little is known about the mechanosensory lateral line system of
these fish. However, under natural conditions the three senses are not used
independently but are, together with the acoustic, tactile, olfactory and gustatory
sense, part of a complex multisensory system, in which the information from
several senses can be combined and integrated (Moller, 2002). From an
adaptational point of view this is an important consideration as constraints of one
sensory system might be compensated by another, increasing the chance of
survival in a competitive and predator-rich environment such as the natural
habitat of G. petersii (Alais et al., 2010). These fish live in species-rich rivers in
Central and West Africa, where up to 43 different fish species were found at a
single sampling station (for comparison, in the whole river Rhein 39 different fish
species live and for a single sampling station the maximum a number of 30 species
was found; and in Bonn only 15 different species were found (Brenner, Korte, &
Schneider, 2002)) and where especially during the dry-season the density of fish is
quite high (Moritz, 2010; Ogbeibu & Ezeunara, 2002; Wuraola & Adetola, 2011).
All three senses examined in this thesis are in general able to provide spatial
information about the environment and objects within it (Hassan, 1989; Lissmann

& Machin, 1958; Schuster & Amtsfeld, 2002; von Campenhausen et al., 1981). This
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raises the question as to why G. petersii possesses all three of them when they
might be used for the same tasks. The behavioural results of the multisensory
interactions between vision and the active electric sense as well as the anatomical
data about the mechanosensory lateral line systems presented in this thesis,
indicate two contrary ways of how evolutionary adaptation worked on these
seemingly redundant senses. While vision and active electrolocation are highly
specialised and well adapted to the environmental conditions and are well tuned to
each other, the results of chapter 2.3. show that a drastic morphological reduction
of the peripheral mechanosensory lateral line system occurred in G. petersii.

The active electric sense 1s most certainly an adaptation to nocturnal activity,
as both mormyrid and gymnotiform weakly electric fish are mainly active
during the night (Henninger, Benda, & Krahe, 2012; Moller, 1980; Moller et al.,
1979; Westby, 1988; Winemiller & Adite, 1997). Active electrolocation allows
the perception of detailed information about the environment independently of
the presence of light. It thus allows successful nocturnal foraging, while
avoiding an increased predation pressure during day (Moller et al., 1979).
However, the active electric sense is energetically very costly. In gymnotiform
wave- and pulse-type fish up to 30% of the total energy consumption is associated
with active electrolocation (Salazar et al., 2013). In the presence of such a costly
sense, one might ask why these fish still invest in additional senses, which provide
similar information. For example, some other animals, such as the Mexican blind
cave fish (Astyanax mexicanus) or the olm (Proteus anguinus), completely reduced
their eyes as an adaptation to their extreme low light environments in caves and
instead use their specialised mechanosensory lateral line system and, in case of the
olm, the passive electric system for orientation (Jeffery, 2005; Roth & Schlegel,
1988; Uiblein, Durand, Juberthie, & Parzefall, 1992; Yoshizawa et al., 2010).
However, in contrast to these animals, G. petersii lives in habitats, where even at
night low light levels are present and with a much higher predation pressure. With
its small working range the active electric sense is unable to provide
information from afar, which would certainly increase the predation risk due to
delayed predator detection in an uni-modal active electric system (Fechler &
von der Emde, 2013; von der Emde et al., 2010; Westby, 1984). Therefore an
additional far ranging sense such as vision provides an adaptational advantage.
With its grouped retina G. petersii possesses a specially adapted visual system.

The grouped retina was first found in deep sea fish and thus was thought to be a
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pure adaptation to low light levels (Brauer, 1908). However, since then this retinal
structure was also found in several shallow water fish and the spatial low-pass
filter properties found in G. petersii suggest that it is additionally an adaptation to
the fish’s turbid habitat (Francke et al., 2014; Kreysing et al., 2012; Pusch, 2013).
The visual system of G. petersii with its grouped retina and high temporal but poor
spatial resolution allows the detection of bigger and fast moving objects from afar
reducing predation risk, whilst additionally reducing visual noise in the turbid
environment (Pusch, Kassing, et al., 2013; Pusch, Wagner, et al., 2013). However,
within an uni-modal visual system the poor spatial resolution would prevent the
detection of its typical small food items especially since they are mainly hidden in
the ground (Kreysing et al., 2012; Nwani et al., 2011; Schuster & Amtsfeld, 2002).
Thus the active electric sense provides an additional foraging strategy by searching
for food in the sediment, which decreases food competition with other non-
electrosensory fish.

These advantages and constraints of both senses are perfectly balanced in the
multisensory system reflected by the results of this thesis. My results show that
the spatial information provided by vision and electrolocation can be used in
different advantageous ways: 1) They can be used redundantly in case one sense is
unavailable, as shown in the electrically silenced fish during object recognition,
2) they can be used complementarily for slightly different tasks as indicated by the
results during object recognition, where the electric sense is dominant, and
navigation, where visual landmarks improved route acquisition and 3) they can be
used synergistically when integrated as shown by the improved multisensory
performance during object recognition compared to the uni-modal performances.
Thereby the differences in perceptual range are reflected by the dynamic weighting
of the sensory inputs described in chapter 2.1. During object recognition at close
range, the advantages of the active electric sense are best utilised via a dominance
of the electrical over the visual input. Here the electric sense provides fine-scale
spatial information about an object such as distance, size and shape and
additionally provides important information about material properties and thus
informs whether an object is animate or not (von der Emde, 1993; von der Emde et
al., 2010; von der Emde & Fetz, 2007; von der Emde & Ringer, 1992). These pieces
of information allow the fish to detect and recognise food items even when buried in
the sediment and are important when collecting information about environmental
objects in the close proximity (Regett, 2016a, 2016b). The results of the feature

detection test in chapter 2.2., during which the fish used specific features of the
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objects for electric but the general shape for visual object recognition, suggest that
electrolocation provides more detailed information about the object, which can be
used for the recognition task.

This electrosensory capture is comparable to the visual capture found in humans
during spatial tasks, during which vision provides the most reliable and accurate
information (Howard & Templeton, 1966b). Sensory illusions like the well-know
ventriloquism effect, during which sounds from the ventriloquist appear to be
coming from the moving mouth of the puppet, result from this visual dominance
and are necessary to form a coherent multisensory percept (Alais & Burr, 2004).
The results of chapter 2.1. show that sensory weighting is dynamic and adjustable
over distance in G. petersii. The same electrosensory capture, which is beneficial
during multisensory integration at close range, would be fatal at longer range,
where the electric sense provides no or only unreliable information. Consequently,
the hierarchy is reversed at greater distances, utilising the longer perceptual range
of the visual sense optimally. Visual object information from a greater distance can
be used to aid navigational tasks as shown in chapter 3.1. During such tasks the
use of more general object features for landmark detection as described in this
thesis and by Schuster and Amtsfeld might even be beneficial (Schuster &
Amtsfeld, 2002). Detailed object features are harder to detect from greater
distances and might be view-dependent. Learning the more general outlines of an
object might thus allow landmark-based navigation without relying on defined
features. Some insects, for example, use template matching for navigation, a
strategy, during which a more general template of a landmark is used to find back
to the place, where the template was acquired (Cheng, 1999; Riiediger Wehner,
Cheng, & Cruse, 2014). Similar mechanisms are also used for successful landmark-
based navigation in mobile robots (Abe, Shikano, Fukuda, Arai, & Tanaka, 1998;
Balkenius & Kopp, 1997).

The dynamic weighting found here in G. petersii is again comparable to
mechanisms found in mammals where the hierarchy of the sensory inputs is
adjusted according to their reliability (Ernst & Banks, 2002; Fetsch et al., 2009;
Raposo, Sheppard, Schrater, & Churchland, 2012; Sheppard et al., 2013).

On the other hand, the anatomical data of the mechanosensory lateral line system
indicate that here evolution led to a reduction of the system probably as an
adaptation to the environment and the redundancy with the electric system.
Whereas vision provides compensation for the short working range of active

electrolocation, the mechanosensory lateral line system itself is also restricted to a
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short range (Hassan, 1985, 1989). The noisy environment of the natural habitat of
G. petersii, fast running rivers, probably prevents the detection of detail
information like e.g. the position of moving predators or prey using lateral line
information (Engelmann et al., 2002; Engelmann et al., 2003). Furthermore in
comparison to some surface feeding fish, which use the prey evoked water
movements for prey localisation, the lateral line system is less appropriate for
detecting the main food source of G. petersii, Chironomidae larvae, when buried in
the sediment and therefore do not evoke many water movements (Bleckmann,
1986; Bleckmann & Topp, 1981). The additional competition about surface area
and brain capacity between the electrosensory and the mechanosensory lateral
line system therefore might have led to the reduction of the mechanosensory
system in favour of the more valuable electrosensory system. Comparative
anatomical studies between river-dwelling and lake-dwelling weakly electric fish
might reveal in more detail, whether the reduction of the peripheral
mechanosensory lateral line system is an adaptation to the noisy habitat, to the
competition with the electric system or both.

Despite the morphological reduction, some behavioural evidence suggests that the
mechanosensory lateral line input contributes synergistically to the multisensory
system and the here presented anatomical data may also suggest a possible
rheotactical use (Pluta & Kawasaki, 2008; Gerhard von der Emde & Horst
Bleckmann, 1998). Thus the reduction could also be seen as a kind of specialisation
of the lateral line system on the more basic features of hydrodynamic stimuli.
Together the results of my thesis show that all three senses are not just well
adapted to the environmental conditions but also form a well adapted but flexible
multisensory systems, in which each sense occupies a slightly different niche and

still provides advantages through integration and compensation.

4.2. Cognition: Multisensory processing and cognitive abilities
While perception provides important external information, the information and
thus the corresponding receptor organ provides only a selection advantage, if it
influences the behavioural output of the animal. In order to do so sensory
information needs to be processed and may be shaped through cognitive processes
like learning and memory, resulting in a distinct behaviour, which provides the
actual adaptive value for the animal (Alais et al., 2010). Consequently, the way

how sensory input is processed and the cognitive abilities of an animal are as much
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part of the evolutionary selection process as is the peripheral structure of the
receptor organs.

Processing multisensory information is highly complex as each sense provides
slightly different information due to physical constrains of the different stimuli and
receptors. While vision and electrolocation both provide spatial information about
the environment, they do so in different ways and each sense provides bits of
information that cannot be obtained by the other. As described above the active
electric sense provides information only from the near field, whereas vision
provides additional information from longer distances. On the other hand
electrolocation is omnidirectional, providing information from all directions around
the body, whereas the visual system of G. petersii is restricted to cone-shaped
visual fields on both sides of the fish’s head, which slightly overlap in the front
(Pusch, 2013). Furthermore, the active electric sense provides 3-dimentional
information about objects even if they are visually covered, e.g. by other objects,
and provides additional information about material and capacity, which are not
provided by vision (Fechler & von der Emde, 2013; von der Emde, 1993; von der
Emde & Ringer, 1992). In return, the visual system, although monochromatic,
provides unique information about light intensity and the light reflection
properties of objects (Kreysing et al.,, 2012). These differences between the
individual inputs pose big challenges on the system, as congruent information has
to be extracted from incongruent, in order to allow efficient multisensory
integration (Ernst & Di Luca, 2011).

The integration of multiple sensory inputs is further complicated by the fact that
even inputs obtained from the same source slightly differ in content due to
inherent noise in all sensory system (Ernst & Biulthoff, 2004). The dynamic
weighting of sensory inputs, demonstrated in some mammalian species and here
for the first time in G. petersii, provides a tolerance against resulting discrepancies
in sensory inputs, allowing the formation of a robust multisensory percept (Ernst &
Banks, 2002; Fetsch et al.,, 2009; Sheppard et al., 2013). The more reliable a
sensory input is, the more it will contribute to the overall percept, increasing the
chance to receive reliable and accurate information from the environment (Ernst &
Bilthoff, 2004).

Further inferences about how multisensory information is processed in these fish
can be made based on the results of chapter 2.1. by showing that G. petersii is
capable of spontaneous cross-modal object recognition. In order to fulfil this highly

complex task, individual sensory inputs need to be processed in a way that allows
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flexible transfer of information between the senses. This allows information
acquired and learned with one sense to be used by another sense and sets high
requirements on the system (Cloke, Jacklin, & Winters, 2015). Temporally disjoint
information from different senses, relying on different physical stimuli, have to be
recognised as identical. Vision and electrolocation provide very different images of
the environment, from which the object information has to be extracted and
matched. As described in the discussion of chapter 2.1. this might be achieved in
different ways: either through a matching format of the individual sensory inputs
or via a generalisation of previously learned associations between the different
inputs. The results of the feature detection tests in chapter 2.2. might slightly hint
for the use of generalisation in G. petersii, as the fish seem to store very different
aspects of the object during electrical and visual object recognition. During
generalisation the detailed electrical information might be matched to the more
general visual information based on previously learned association. However,
further research is necessary to reveal the detailed processing mechanism
underlying this cross-modal object recognition.

Both the robustness against discrepant inputs as well as the transferability of
information between senses provide clear adaptive advantages as they allow the
formation of a coherent but still flexible multisensory system and thus provide the
foundation for a efficient use of multisensory information. The occurrence of
similar processing mechanisms in mammals and in a fish raises the question
whether these forms of multisensory processing evolved convergently in both
groups or whether they are fundamental features of vertebrates and if similar
mechanisms also occur in invertebrates.

The robustness against inherent discrepancies in sensory inputs is essential for a
successful multisensory integration and thus processing mechanisms preventing a
loss of reliability like the dynamic weighting of sensory inputs could be widely
conserved across animals. For example, many insect species are known to use
multisensory integration (Leonard & Masek, 2014; Wessnitzer & Webb, 2006) and
similar weighting mechanisms were found e.g. during navigational tasks in desert
ants, which weight and integrate conflicting celestial and terrestrial cues to
determine their homing direction (Legge, Wystrach, Spetch, & Cheng, 2014).
Simpler forms of information transfer between senses were also found in some
insects (Guo & Guo, 2005). However, these forms of multisensory transfer rely on
direct associations built between two stimuli and thus on different processing

mechanisms as the here described mechanisms fundamental for cross-modal object
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recognition. Since spontaneous cross-modal object recognition is processed in
higher brain areas (at least in mammals) (Cloke et al., 2015; Taylor et al., 2006), it
1s less likely that this ability is conserved across invertebrates and vertebrates. To
determine how far these or similar processing mechanisms are spread among
animals, further comparative studies in vertebrates and invertebrates are
necessary.

The adaptive value of such a multisensory system is further increased through
cognitive abilities such as learning and memory, which increase the flexibility of
the system. They allow sensory information to be stored and used at any time and
thus enable an animal to fulfil complex tasks like object recognition and
navigation. Furthermore, learning provides a means to adjust the system flexibly
to changes of the environmental conditions.

The results of my thesis clearly underline the high cognitive abilities of G. petersii.
The ability to recognise objects and associate them with positive or negative stimuli
provides a clear selection advantage, as it allows the animal to avoid negative
consequences or to identify food sources. Previous studies have shown
that G. petersii is able to recognise objects based on a wide range of object
properties using active electrolocation and vision (Schuster & Amtsfeld, 2002; von
der Emde et al., 2010).

My results show additionally that these fish are capable of spontaneous cross-
modal object recognition, a high cognitive function previously only known from a
few mammalian species. This ability further increases the flexibility of the
multisensory system and allows successful object recognition under a variety of
environmental conditions. The effect of this ability might be increased, when
information can be transferred between a short and a long range sense such as the
active electric sense and vision. For example, it allows the fish to use information
visually acquired from a greater distance on short range with the active electric
sense and thus may help to put electrically gained information in a spatial context.
This is supported by the results of the cross-modal landmark recognition tests in
chapter 3.1. During these tests the fish were unable to learn the allocentric
navigation task based on electrical landmarks, however, when previously trained
with visual landmarks they were also able to use electrical landmarks. Thus this
cross-modal landmark recognition also increases the flexibility of the system
during navigational tasks. Navigation itself is a quite fundamental ability of
actively moving animals and is thus widely spread among animals (T. S. Collett &

Graham, 2004; Mouritsen, 2001). It allows an animal to actively interact with its
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surroundings and still be able to return to food sources, hiding places or mating
sites.

While sensory information provides the fundament of such cognitive tasks,
learning in return influences the way how sensory input is processed. This is
shown, for example, by the results of the visually trained fish in chapter 2.2..
Through constant repetition the visual training remapped the weighting of the
sensory inputs, so that after successful training the visual information dominated
over the electrical input at close range. This remapping shows that learning and
previous experience influence the weighting of sensory inputs, allowing flexible
adjustment of the system to the current environmental conditions. The ability to
adapt to changing conditions is of special importance in a highly variable
environment such as the natural habitat of G. petersii. Drastic seasonal changes of
the water levels, in addition to permanent strong currents in their home rivers,
lead to an ever-changing habitat, which requires a flexible system, which might
have led to a promotion of high cognitive abilities in these fish.

To better understand the convergent evolution of high cognitive abilities Emery
and Clayton as well as Marino have compared the cognitive abilities of corvids or
cetaceans with those of apes and humans and described some factors promoting the
evolution of high cognitive abilities as well as physical requirements and some
common abilities (Emery & Clayton, 2004; Marino, 2002). While a direct
comparison of the cognitive abilities of G. petersii with those of humans, crows or
cetaceans would be a stretch, some of the described mechanisms can be also found
in these fish.

Besides the above mentioned variability of the environment both reviews mention
that perishable food sources and social interactions promote high cognitive
abilities. Both factors are at least partly applicable to G. petersii. Studies
investigating the stomach contents of G. petersii have found that ca. 40 % of the
caught fish had an empty stomach, suggesting that food is not freely available but
has to be actively searched on the ground (Nwani et al.,, 2011). Furthermore,
several studies show that, although adult G. petersii probably do not live in social
groups under natural conditions, they interact and communicate with conspecifics,
and groups kept in captivity form social hierarchies (Moller, 1980, 1995; Moller &
Bauer, 1973; Moller et al., 1979; Neusel, 2014).

Furthermore, both reviews describe brain size as a fundamental factor restricting
the cognitive abilities of an animal and state that crows and cetaceans have

enlarged brains in comparison to other birds or mammals (Marino, 1998; Rogers &
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Kaplan, 2012). This requirement is also met by the massively enlarged brain of G.
petersii in comparison to other fish. The brain of G. petersii is responsible for a total
of 60% of the body Oz consumption (in comparison the human brain is responsible
for about 20% of the O2 consumption and in most other mammals this value does
not exceed 8%) (Nilsson, 1996). When regarding the ratio of brain to body weight G.
petersii actually has one of the biggest brains of all animals even slightly exceeding
humans (Bell & Szabo, 1986; Meek & Joosten, 1989; Nieuwenhuys & Nicholson,
1967). While the size of the brain is not the only thing that matters, brain
enlargement is an indicator for higher cognitive abilities.

In their review Emery and Clayton furthermore suggest a "cognitive toolkit" for
corvids, apes and humans on which their "intelligent behaviour" is based. This
toolkit consists of four cognitive tools: casual reasoning, flexibility, imagination and
prospection. Without going into further detail casual reasoning, imagination and
prospection probably do not apply to G. petersii. Flexibility on the other hand,
which they define as the flexible use of learned information based on
generalisations, is comparable to mechanisms underlying cross-modal object
recognition described in this thesis. On a lower level, these similarities might
suggest that comparable and maybe convergent to corvids in birds and cetaceans
and primates in mammals, G. petersii evolved higher cognitive abilities in fish.

In conclusion, based on behavioural experiments this thesis provides new insights
in the fundamental mechanisms underlying multisensory interactions in G.
petersii, which enhance our understanding of the cognitive abilities of fish and

which inform about the neuronal requirements underlying such abilities.
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