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Preface

The aim of writing a book is to collect the currently available data on
a chosen matter in order to realize a synthetic work. In our days, however,
scientific methods evolve and develop at such a fast pace that because of the
amount of new data appearing during the 1 to 2 years necessary for its
preparation, the book may become obsolete before its publication. Hence,
much courage is necessary to make such an effort and to write a book mainly
presenting the state of actual knowledge.
Electric fish biology has only a short history although the striking power
of strong electric fish was already known by the Ancient Egyptians. It began
in 1951 with Lissmann's discovery of the weak electric signals emitted by
African tropical fish. During this 40-year period, despite a large number of
scientific and popularized publications, only a small number of reviews and
books have appeared on electric fish biology. Most of these dealt with
anatomical, physiological and biophysical aspects of the electric organs and
with problems concerning the peripheral and central nervous mechanisms of
electrical signal emission and reception. They seldom, or only partially,
touched on behavioural or ethological aspects. It is therefore my pleasure to
welcome the present book on Electrocommunication in teleost fishes.
Bernd Kramer's monograph, subtitled A fish's nightsong: the deepest
German poem (C. Morgenstern) treats a particular sensory modality, the
electric sense, used for communication by certain families of a class of
vertebrates living in a conductive medium. It contains four chapters in which
the different aspects of electrocommunication in relation to the different
genera and species are discussed in a very systematic manner. In the first
chapter a concise index of taxonomy and biogeography of (gymnotiform,
mormyriform and siluriform) electroreceptive fish families is proposed, a useful key for comparative ethological research especially for gymnotiforms, the
taxonomy of which means still a real burden for those working in this field.
In the second and third chapters the author describes the characteristics
(forms and patterns) of the emitted electrical signals, the structure of the
specific sense organs and explains the modes of electric signal reception, the
integration mechanisms of electrosensory information, as well as the inputoutput links (electroreception - electric emission and its neuronal command
system). In the fourth chapter, the bulk of this monograph, the principles
of communicating with electric signalling are systematically expounded and
a comprehensive review is presented of many experimental data concerning
the specific electric organ discharge patterns occurring during non-reproductive social behaviour or courtship and spawning. A large part of this chapter
is devoted to an analysis of the electrocommunicating system by experimental
VII

manipulation in order to understand the meaning of the electric signal patterns emitted in response to stereotyped exogenous electric stimuli in a given
experimental context.
I like this book because its encyclopedic character provides a very complete and clear picture of the current state of our knowledge on the subject.
This well conceived book has the advantage over a multiauthor publication
in that it covers this subject uniformly. The systematic presentation of
neuroethological aspects from a comparative point of view will be useful in
further investigations. It is a real pleasure to read the many minute historical
notes distributed throughout the chapters evoking the time of pioneer scientists who worked in this particular field of sensory physiology. The nicely
shown contrast between old and modern-day methods traces and explains the
rapid widening of our understanding of neuroethological problems in
electrocommunication.
I sign this preface in friendship to Bernd Kramer and in remembrance
of many pleasant hours spent together in our laboratories in Gif and in
Regensburg.
Gif-sur-Yvette, March 1990
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Introduction

The unusual capacity of some tropical freshwater fishes (of the dominating
subgroup Teleostei) to generate and sense electric signals, the discharges of
their weak electric organs, was discovered by Hans Lissmann (1951, 1958) of
the University of Cambridge. He demonstrated the function of an active electrolocation system, but, along with others, also proposed a second function,
that of communication. Studies in electrical communication were pioneered by
Patricia Black-Cleworth (1970), then in the laboratory of T. Bullock at the
University of California in La Jolla, and Peter Moller (1970), then in the
laboratory of T. Szabo at the CNRS research institute and the College de
France in Paris.
Although we humans of the twentieth century are used to communicating
by means of the electric channel (telephone, radio, etc.), we are unable to sense
weak electric organ discharges, and cannot imagine what it feels like to communicate by this modality. Unlike the elephant-nose fishes of Africa
(Mormyriformes) and the knifefishes(Gymnotiformes) of South America, we
do not live right inside the conductive medium, and the electric currents associated with signalling and communication do not normally flow through
our bodies.
The first two chapters of this book on electrocommunication are intended
to give background information. The short first chapter is on the taxonomy of
electroreceptive teleost fishes and their biogeography. The longer second
chapter deals with the structure and function of the electroreceptive and the
electrogenic parts of the "electric system", that is, its sensory and its motor
part (comparable to a bat's SONAR system). Chapter 2 tries to integrate the
major reviews by Bennett (1971a,b), Szabo (1974), Szabo and Fessard (1974),
Bullock (1982), some of the reviews collated in Bullock and Heiligenberg
(1986), and many other sources.
The main emphasis of the book is on the comparative study of electric signalling and communication from a behavioral perspective (Chaps. 3 and 4).
The author feels that enough knowledge has been accumulated to make such
an endeavor both possible and necessary.
Why write a book on behavior (even if the animals studied are highly unusual) when neurobiology appears to be going largely in a molecular direction? Behavioral studies are among the best, and sometimes the only, means
we have to identify the function of a structure or system. Sometimes from behavior we know a sensory capacity before it has been possible to find the associated sensory system that must exist [for example, orientation using the
earth's magnetic field in birds (review Keeton 1979; volume edited by
Kirschvink et al. 1985) or fish (review Smith 1985; Walker 1984)]. Very often
1

the sensory capacities of an animal are too complex to be deduced from the
study of single neurons or small groups of such. Behavioral methods are useful to study the overall performance and the properties of such sensory
systems, and may aid and guide neurophysiological analysis. The ecological
significance of an adaptation cannot be approached by restrictive or destructive experimentation like, say, brain-slice techniques, but is, very often,
amenable to behavioral research.
Let us take a look at these highly specialized vertebrates that have remarkable brains, both in size and complexity, not only by fish standards. These
predominantly nocturnal creatures are the products of one of the least explored, remote and dangerous biotopes, tropical freshwater that is a true
laboratory of evolution. These fishes offer excellent and, in certain areas,
unique opportunities for the study of advanced and highly specialized sensory,
motor, and communication systems, their adaptive advantages, and the selective pressures that shaped them in the course of evolution.

Chapter 1

Taxonomy of Electroreceptive Teleosts

Taxonomy is viewed by some as a dull and boring subject. This is understandable when one thinks of some old-fashioned museums that present
endless shelves of, say, dead fish preserved in alcohol. Very often these fish are
unattractively bleached, unnaturally oriented, difficult to see through the jar,
and covered partly by an identifying tag.
In reality, taxonomy is both exciting and extremely useful. It is exciting because of all biological disciplines, it is taxonomy that confronts real life, with
its endless variations of structure and function to achieve the most diverse
goals. Modern taxonomy is also useful, for it tries, and largely appears to
succeed, in classifying organisms in a natural, phylogenetic system that
reflects the path of evolution, and finds out the degrees of relationship both
within and between groups.
It is necessary to classify, given the sheer size of the job. Estimates for the
number of living organisms are at least 4 to 5 million and run as high as 10
million (even 30 million; Fittkau 1985). From Linnaeus' time in the 1750s,
when he introduced binomial nomenclature that is still in use, no more than a
third has been described and named. Estimates of the number of living
vertebrates are 45,000 (Raven and Johnson 1986). About half of these are
teleosts, the most successful vertebrates in terms of species number (23,000,
Lauder and Liem 1983; 30,000 according to Starck 1978). While birds and
mammals have become the dominating land vertebrates, teleosts are the
dominating aquatic vertebrates, ranging in size from a centimeter long when
mature to giants more than 6 m long (Keeton 1980).
Whatever his field of interest or specialization, a biologist needs to know
the systematic place of the organism he studies, and how it is interrelated with
similar organisms. This is especially necessary for comparative research,
something nearly every student of fish behavior, sensory physiology,
neurophysiology, or neuroanatomy, etc., is doing.
The predictive power of a good phylogenetic system is extraordinary. By
recognizing a salient feature of an unknown fish (for example, a mormyrid)
that allows one to place it in the correct family (or even genus), we immediately know a lot about its biology without ever having studied that species.
Central to taxonomy is the modern species concept that has a rather convoluted history. For an introduction, the reader may refer to a general biology
textbook like that of Keeton (1980), Raven and Johnson (1986), or Purves and
Orians(1987).
Just as a set of anatomical, physiological, or behavioral characters defines
a species, a geographical area or range is also typical of every species and
necessary for a complete description. Fossil fresh water organisms, especially

lungfishes, reveal a lot about the history of the earth's continents (Alfred
Wegener's continental drift theory; see general biology or geology textbooks).
Osteichthyes (bony fishes in the broad sense) probably originated in fresh
water and are derived from Silurian Placoderms that have been extinct for at
least 230 million years (Silurian, 430-395 million years ago). Osteichthyes have
become the dominant vertebrates in both fresh water and in the oceans since
the Devonian, the so-called Age of Fishes (395-345 million years ago).
Although known from the early Mesozoic (that is, 225 million years ago), the
teleosts (bony fishes in the strict sense) have their adaptive radiation only late
in the earth's history, at the close of the Cretaceous (Cretaceous, 136-65 million years ago). This was undoubtedly linked with the preceding evolution and
radiation of the flowering plants (angiosperms) in the Cretaceous, which
provided new ecological niches for many animals, including insects and also
freshwater fishes.
Today we believe that electroreception is an ancestral vertebrate sense, still
widely present in the realm of lower aquatic vertebrates, that was lost with the
advent of the ancestors of teleosts and a few of their less well-known relatives
(see Chap. 2 for a more detailed discussion). Electroreception in teleosts must
have reevolved at least twice: in some of the African Osteoglossomorpha
(bony-tongued fishes), and in the siluriform/gymnotiform assemblage of the
Ostariophysi (fish with a Weberian apparatus connecting the swim bladder
with the ear, giving them keen hearing). None of the remaining teleosts are
known to be electroreceptive.
The Siluriformes and the Gymnotiformes are now believed to represent a
monophyletic lineage (Fink and Fink 1981 even lump them together under the
label Siluriformes). They probably have electroreceptors of the common
(ampullary) type by common descent (see Chap. 2). However, the tuberous
electroreceptors of the Gymnotiformes that are physiologically different (see
Chap. 2) appear to be a specialized trait. The recent discovery of a tuberous
electroreceptor in a South American siluriform (Andres et al. 1988), if confirmed as to its function, might extend the large number of shared traits
between both groups. Siluriforms and gymnotiforms are unusual among
teleosts in that both have an anterior lateral line nerve with a prominent recurrent branch that innervates the electroreceptors of the body trunk (see Chap.
2; see Fink and Fink 1981 for further similarities).
Traditionally, gymnotiforms have been viewed as highly modified
characiforms (tetras, piranhas, pacus; see Fink and Fink 1981 for review). The
present view of siluriforms and gymnotiforms as members of a monophyletic
group that is a sister group of the characiforms has become possible by the application of Hennig's (1966) cladistic approach to phylogeny. He considers
that shared traits among a related group of living organisms that have been
acquired recently but are not present in all of its members (synapomorphies)
are more revealing for a phylogenetic tree than those that are old and shared
by all members of a group (symplesiomorphies).
The African Osteoglossomorpha also present evolutionary problems
regarding electroreception and construction of a phylogenetic tree (Braford
1986; Finger et al. 1986). While all Mormyriformes that have been studied are
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Fig. 1.1. Phylogeny of electroreceptive teleosts. The distant relationship between the
siluriform/gymnotiform lineage and the notopteroids (Mormyriformes plus
Xenomystinae; Lauder and Liem 1983) indicates that electroreception (E) must have
evolved at least twice. Horizontal names are major teleost groups (modified from
Finger et al. 1986, which was adapted from Lauder and Liem 1983)

electroreceptive (that is, the Mormyridae and the monotypic Gymnarchidae),
this cannot be said of the related Osteoglossiformes; perhaps the Osteoglossiformes are not the monophyletic group they were believed to be. One
osteoglossiform family, the Notopteridae, has two African species,
Xenomystus nigh and Papyrocranus (Notopterus) afer, that are both electroreceptive, while the Asian notopterids are not. The electroreceptors of
Xenomystus are of the common, ampullary type (preliminary data, see
Braford 1986). All other Osteoglossiformes seem to lack electroreception (that
is, the Osteoglossidae, Pantodontidae, and Hiodontidae, plus the Asian
Notopteridae; see Fig. 1.1).
Parsimony would suggest that the African Notopteridae (the Xenomystinae) and the Mormyriformes are a monophyletic lineage (called Notopteroidei in Fig. 1.1; Lauder and Liem 1983). However, this is difficult to reconcile with the present systematics that places the Notopteridae apart from the
Mormyriformes. Braford (1986) discusses alternative paths of phylogeny.

1.1 Osteoglossiformes
African and Asian notopterids superficially resemble the South American
knife fishes, or gymnotiforms, which are only very distantly related. Both
African notopterids are electroreceptive, Xenomystus nigri and Papyrocranus
(Notopterus) afer, and are sometimes also called knife fishes. These fish have
a very long anal fin fusioned with the tail fin, no (or rudimentary) ventral fins,
a laterally compressed body, and small scales on body and head (Leveque and
Paugy 1984). They are not known to possess an electric organ and occur in
fresh water only.

Fig. 1.2. Several mormyrids. a Brienomyrus niger (Giinther 1866). Gambia, Niger,
White Nile, Chad, Volta, and Senegal basins. Total length up to 130 mm; b
Brienomyrus brachyistius (Gill 1863). Coastal drainages from Gambia to Zaire; c Pollimyrus isidori (Valenciennes 1846). Nile, Gambia, Middle Niger, Volta, and Chad
basins, coastal rivers of Ivory Coast (Sassandra, Bandama, Me). Senegal (Leveque and

