Chapter 2
The Taxonomy, Phylogeny, and Distribution
of Lampreys

Ian C. Potter, Howard S. Gill, Claude B. Renaud and Dalal Haoucher

Abstract The lampreys (Petromyzontiformes), one of the two surviving groups
of agnathan (jawless) vertebrates, currently consist of 41 recognized species. This
group has an antitropical distribution, with the 37 species of Northern Hemisphere
lampreys assigned to the Petromyzontidae, whereas the four species of Southern
Hemisphere lampreys are separated into either the Geotriidae (one species) or Mor-
daciidae (three species). All lamprey species have a blind and microphagous, bur-
rowing larva (ammocoete), which spends a number of years in the soft sediment
of creeks and rivers, after which it undergoes a radical metamorphosis. Eighteen
lamprey species then embark on an adult parasitic phase (nine at sea and nine in
fresh water) during which they increase markedly in size, whereas the other 23 spe-
cies do not feed as adults and remain in fresh water. On the basis of morphology,
17 of the 23 non-parasitic species each evolved from a particular parasitic species
whose descendants are still represented in the contemporary fauna. The remaining
six non-parasitic species, the so-called “southern relict” species, have no obvious
potential ancestral parasitic species, implying they have diverged markedly from
their parasitic ancestor or that the parasitic ancestor is now extinct. Many of the
main taxonomic characteristics reside in features that are associated with parasitic
feeding, for example, the type and arrangement of the teeth on the suctorial disc
and tongue-like piston. The phylogenetic relationships, derived by maximum par-
simony analyses of morphological and anatomical data for the 18 parasitic spe-
cies, were similar in most respects to those obtained by subjecting molecular data
(cytochrome b mitochondrial DNA sequence data) for those species to Bayesian
analyses. However, in contrast to the results of morphological analyses, the genera
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Eudontomyzon and Lampetra were not monophyletic when using molecular anal-
yses. When non-parasitic species were included in the molecular analyses, some
of the six relict non-parasitic species formed clades with parasitic species which,
from their morphology, had been allocated by taxonomists to different genera. More
genes, and particularly nuclear genes, should be used to help resolve the basis for
these differences between the morphological and molecular phylogenies.

Keywords Evolution - Geotriidae - Mordaciidae - Morphological and molecular
analyses  Paired species - Petromyzontidae

2.1 Introduction

The lampreys, together with the hagfishes, are the two sole surviving groups of
agnathan (jawless) vertebrates (Janvier 1981; Hardisty 2006; see Chap. 1). The
possession by these two groups of “round mouths” led to them being termed by
Duméril (1806), collectively, as the Cyclostomata, a term retained as a class by Holly
(1933) in his important taxonomic treatise on these animals. The implication that
lampreys and hagfishes formed a monophyletic group was accepted for many years.
However, detailed comparisons of their anatomy, morphology, and physiology, in
conjunction with comparisons to the morphology of extinct agnathans, led to an
alternative viewpoint (Hardisty 1979, 1982; Janvier 1981). The latter authors came
independently to the conclusion that lampreys were more closely related to the gna-
thostomatous (jawed) vertebrates than to the hagfishes. Since that time, however,
the majority of the numerous molecular studies undertaken on the two surviving
groups of agnathans have supported the monophyly of lampreys and hagfishes (e.g.,
Stock and Whitt 1992; Mallatt and Sullivan 1998; Kuraku et al. 1999; Delarbre et al.
2002; Takezaki et al. 2003; Blair and Hedges 2005; Kuraku and Kuratani 2006). The
question of whether or not cyclostomes are considered to constitute a monophyletic
group was subsequently shown by Near (2009) to be influenced by the characters
used and the types of analyses employed. A subsequent study, however, by Heimberg
et al. (2010), employing microRNAs and a reanalysis of morphological characters,
provided such overwhelming evidence for cyclostome monophyly that it convinced
Janvier (2010) that this was indeed the case.

The first fossil lamprey to be described was the beautifully-preserved Mayomyzon
pieckoensis from the upper Carboniferous (c. 280 million years ago, mya) deposits
of Mazon Creek in Illinois (Bardack and Zangerl 1968, 1971). This fossil clearly
possessed many of the morphological and anatomical characters of the adults of
extant lampreys, such as an annular cartilage, which maintains the structural integri-
ty of the suctorial disc, a piston cartilage, dorsolateral eyes, and seven gill apertures
on either side of the body. Since the landmark discovery of M. pieckoensis, a further
three definitive fossil lampreys have been found. The youngest of these is Mesomy-
zon mengae from the lower Cretaceous of China c. 125 mya (Chang et al. 2000),
followed in age by Hardistiella montanensis from lower Carboniferous deposits
in Montana c. 320 mya (Janvier and Lund 1983), and then Priscomyzon riniensis
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Fig. 2.1 Lateral views of a a larval lamprey (ammocoete), b an adult lamprey, and ¢ a hagfish.
This figure was originally published in Hardisty et al. (1989). (Reproduced by permission of The
Royal Society of Edinburgh from Transactions of the Royal Society of Edinburgh: Earth Sciences
volume 80 (1989), pp. 241-254)

from upper Devonian deposits in South Africa c. 360 mya (Gess et al. 2006). The
first indisputable fossil hagfish to be discovered was Myxinikela siroka, which
was found in the same geological horizon and general locality as the lamprey M.
pieckoensis, and thus likewise dates back c. 300 mya (Bardack 1991, 1998). More
recently, another hagfish fossil, Myxineidus gononorum, was discovered in upper
Carboniferous deposits in France and is therefore also of approximately the same
age as the above two fossils (Poplin et al. 2001). Germain et al. (2014) have cast
doubt, however, on whether M. gononorum is a hagfish and provide evidence that
it could be a lamprey.

Both groups of extant cyclostomes possess a similar body shape (Fig. 2.1) and
typically have an antitropical distribution (Hubbs and Potter 1971; Hardisty 1979).
Although lampreys are thereby essentially confined to temperate regions of the
world, two species (genus Tetrapleurodon) are found in elevated cooler waters in a
restricted sub-tropical area (Alvarez del Villar 1966). The living lampreys are repre-
sented by three families (Mordaciidae, Geotriidae, and Petromyzontidae) and 41 spe-
cies (Table 2.1; Potter et al. 2014) and the hagfishes by two subfamilies (Eptatretinae
and Myxininae) and approximately 60 species (Fernholm 1998). However, whereas
the Mordaciidac and Geotriidae are confined to the Southern Hemisphere and the
Petromyzontidae to the Northern Hemisphere, the two subfamilies of hagfishes are
represented in both hemispheres.

The aim of this chapter is to provide a comprehensive list of the species, genera,
subfamilies, and families of extant lampreys, providing details of the types of mor-
phological characters used in taxonomic studies and the distributions of each spe-
cies. Emphasis is also placed on outlining the schemes that have been proposed for
the interrelationships of the various species, based on morphological and molecular
criteria, and discussing the implications of any differences between those schemes.
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2.2 Life Cycles and “Paired Species”

The ability to describe accurately a species of lamprey and thereby facilitate its al-
location to the appropriate genus and family requires both a thorough understanding
of the features that characterize the divergent larval and adult stages and recognition
that, in some species, the morphology changes markedly during adult life. It should
also be recognized that the types of life cycle vary amongst lampreys, with some
containing a parasitic adult phase whereas others do not feed after the completion
of larval life (see later).

The life cycle of all lamprey species contains a protracted larval phase that is
spent in fresh water (Hardisty and Potter 1971a; Potter 1980a; see Chap. 3). The
larva, termed an ammocoete, has a worm-like body shape and is blind and toothless
(Fig. 2.1a). The ammocoete spends most of its time burrowed in the soft substrata
in the slower-flowing regions of streams and rivers, feeding on the detritus and
microorganisms (e.g., diatoms) that it extracts from the water overlying its burrow
(Moore and Mallatt 1980; Yap and Bowen 2003). After typically between 3 and 7
years, the ammocoete undergoes a radical metamorphosis, which leads to the devel-
opment of functional eyes, a suctorial disc and protrusible tongue-like piston (both
of which are armed with teeth), and enlargement of the dorsal fins (Figs. 2.1b, 2.2,
and 2.3; Hardisty and Potter 1971b; Potter 1980a; Youson 1980; see Chap. 4), with
metamorphosis typically occurring at body lengths of 80-200 mm (Hardisty and
Potter 1971a).

Following the completion of the larval phase, the life cycle of the lamprey di-
verges in one of two main directions. One course leads to the development, during
metamorphosis, of a sexually immature young adult (Fig. 2.1b) that embarks on a
parasitic feeding phase (Renaud et al. 2009a; Renaud and Cochran in press). The
young adults of nine of these eighteen parasitic species feed at sea following a
downstream migration. When fully grown they cease feeding and return to rivers,
but not necessarily their natal systems, where they become sexually mature, spawn
and die (Table 2.1; Hardisty and Potter 1971b; Potter et al. 2014; see Chap. 5).
Five of these nine anadromous species have given rise to freshwater-resident or
landlocked forms, whose immature adults feed in lakes or in the wider regions of
large rivers (Table 2.1; Applegate 1950; Nursall and Buchwald 1972; see Docker
and Potter in press). The remaining nine parasitic species are confined to fresh wa-
ter and have essentially the same life cycle as the landlocked forms of anadromous
species (Table 2.1; Hubbs and Trautman 1937; Chappuis 1939; Alvarez del Villar
1966; Renaud and Cochran in press). The maximum total length attained by para-
sitic species varies markedly, ranging from 145 mm in the freshwater Miller Lake
lamprey Entosphenus minimus to 310490 mm in small anadromous species, such
as the western and European river lampreys (Lampetra ayresii and La. fluviatilis,
respectively) to between 780 and 1,200 mm in the large anadromous pouched lam-
prey Geotria australis, Pacific lamprey Enfosphenus tridentatus, and sea lamprey
Petromyzon marinus (Oliva 1953; Vladykov and Follett 1958; Hardisty and Potter
1971b; Potter et al. 1983; Hardisty 1986; Lorion et al. 2000).
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[rs

Fig. 2.2 The suctorial disc and dentition of a a fully-metamorphosed Mordacia mordax, b an early
upstream migrant of Geotria australis, ¢ a young feeding adult of anadromous Petromyzon mari-
nus, and d a recently-metamorphosed Lampetra fluviatilis. (Photos b—d: David Bird)

The second main direction exhibited by the lamprey life cycle involves a shift-
ing in the timing of sexual maturation relative to metamorphosis, such that it com-
mences during the transition from the ammocoete to the adult rather than after
the completion of a parasitic phase as with the species above. The parasitic phase
thus becomes eliminated and spawning takes place soon after the completion of
metamorphosis (Hardisty 2006; Docker 2009). Consequently, these non-parasitic
species breed at a length no greater than that of their longest ammocoetes. As most
of these non-parasitic species are morphologically similar to a particular parasitic
species in all aspects other than body size, it has been assumed that each evolved
from that parasitic species (Potter 1980b; Docker 2009). On this basis, 15 of the
23 non-parasitic species listed in Table 2.1 can be “paired” with a congeneric
parasitic species (in some cases, with a single parasitic “stem” species giving rise
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Fig. 2.3 Oral disc of Ichthyomyzon bdellium, showing the different fields and types of teeth and
laminae and their nomenclature. Note that alate rows comprise an inner circumoral and an outer
marginal, and the intervening intermediate rows of disc teeth: median anterior tooth row (MA4),
marginal teeth (MG), anterior field (4F), anterior circumoral teeth (4C), supraoral lamina (SO),
lateral field (LF), intermediate disc teeth (/7), lateral circumoral teeth (LC), longitudinal lingual
lamina (LL), transverse lingual lamina (7L), infraoral lamina (/O), posterior circumoral teeth
(PC), and posterior field (PF). (This figure was originally published in Hubbs and Potter (1971)
and reproduced with permission of Elsevier)

to more than one non-parasitic “satellite” species; Vladykov and Kott 1979a). An
additional two species (Northern California brook lamprey Entosphenus folletti
and Pit-Klamath brook lamprey En. lethophagus) also appear to be recent non-
parasitic derivatives but, in these cases, it is not clear whether En. tridentatus
or En. similis is the ancestor (Potter et al. 2014). The reader is referred to the
reviews by Hardisty (2006), Docker (2009), Renaud et al. (2009b), and Docker
and Potter (in press) for a comprehensive discussion of the issues surrounding the
relationships between non-parasitic and parasitic species. We focus below on the
taxonomic status of these species.

Despite the morphological similarities that link these non-parasitic derivative
species with their presumed parasitic ancestor, a number of studies have revealed
significant anatomical differences between species in at least some pairs. The
differences between the non-parasitic and parasitic members of one or more spe-
cies pairs include, in the non-parasitic member of the pair, a lower prevalence of
pigmentation on the tongue precursor and usually fewer oocytes in the ovaries
of the ammocoetes and, following metamorphosis, a less well-developed gut, a
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relatively smaller eye and suctorial disc, less well-developed teeth and velar ten-
tacles, and fewer trunk myomeres (Hughes and Potter 1969; Hardisty and Potter
1971c; Potter and Osborne 1975; Vladykov and Kott 1976a, 1979a; Potter 1980b;
Beamish and Thomas 1983). In exceptional cases, however, a particular trait can
go in one direction in some species pairs and in the opposite direction in other
species pairs. Thus, while the number of teeth in the anterior field and in the
lateral and posterior fields were greater in the non-parasitic European brook lam-
prey Lampetra planeri than in its parasitic ancestor Lampetra fluviatilis (Hardisty
et al. 1970), the number of posterial teeth in the non-parasitic Entosphenus folletti
and En. lethophagus were less than in parasitic En. tridentatus and En. similis
(Vladykov and Kott 1976b, 1979b).

The above differences between non-parasitic species and corresponding parasitic
species indicate that there are genetic differences between such pairs. Yet, as pointed
out by Docker (2009) in her extensive review, the use of molecular techniques for
analyzing the genetic compositions of a number of species pairs has generally not
been able to detect differences between the members of such pairs. An inability to
distinguish genetically between an ancestral parasitic and derivative non-parasitic
species is widespread, encompassing species in different genera and from different
geographical regions (e.g., Docker et al. 1999; Docker 2006; Yamazaki et al. 2006;
Espanhol et al. 2007; Blank et al. 2008; April et al. 2011). The techniques used,
however, may not have provided sufficient resolution to determine whether the lack
of genetic distinction merely reflects a recent divergence of a non-parasitic spe-
cies from a parasitic species or lack of genetic divergence in the particular markers
used (Docker 2009). In their study of the Arctic lamprey Lethenteron camtschati-
cum—TFar Eastern brook lamprey Le. reissneri species pair, Yamazaki et al. (2006)
noted that results, based on analyses of nuclear and mitochondrial genomes, were
incongruent and suggested that the failure of a mitochondrial-based phylogeny to
distinguish between members of a species pair may have been due to incomplete
lineage sorting.

In an attempt to resolve this issue, Docker et al. (2012) examined over 10,000
base pairs of the mitochondrial genome in adults of the freshwater parasitic sil-
ver lamprey Ichthyomyzon unicuspis and its non-parasitic derivative northern
brook lamprey /. fossor in populations across the Laurentian Great Lakes, and con-
cluded that the two taxa were not reciprocally monophyletic. Where /. unicuspis
and /. fossor occurred sympatrically in the Lake Huron basin, these authors further
found no significant differences in mitochondrial haplotype or microsatellite allele
frequencies, suggesting that, at least in this locality, there was gene flow between
these species. A recent exciting study by Mateus et al. (2013a), however, has taken
analyses of whether there are genetic distinctions between the members of paired
species a step further. The results obtained by these authors, using restriction site-
associated DNA sequencing, provided incontrovertible evidence of genome-wide
divergence between La. fluviatilis and La. planeri. The validity of these conclusions
is supported by the fact that the individuals of the two species used for these analy-
ses were obtained from the same spawning site. It is particularly relevant that, in
the latter study, most of the genes showing fixed allelic differences between the two
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species are related to functions implicated in adaptations to a freshwater-resident
life style, as with La. planeri, as opposed to a migratory and anadromous mode
of life, as with La. fluviatilis. The differences between the outcomes of the above
studies may be due to the markers used (i.e., a small number of presumably neutral
loci versus a large number of potentially functional loci) or to the species pairs ex-
amined (e.g., I. unicuspis and I. fossor are both freshwater residents). However, as
these discrepancies reinforce previous suggestions that the taxonomic status of each
pair should be determined individually (e.g., Docker 2009; Renaud et al. 2009b),
we have adopted a conservative approach in this chapter that taxonomic changes
should not be made hastily. We thus consider it appropriate to follow Renaud et al.
(2009b) in continuing to regard, as distinct species, each of the non-parasitic spe-
cies and its presumed parasitic ancestor that are listed in Table 2.1, recognizing that
these species are separable on the basis of morphological criteria, particularly body
size, and also by life style.

Although mitochondrial DNA sequence data have been unable to differentiate
between parasitic and non-parasitic members of many species pairs, such data have
provided sufficient resolution to distinguish among brook lamprey populations
from different geographic locations, at least in some widespread species such as
La. planeri and the western brook lamprey Lampetra richardsoni (e.g., Espanhol
et al. 2007; Mateus et al. 2011; Boguski et al. 2012). This poses the question of
whether different populations of the same species have originated independently,
that is, at different times or different locations (see Docker 2009). The notion that
some recognized brook lamprey species may be polyphyletic was suggested by
Hubbs (1925) and Hubbs and Trautman (1937). In the absence of distinct mor-
phological differences among such populations, however, we continue to consider
these populations (despite molecular synapomorphies) to constitute a single species
(see below). In this context, we have decided not to recognize three cryptic “spe-
cies” which were recently described by Mateus et al. (2013b) from Portugal and
belong to the Lampetra planeri complex. At present, we do not recognize these
populations as specifically distinct from La. planeri for two reasons: (1) the authors
did not compare the putative new species with material of La. planeri from its type
locality (i.e., brooks of Thuringia, Germany; Bloch 1784); and (2) none of the puta-
tive species is morphologically diagnosable from either of the others at better than
78 %, when using a stepwise discriminant function analysis.

In addition to the 17 recent non-parasitic derivatives discussed above, the
contemporary fauna also contains six non-parasitic species for which there is no
obvious potential ancestral parasitic species, implying either that these species have
diverged markedly from their parasitic ancestor or that the parasitic ancestor is
now extinct. These so-called “southern relict” species (non-parasitic lampreys that
occur at or near the extreme southern limits of distribution of the Northern Hemi-
sphere lampreys; Hubbs and Potter 1971) are the: Western Transcaucasian brook
lamprey Lethenteron ninae; Macedonia brook lamprey Eudontomyzon hellenicus;
Epirus brook lamprey Eu. graecus; Kern brook lamprey Lampetra hubbsi; least
brook lamprey Lampetra aepyptera; and Po brook lamprey Lampetra zanandreai
(see Sect. 2.4.2).
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Fig. 2.4 Oral disc of the least
brook lamprey Lampetra
aepyptera, showing the
highly degenerate dentition
of this non-parasitic species.
(This figure was originally
published in Hubbs and Pot-
ter (1971) and reproduced
with permission of Elsevier)

2.3 Taxonomic Characters

A comprehensive list of the morphological characters used in the taxonomy of lam-
preys has been provided by Hol¢ik (1986a) and Renaud (2011), while a list of the
synapomorphies for genera and families are given in Gill et al. (2003). It should be
recognized, however, that whatever characters are used, it is far more difficult to
distinguish between the ammocoetes than the adults of the various species. Indeed,
the ammocoetes of some species belonging to the same genus, and especially of
those representing the particular parasitic and non-parasitic species that constitute a
species pair, have frequently been unable to be unequivocally separated using mor-
phological criteria (see Sect. 2.2). For example, this is the case with the Mexican
lamprey Tetrapleurodon spadiceus and Mexican brook lamprey 7. geminis (Alvarez
del Villar 1966) and with the short-headed lamprey Mordacia mordax and preco-
cious lamprey M. praecox (Potter 1968; Potter et al. 1968).

The main morphological characters used to describe the ammocoetes of the
various species are the number of trunk myomeres, the shape of the caudal fin, and
the patterns of pigmentation on various parts of their body surface and tongue pre-
cursor (Vladykov 1950; Potter and Osborne 1975; Neira et al. 1988). In contrast,
the most important characters for describing the adults of the various species are
those involving the dentition on the suctorial disc and piston (Figs. 2.2 and 2.3).
Although this disc and dentition are not fully developed until late in metamorpho-
sis (Bird and Potter 1979; see Chap. 4) and the dentition of one species, Lampetra
aepyptera, is extremely degenerate (Fig. 2.4), the number of teeth in the various
tooth series and the arrangement and shape of those teeth are very useful diag-
nostic tools for identifying the adults of different species (Hubbs and Trautman
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1937; Vladykov and Follett 1967; Potter and Strahan 1968). The number and ar-
rangement of the velar tentacles of adult lampreys (Vladykov and Kott 1976a),
structures which guard the entrance to the water tube that leads into the branchial
chamber and thus prevent large particles from entering that chamber and poten-
tially clogging the gills (Renaud et al. 2009a), also represent valuable taxonomic
tools. As with ammocoetes, the number of trunk myomeres is also often useful for
identifying the adults of certain species (Hubbs and Trautman 1937; Zanandrea
1957; Iwata et al. 1985; Renaud and Economidis 2010). Although Bond and Kan
(1986) suggested that myomere counts in La. richardsoni and the Pacific brook
lamprey La. pacifica followed Jordan’s rule, that is, increasing in number with in-
creasing latitude and thus decreasing temperature, Reid et al. (2011) found no such
latitudinal cline in either species. Likewise, Creaser and Hubbs (1922) proposed
that the Pacific lamprey comprised a northern subspecies Entosphenus tridentatus
tridentatus with 68—74 trunk myomeres and a southern subspecies En. tridenta-
tus ciliatus with 57-67 trunk myomeres, but this proposal was later dismissed as
untenable (Hubbs and Potter 1971). Beamish (2010) has shown that the number,
size, shape and arrangement of the papillae on the posterior rim of the gill pores
of adult lampreys vary among certain species and that the central process, which
lies just inside this rim in some species, varies in shape. As this latter suite of
characters was capable of distinguishing between even the individuals of closely-
related non-parasitic species, it clearly has considerable potential for refining the
descriptions of lamprey species.

In the case of Southern Hemisphere lampreys, a suite of characters can readily
be used to distinguish the sole species of Geotria (i.e., G. australis) from those
of Mordacia, the only other genus of lamprey in the Southern Hemisphere and
with which it co-occurs in the rivers and coastal waters of southeastern Australia
(including Tasmania) and Chile (Potter and Strahan 1968; Potter 1986). Thus, as
Geotria is monotypic, the differences between G. australis and the three Morda-
cia species also apply at the generic, and indeed family, levels. In the case of am-
mocoetes, these characters include differences in body pigmentation, the position
of the cloaca relative to the second dorsal fin, and the number of lobes and inter-
nal structure of their intestinal diverticula (Neira et al. 1988; Bartels and Potter
1995). The differences between the adults of G. australis and the Mordacia spe-
cies are even more pronounced, and particularly so in the case of the structure of
their teeth and the arrangement of their dentition (Fig. 2.2). Thus, the divergence
between the two genera of Southern Hemisphere lampreys, which collectively
contain only four species, is far greater than that among Northern Hemisphere
lampreys, even though the latter comprise a far greater number of genera (eight)
and species (37; Table 2.1). This difference in the extent of divergence is consis-
tent with the separation of the Southern Hemisphere lampreys into two families,
Mordaciidae and Geotriidae, and to the Northern Hemisphere lampreys being
assigned to a single family, Petromyzontidae (Gill et al. 2003; Potter et al. 2014).

Among Northern Hemisphere lampreys, only the species of Ichthyomyzon pos-
sess a single rather than two dorsal fins (Hubbs and Trautman 1937). The ability to
readily distinguish the ammocoetes of the six Ichthyomyzon species from those of
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other genera is particularly useful as Ichthyomyzon has a wide distribution in North
America and one or more of its species are often found in the same river system
as those of Petromyzon, Lampetra, and Lethenteron (Table 2.1). There are no other
characters that are clearly unique to any particular Northern Hemisphere genus.

2.4 Current Taxonomic Schemes

The taxonomic scheme employed in this chapter, at the family and generic level,
is based predominantly on the results of a detailed cladistic study that employed
morphological characters for all parasitic species of lampreys (Gill et al. 2003). This
scheme was subsequently adopted by Nelson (2006) in his fourth edition of Fishes
of the World, and by Renaud (2011) in his Lampreys of the World. All authorities
have recognized, for some time, that the lampreys consisted of three groups, one
comprising all Northern Hemisphere species and the other two representing the
two Southern Hemisphere genera (e.g., Potter and Strahan 1968; Hubbs and Pot-
ter 1971; Bailey 1980; Gill et al. 2003; Renaud 2011). Based on the large number
of unique morphological characters that define each of these three groups, we still
consider that they are best represented by three families, that is, Petromyzontidae
for Northern Hemisphere lampreys and Geotriidae and Mordaciidae for the two
Southern Hemisphere genera (Table 2.1; Gill et al. 2003). It should be noted that the
common name southern striped lamprey is now used for the Geotriidae following
Potter et al. (2014), rather than southern lampreys as in Nelson (2006), in order to
avoid confusion with the other family of Southern Hemisphere lampreys, Mordaci-
idae, the common name for which is southern top-eyed lampreys. The separation of
genera in the Petromyzontidae into the subfamilies Petromyzontinae and Lampetri-
nae follows that of Nelson (2006) in all respects, except that Caspiomyzon is placed
in Petromyzontinae rather than Lampetrinae (see Potter et al. 2014 and subsequent
text for rationale). The common and scientific names of all parasitic and non-para-
sitic species and their generic allocations follow those given in Potter et al. (2014),
except in the case of Lampetra hubbsi, which was formerly referred to Entosphenus
(Vladykov and Kott 1976c; see Docker et al. 1999; Goodman et al. 2009; Boguski
et al. 2012). Lampetra hubbsi has now been reconfirmed by the American Fisheries
Society (Page et al. 2013a) as the official species name. Other frequently used com-
mon names, for example, those adopted by the American Fisheries Society (Page
et al. 2013a) or Food and Agriculture Organization (see FishBase; Froese and Pauly
2013), but not used here, are provided in Table 2.1. Renaud (2011) lists additional
common names and provides synonyms for each species. A list of the authorities for
each lamprey family, genus, and species is given in Appendix 2.1.

Note that, as discussed in relevant parts of the subsequent text, the results of
a reanalysis of the molecular data for parasitic species, which was used by Lang
et al. (2009) and employed a single gene, sometimes did not match those of the
morphological analyses (Fig. 2.5a, b). Although certain implications of the molecu-



2 The Taxonomy, Phylogeny, and Distribution of Lampreys 51

Mordacia mordax —_—
Mordacia lapicida —
Geotria australis

—
—_
Ichthyomyzon bdellium 1
_E Ichthyomyzon castaneus 1
Ichthyomyzon unicuspis E_l_l 1
| Petromyzon marinus
Caspiomyzon wagneri ——I
Tetrapleurodon
Entosphenus minimus
Entosphenus similis
Entosphenus macrostomus
Entosphenus tridentatus
Lethenteron camtschaticum
Eudontomyzon morii
Eudontomyzon danfordi
Lampetra fluviatilis

1
&
Lampetra ayresii —

a b

Fig. 2.5 Phylogenetic relationships among the parasitic species of the three lamprey families,
derived from a morphological data using maximum parsimony analyses, and b cytochrome b
sequence data using Bayesian analyses. As no molecular data were available for the parasitic
Tetrapleurodon spadiceus, the cytochrome b data for Tetrapleurodon geminis, its non-parasitic
derivative, were used instead. Bayesian posterior probabilities are given for those nodes where
values are greater than 0.95

lar analyses may turn out to be valid, it was decided not to change the and mainly
acrocentric generic allocation of any species until more comprehensive genetic
analyses have been undertaken. The key differences, as well as similarities, in the
implications of cladistic analyses of the morphological and molecular data sets are
discussed in the following text.

The taxonomy of the Southern Hemisphere lampreys was in a state of disarray
until the late 1960s. There was wide disagreement regarding, not only the number of
species present in Australia, New Zealand, and South America, but also the number
of genera and even families that they represent (Potter and Strahan 1968). The taxo-
nomic problems posed by Southern Hemisphere species were shown by the latter
authors to have arisen largely from taxonomists not having recognized that, during
its spawning run, each of these species undergoes far more extreme morphological
and other alterations than any of their Northern Hemisphere counterparts. Such pro-
nounced alterations include very marked changes in the structure and arrangement
of the teeth and in the body coloration and, depending on the species, the develop-
ment by males of an exceptionally large gular pouch (Potter and Strahan 1968; Pot-
ter and Welsch 1997; see Chap. 6). As a consequence, the species now designated as
Geotria australis, for example, was demonstrated by Potter and Strahan (1968) to
have previously been considered to constitute a total of 11 species and to represent
eight genera! At the family level, there had also been disagreement, for example,
as to whether G. australis should be allocated to a family on its own or included
with that comprising all Northern Hemisphere species (Potter and Strahan 1968).
Eventually, the Southern Hemisphere lampreys were considered to be represented
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by just four species, Mordacia mordax, M. praecox, Chilean lamprey M. lapicida,
and G. australis (Table 2.1). As there are, however, some obvious morphological
differences between the ammocoetes of G. australis from Australia, Argentina, and
Chile (Neira et al. 1988), it is important that further studies be undertaken to ascer-
tain whether Geotria comprises two or more closely-related species rather than a
single species.

The two genera of Southern Hemisphere lampreys were shown by Potter and Stra-
han (1968) to each possess highly distinctive characteristics and that these differed
from those of the group comprising Northern Hemisphere lampreys. Thus, these
authors assigned these three groups to the subfamilies Mordaciinae, Geotriinae, and
Petromyzoninae, which were later elevated to family level, that is, Mordaciidae,
Geotriidae, and Petromyzontidae (Hubbs and Potter 1971), an arrangement that
remains widely accepted (Nelson 2006). The morphological differences between
the three families are paralleled by differences in their karyotypes. Thus, Morda-
cia species possess 76 predominantly metacentric or submetacentric chromosomes,
whereas G. australis has approximately 180 small and mainly acrocentric chromo-
somes and the Northern Hemisphere lampreys possess 164—168 largely acrocentric
chromosomes (see Potter et al. 2014).

The taxonomy of Northern Hemisphere lampreys was the subject of a number
of sound studies during the first half of the last century. Such studies included a re-
markably detailed and quantitative analysis by Hubbs and Trautman (1937) of the
interrelationships between the various species of the exclusively freshwater genus
Ichthyomyzon. These were supplemented, between 1955 and 1982, by the detailed
descriptions provided by particularly Vladykov and his co-workers for species
belonging to various other genera of holarctic lampreys (see Vladykov and Kott
1979c¢). The full list of the 37 species of Northern Hemisphere lampreys recognized
here is given in Table 2.1. This list includes the 34 Northern Hemisphere species
recognized in previous oft-cited reviews (e.g., Renaud 1997), plus the Drin brook
lamprey Eudontomyzon stankokaramani, which was subsequently recognized as a
valid species (rather than as a synonym of the Ukrainian brook lamprey Eu. mar-
iae) by Hol¢ik and Sorié¢ (2004), and two recently-described species, Lethenteron
ninae and Eudontomyzon graecus (Naseka et al. 2009; Renaud and Economidis
2010). In his Lampreys of the World, Renaud (2011) included 36 of these species,
preferring to leave Eu. stankokaramani as a synonym of Eu. mariae until a more
comprehensive study of the variation in the velar tentacle morphology of the wide-
ranging Eu. mariae had been undertaken. As discussed above (Sect. 2.2), we con-
sider the three cryptic brook lamprey “species” proposed by Mateus et al. (2013b)
as synonyms of La. planeri.

Most species of Northern Hemisphere lampreys have long been recognized as
distinct entities on the basis of clear morphological criteria, with the result that only
two new species have been described since 1982 (i.e., Naseka et al. 2009; Renaud
and Economidis 2010; Appendix 2.1). Furthermore, the monotypic Petromyzon and
Caspiomyzon, and also Ichthyomyzon with its six species, have each long been re-
garded as generically discrete. The taxonomy of Lampetra has had a rather more
checkered history (reviewed by Docker et al. 1999). Thus, some workers have
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considered this genus to contain not only the species that are almost invariably
listed for Lampetra, but also those in Lethenteron and Entosphenus, which were
regarded by Hubbs and Potter (1971) as subgenera of Lampetra, and also even
Tetrapleurodon and Eudontomyzon (Bailey 1980). Following the latter author, the
American Fisheries Society Committee on Names of Fishes supported synonymiz-
ing Entosphenus and Lethenteron with Lampetra in the fourth and fifth editions of
their Common and Scientific Names of Fishes lists (Robins et al. 1980, 1991), and
added Tetrapleurodon as another synonym in the sixth edition that was expanded
to include the fishes of Mexico (Nelson et al. 2004). The results of cladistic studies
using morphological characters supported, however, the separate generic designa-
tion of Lethenteron, Entosphenus, Tetrapleurodon, and Eudontomyzon (Gill et al.
2003; Potter et al. 2014), and the seventh edition of the Common and Scientific
Names of Fishes recognizes Entosphenus, Lethenteron, and Tetrapleurodon as gen-
era (Page et al. 2013a). Although we follow Docker et al. (1999) and Potter et al.
(2014) in also using Lampetra to include aepyptera, we recognize that its dentition,
which is the most important of lamprey taxonomic characters (see Sect. 2.3), is
highly degenerate and that the arrangement of the few remaining teeth and of other
characters do not readily fall under the compass of those of other genera (Fig. 2.4).
Indeed, Hubbs and Potter (1971) suggested that this species be allocated to a genus
of its own, Okkelbergia, which was originally created as a subgenus of Lampetra by
Creaser and Hubbs (1922).

Additionally, a number of putative lamprey species remain undescribed. For
example, two non-parasitic species in Japan, which have been referred to as Lethen-
teron sp. N and Le. sp. S, are morphologically indistinguishable from each other
(Yamazaki and Goto 1997) but, on the basis of molecular studies, are clearly distinct
(Yamazaki and Goto 1996, 1998; Yamazaki et al. 2003, 2006). Furthermore, Bogus-
ki et al. (2012) found four morphologically cryptic, but molecularly-distinct popu-
lations of Lampetra spp. in Oregon and California. However, until these putative
species have been formally described, taxonomists are not in a position to accept
their validity.

2.4.1 Interrelationships Among Parasitic Taxa

A phylogeny of the lampreys was constructed in the early 2000s by subjecting, to
maximum parsimony analyses, data for mainly the morphological characteristics
of the parasitic species of Southern and Northern hemisphere lampreys (Fig. 2.5a;
Gill et al. 2003). The analyses were restricted to the 18 parasitic species, which
represent each of the currently recognized genera of lampreys, because only 20
phylogenetically-informative characters were available for analysis, which is far
less than the total number of lamprey species (41). Furthermore, apart from body
size, the morphological characteristics of the species comprising each pair of para-
sitic and non-parasitic species are often indistinguishable (see Sect. 2.2). Of the
six currently recognized non-parasitic species that are morphologically distinct
from extant parasitic species (i.e., the relict species; Sect. 2.2), two had not been
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described as of 2003 (Eu. graecus and Le. ninae) and one (La. aepyptera) is charac-
terized by extremely degenerate dentition (Sect. 2.3). The outgroups employed for
these analyses were three species of fossil from Carboniferous deposits, that is, the
lampreys Mayomyzon pieckoensis and Hardistiella montanensis (Sect. 2.1) and the
putative lamprey Pipiscius zangerli, and a composite fossil. It was considered inap-
propriate to use extant hagfishes or gnathostomes as outgroups since these groups
share virtually no morphological features that can be used to establish relationships
among the living lamprey species.

The above analyses revealed that there was a well-defined clade that contained
all Northern Hemisphere parasitic species, which is consistent with the allocation of
all Northern Hemisphere lampreys to the single family Petromyzontidae (Fig. 2.5a).
Within the clade comprising Northern Hemisphere lampreys, the genera formed
two major groups, the first represented by Ichthyomyzon and Petromyzon and the
second by the other six genera, that is, Caspiomyzon, Tetrapleurodon, Entosphe-
nus, Lethenteron, Eudontomyzon, and Lampetra (Fig. 2.5a). The analyses failed to
resolve, however, the precise relationships between those parasitic species and the
two Mordacia species and the monotypic Geotria. It is highly relevant, however,
that many of the characteristics of the Northern Hemisphere species differ markedly
from those of Mordacia and Geotria, which, in many respects, are also often very
different (Potter and Strahan 1968; Hubbs and Potter 1971; Potter and Gill 2003;
Renaud et al. 2009a). For this reason we reiterate that it is considered appropriate
to continue to regard Geotria and Mordacia as representing separate families, i.e.
Geotriidae and Mordaciidae (see Sect. 2.4).

The cytochrome b gene sequences (1,133 base pairs), derived by Lang et al.
(2009) from samples for the parasitic species of lampreys, have been re-subjected
to Bayesian analyses (Fig. 2.5b). The outgroups used for these molecular analyses
represent the two subfamilies of the other extant agnathan group (i.e., the hagfishes
Myxine glutinosa and Eptatretus burgeri), a gnathostome (Chimaera monstrosa)
and, as in the study of Lang et al. (2009), the more distantly-related cephalochordate
Branchiostoma belcheri. In the following account of the results of molecular analy-
ses, the generic names for each species, which have been traditionally recognized
on the basis of morphological criteria, have been retained (Gill et al. 2003; Docker
2009; Renaud et al. 2009a, b). Furthermore, as no molecular data were available for
one of the parasitic species, Tetrapleurodon spadiceus, those for its non-parasitic
derivative, Tetrapleurodon geminis, were used instead when employing molecular
data to analyze the relationships of the parasitic species. It should be noted that a
cladogram produced using Maximum Likelihood analysis of the cytochrome b data
was essentially the same as that shown in Fig. 2.5b using Bayesian analysis.

Although the number of appropriate morphological characters available for anal-
yses was limited and the molecular analyses were based on data for a single gene,
the cladograms produced from both data sets for the parasitic species were similar
in several respects (Fig. 2.5a, b). Thus, the molecular analyses also produced very
strong support for a clade that comprised all Northern Hemisphere parasitic spe-
cies and that, within that clade, one group that likewise contained all Ichthyomyzon
species and Petromyzon, another with all Entosphenus species, and yet another the
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species of Lethenteron, Eudontomyzon, and Lampetra (Fig. 2.5b). The molecular
analyses placed Geotria australis as the sister to the Northern Hemisphere species,
albeit with very low posterior probability or bootstrap support.

The molecular analyses resulted in the “shift” of Caspiomyzon from within a
clade that comprises Tetrapleurodon, Entosphenus, Lethenteron, Eudontomyzon,
and Lampetra, as in the analyses conducted using morphological data, to the clade
that contains Petromyzon and Ichthyomyzon (Fig. 2.5a, b and see above). Further-
more, the relationships of the species within the clade comprising Lethenteron,
Eudontomyzon, and Lampetra differ from those traditionally assigned on the basis
of morphology, with, for example, La. fluviatilis now being more closely related
to Eu. danfordi (Carpathian lamprey) than to La. ayresii, and Eu. morii (Korean
lamprey) being more closely related to Le. camtschaticum than to Eu. danfordi. Tt
should be noted, however, that the specimen of Eu. morii used in Lang et al. (2009)
was a metamorphosing individual with developing dentition, and thus possibly
represents a misidentification since members of Lethenteron from the same broad
geographical area are known, in some cases, to possess one or a few exolaterals.

Unlike the trends exhibited by the analyses performed by Gill et al. (2003) using
morphological data (Fig. 2.5a), those involving cytochrome b provided overwhelm-
ing support for Caspiomyzon wagneri (Caspian lamprey) belonging to the clade that
contained Petromyzon marinus and the Ichthyomyzon species and for Tetrapleur-
odon species being sister to the species of Entosphenus (Fig. 2.5b). The inference
that Caspiomyzon is related to Petromyzon is consistent with an earlier proposal that
the former species was derived from a Petromyzon-like species that became isolated
in the Caspian Sea in probably the pre-Pleistocene (Hubbs and Potter 1971). More-
over, a closer alignment of Tetrapleurodon with Entosphenus is also consistent with
an earlier taxonomic scheme in which, on the basis of similarities in their dentitions
and geographical distributions, these two genera were placed in the subfamily En-
tospheninae (Vladykov 1972; Vladykov and Kott 1979c¢). For the above reasons, it
is tentatively proposed that the relationships derived for the above five genera using
molecular data, which are consistent with those given in the above much earlier
morphological studies, are likely to be valid.

The conflicting results regarding the interrelationships among Lethenteron,
Eudontomyzon, and Lampetra are more difficult to reconcile. At the morphological
level, the characteristics of the species are consistent within each genus and differ
between genera. Indeed, within Lampetra, the morphological characteristics of La.
ayresii are so similar to those of La. fluviatilis that they were not regarded as distinct
species until comprehensive and careful comparisons were undertaken by Vladykov
and Follett (1958), yet several molecular studies (albeit always using mitochondrial
DNA sequences; e.g., Docker et al. 1999; Lang et al. 2009) consistently place these
two species in separate clades. Lang et al. (2009) were the first to suggest, after us-
ing molecular data, that Eu. morii is more closely related to Le. camtschaticum than
it is to other Eudontomyzon species. This finding is interesting, particularly since
Berg (1931) suggested that Eu. morii may have evolved from Le. camtschaticum
but, as noted above, this conclusion was based on a single metamorphosing indi-
vidual (and single, mitochondrial gene) and requires independent confirmation with
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other specimens and other (nuclear) genes. Thus, in view of the conflict between the
phylogenetic implications of the morphological and molecular analyses regarding
the above species/genera, we follow our earlier intention of retaining the original
generic allocation of these species until more definitive evidence becomes avail-
able. As pointed out by Page et al. (2013b), making changes that are short-lived has
the effect of confusing rather than improving the situation.

2.4.2 Relationships of Non-Parasitic Species

The inclusion in the molecular analysis of DNA sequence data for cytochrome b
for non-parasitic species had essentially no influence on the interrelationships of
the genera of lampreys (Fig. 2.6). Furthermore, this analysis resulted in most non-
parasitic species being grouped with the parasitic species which, on the basis of mor-
phology, is their presumed ancestor, as, for example with the three pairings within
Ichthyomyzon, as originally proposed by Hubbs and Trautman (1937). Indeed, all 13
of the 17 recently-derived non-parasitic species for which molecular data were avail-
able for both parasitic and non-parasitic species (see Table 2.1, Sect. 2.2) grouped
with their presumed parasitic ancestor. Additionally, Eu. stankokaramani grouped
with Eu. danfordi (Lang et al. 2009). Two non-parasitic species (La. pacifica and
En. folletti) and one parasitic species (7. spadiceus) were not included in Lang et al.
(2009), but other studies support some of the presumed pairings (e.g., La. pacifica
with La. ayresii: Boguski et al. 2012; En. folletti with En. tridentatus and other para-
sitic species in this genus: Docker and Reid unpublished data).

Surprisingly, however, certain non-parasitic and parasitic species, which, from
their morphology, had been allocated by taxonomists to different genera, were
grouped together by this analysis. For example, analyses using cytochrome b data
led to the non-parasitic species classically designated as Eudontomyzon hellenicus
being aligned with Caspiomyzon wagneri (Fig. 2.6). Although Eu. hellenicus and
C. wagneri both occur in Europe, there is a substantial gap between their present-
day distributions (Table 2.1) and their morphological features differ in a number
of conspicuous respects (Vladykov et al. 1982; Gill et al. 2003). Note that the Eu.
hellenicus from the Ionian Sea basin in the cladogram by Lang et al. (2009) has
now been identified as Eu. graecus and that, together with Eu. hellenicus from the
Aegean Sea basin, constitute a clade that is the sister group to C. wagneri. How-
ever, although Eu. hellenicus and Eu. graecus were shown to form a clade with C.
wagneri, they are still genetically very distinct from C. wagneri (i.e., differing by
10.5-10.7 % in their cytochrome b sequences, compared to the above species pairs
that differed by 0-3 %; see Docker and Potter in press). Furthermore, the presence
of two synapomorphies in the two brook lampreys from Greece, namely, a wide
supraoral lamina and a very large median tooth on the transverse lingual lamina
(Renaud and Economidis 2010), as well as in the parasitic members of the genus
(i.e., Eu. danfordi and Eu. morii), and their absence in C. wagneri (Gill et al. 2003)
emphasize the importance of using more than just a single genetic marker in the
future to resolve the relationships among the above taxa.
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Fig. 2.6 Phylogenetic relationships of the parasitic and non-parasitic species of the three lamprey
families, derived from cytochrome b sequence data using Bayesian analyses: asterisks designate
parasitic species. The data were derived from those employed by Lang et al. (2009) together with
additional data for Mordacia mordax from New South Wales, Australia (NSW); other abbrevia-
tions Victoria (VIC), Western Australia (WA). Bayesian posterior probabilities are given for those
nodes where values are greater than 0.95. The clades that included: 1 Lethenteron camtschaticum,
Le. kessleri, Le. alaskense, and Le. reissneri; and 2 Le. kessleri, Le. alaskense, and Le. reissneri
each had a posterior support of 1

Holcik (1986b) and Bianco (1986) placed Lampetra zanandreai in the genus
Lethenteron because its lateral circumorals (endolaterals) are usually bicuspid and
because posterior circumorals (posterials) are present in most specimens. This
arrangement was followed by Renaud (1997), Potter and Gill (2003), and Ren-
aud (2011). However, Kottelat and Freyhof (2009) argued that, while these two
characters may be useful in diagnosing species, they are not useful in defining
lincages. We have therefore reverted to the original generic assignment, which is
consistent with the molecular-based cladogram that shows Lampetra zanandreai
within a Eurasian Lampetra clade (Fig. 2.6).

The Kern brook lamprey was originally assigned by Vladykov and Kott (1976¢) to
the genus Entosphenus on the basis of its dentition (reviewed in Docker et al. 1999).
The molecular analyses of Lang et al. (2009) place this species in a clade together
with La. ayresii—La. richardsoni and, as mentioned above (Sect. 2.4), this species is
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now recognized as Lampetra hubbsi (Page et al. 2013a). As mentioned previously,
the very pronounced degeneration of the dentition of La. aepyptera has hindered an
unequivocal generic assignment of this species. Molecular analyses suggested that
this species, which is confined to eastern North America, resembles more closely
La. fluviatilis, which is restricted to Europe, than La. ayresii, which occurs along
the western seaboard of North America (Lang et al. 2009; Fig. 2.6). This is consis-
tent with the results of Docker et al. (1999), who used neighbor-joining analysis of
cytochrome » and NADH dehydrogenase subunit 3 (ND3) DNA sequences. How-
ever, the analyses of Lang et al. (2009) indicate that La. aepyptera is also related
to two species of Eudontomyzon, which, like La. fluviatilis, are confined to Euro-
pean waters. It is thus noteworthy that, in the cladogram produced from molecular
data, two clades (Fig. 2.6; node with 0.99 posterior probability) tended to comprise
species from either the Atlantic Ocean basin (La. aepyptera+ Eu. danfordi+ Eu.
mariae+ La. fluviatilis+ La. planeri+ La. lanceolata+ La. zanandreai) or the Pacific
Ocean basin (Le. camtschaticum+ Le. kessleri+Le. alaskense+ Le. reissneri+ Eu.
morii), with the notable exception of Le. appendix, which has an Atlantic distribu-
tion, being grouped with the Pacific clade.

2.5 Distribution

The antitropical distribution of all three families of lampreys within river systems
is related to the inability of ammocoetes to tolerate high temperatures. This con-
clusion is based on the fact that the ultimate incipient lethal temperatures for the
three species for which there are such data, that is, Petromyzon marinus from North
America, Lampetra planeri from Europe, and Geotria australis from Australia, are
only 31.4°C, 29.4°C, and 28.3 °C, respectively (Potter and Beamish 1975; Macey
and Potter 1978).

Mordacia is represented by an anadromous species in rivers and coastal ma-
rine waters of southeastern mainland Australia and Tasmania (i.e., M. mordax)
and by another (M. lapicida) in those of Chile (Table 2.1; Fig. 2.7). The single
non-parasitic species in this genus (M. praecox) occurs within creeks and rivers in
the same geographical region as its presumed ancestor M. mordax (Potter 1980b).
Since preparing this review, we have become aware of isolated pockets of ammo-
coetes of Mordacia in Queensland over 1,000 km to the north of the previously re-
corded distribution of this genus. Work is currently in progress to provide details of
these populations (Moffat et al. unpublished data). In contrast to Mordacia, Geotria,
which is represented solely by the large anadromous parasitic species G. australis,
is found in rivers throughout temperate Australasia and southern South America and
ranges widely in marine waters (Table 2.1; Fig. 2.7; Potter et al. 1979).

The Northern Hemisphere genus Ichthyomyzon, which belongs to the subfamily
Petromyzontinae, and comprises three parasitic species and their three respective
non-parasitic derivatives (Table 2.1), is confined to river systems and lakes in cen-
tral and eastern North America (Fig. 2.8). Several lines of evidence indicate that this
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Fig. 2.7 Distributions of the Southern Hemisphere genera of lampreys (Mordacia and Geotria) by
polar projection. (Modified from Hubbs and Potter 1971)

genus either evolved in fresh water or has been confined to fresh water for a very
long period (see Bartels et al. 2012). The anadromous and monotypic Petromyzon
is found along the eastern and western seaboards of the North Atlantic Ocean and
throughout the Mediterranean Sea and is represented by a landlocked form in North
America (Fig. 2.9; Hubbs and Potter 1971; Cevik et al. 2010). Like G. australis,
the large anadromous form of P. marinus ranges widely in the marine environment
(Halliday 1991). Caspiomyzon, the remaining genus of the subfamily Petromyzon-
tinae (see Sect. 2.4), and which contains only the anadromous parasitic C. wagneri,
is restricted to the Caspian Sea basin (Fig. 2.8).

The second subfamily, Lampetrinae, contains five genera (Table 2.1). Although
Tetrapleurodon is unique among lampreys in that its distribution is entirely restrict-
ed to a sub-tropical area, this apparent anomaly is explained by the fact that the
single parasitic and derivative non-parasitic species that comprise this genus oc-
cur only in high altitude lakes and rivers, in which the waters are relatively cool
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Fig. 2.8 Distributions of four of the eight Northern Hemisphere genera of lampreys (Caspiomy-
zon, Entosphenus, Eudontomyzon, Ichthyomyzon) by polar projection. (Updated from Hubbs and
Potter 1971)

(Table 2.1; Fig. 2.10; Alvarez del Villar 1966; Cochran et al. 1996). The four para-
sitic and two non-parasitic species of Entosphenus are all found in drainages along
the west coast of North America (Table 2.1; Fig. 2.8). Entosphenus tridentatus,
the large and sole anadromous species in this genus, ranges widely throughout the
North Pacific Ocean during its parasitic phase (Hubbs and Potter 1971; Fukutomi
etal. 2002; Renaud 2008, 2011). While a few freshwater-resident populations of En.
tridentatus have been reported along the western coast of North America, there is
some uncertainty regarding their taxonomic status (e.g., Moyle et al. 2009; Taylor
et al. 2012; see Docker and Potter in press). The single parasitic species of Lethen-
teron, Le. camtschaticum, which comprises both anadromous and landlocked forms
(Heard 1966; Nursall and Buchwald 1972; Kucheryavyi et al. 2007a, 2007b), is
found to the northern tip of Alaska at about 72°N (McPhail and Lindsey 1970),
which is further north than any other lamprey species. This species has a wide
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Fig. 2.9 Distributions of two of the eight Northern Hemisphere genera of lampreys (Lethenteron,
Petromyzon) by polar projection. (Updated from Hubbs and Potter 1971)

distribution in the Arctic Ocean, extending from the White Sea in Russia to the
Beaufort Sea in Canada and southwards to Japan in the western North Pacific Ocean
(Table 2.1; Fig. 2.9). Although this range encompasses those of three of its non-par-
asitic derivatives (i.e., Le. alaskense, Le. reissneri, and Le. kessleri), the fourth, Le.
appendix, occupies drainages in middle and eastern North America and is thus sepa-
rated from its presumed ancestor by nearly 2,500 km (Table 2.1; Fig. 2.9; Renaud
et al. 2009b). The remaining non-parasitic species of Lethenteron, Le. ninae, whose
affinity is unclear, is found in the drainage of the Black Sea (Table 2.1; Fig. 2.9).
As with Ichthyomyzon in North America, Eudontomyzon, which is confined to
Eurasia, is an exclusively freshwater genus (Table 2.1; Fig. 2.8). Note that we do
not recognize Eudontomyzon sp. nov. “migratory,” listed as extinct by the Interna-
tional Union for the Conservation of Nature (IUCN), because it was never formally
described (see Kottelat et al. 2005). In Europe, the parasitic Eu. danfordi occurs in
tributaries of the Danube River. One of its non-parasitic derivatives, Eu. mariae, has
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Fig. 2.10 Distributions of two of the eight Northern Hemisphere genera of lampreys (Lampetra,
Tetrapleurodon) by polar projection. (Updated from Hubbs and Potter 1971)

a wide-ranging distribution that includes drainages from the Baltic Sea in the north
to the Aegean Sea in the south, whereas the other, Eu. stankokaramani, is restricted
to drainages of the Adriatic Sea (Table 2.1). Two other non-parasitic species, Eu.
hellenicus and Eu. graecus, whose parasitic ancestries are unclear (see Sect. 2.4.2),
each occur in a single drainage on the east and west side, respectively, of the Pindus
Mountain range in Greece (Table 2.1). The parasitic species Eu. morii is confined to
a single drainage that traverses China and North Korea (Table 2.1).

Within the genus Lampetra, the anadromous parasitic species La. ayresii and its
non-parasitic derivative La. richardsoni, co-occur along an extensive strip of the
western seaboard of North America, while its analogs, the anadromous parasitic
La. fluviatilis and the non-parasitic La. planeri, co-occur and are widely distributed
throughout Europe (Table 2.1; Fig. 2.10). In contrast to the above two non-parasitic
species, La. pacifica (a second derivative of La. ayresii) and La. lanceolata (a sec-
ond derivative of La. fluviatilis) both have very restricted distributions. Vladykov
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(1973) suggested that La. pacifica was distributed in the Columbia River drainage
in Oregon and also in the Sacramento and San Joaquin river systems in California,
but Reid et al. (2011) recommend restriction of La. pacifica to the Columbia River
basin, at least until further systematic information (e.g., regarding unresolved popu-
lations of Lampetra brook lampreys; see Sect. 2.4) is available. Nevertheless, while
La. pacifica is found within the distribution of its presumed ancestor, that of La.
lanceolata is far removed from that of its presumed ancestral species. Although an
anadromous lamprey recently discovered in the Sea of Azov and referable to the ge-
nus Lampetra might be La. fluviatilis, Naseka and Diripasko (2008) concluded that
they were not conspecific because they differed, in admittedly minor morphological
respects, and were widely separated geographically. The remaining non-parasitic
species of Lampetra, La. zanandreai and La. hubbsi, whose parasitic ancestry have
not been established, are both considered southern relicts (see Sect. 2.2). The former
species is found in the drainage of the Adriatic Sea and the latter in the Friand-
Kern Canal and Merced River, California (Vladykov and Kott 1984), but Boguski
et al. (2012) suggest that La. hubbsi may also occur in the upper Sacramento River
(Table 2.1; Fig. 2.10).

Trees derived from molecular data (Fig. 2.6; Docker et al. 1999) suggest that La.
aepyptera, which has normally been assigned to Lampetra, is more closely related
to European species than to any extant North American species. Furthermore, the
region where La. aepyptera is found in eastern North America is widely separated
from the west coast of this continent where La. ayresii, the only North American
parasitic representative of Lampetra, occurs (Docker et al. 1999; Potter et al. 2014).
As emphasized previously, future studies should address the question of the ances-
try of La. aepyptera and therefore the basis for the geographical distribution.

It is clear from comparisons of the distributions of the various lamprey species
that the largest species, P. marinus, G. australis, and En. tridentatus, have the wid-
est distributions and that these can extend well out into oceanic waters. During their
parasitic phase, the smaller anadromous species, such as M. mordax, La. fluviatilis,
and La. ayresii, occupy coastal waters and those of freshwater species each tend to
occur in a restricted number of river systems.

The data compiled for this review emphasize that the lamprey fauna in the
Northern Hemisphere, with 37 species and eight genera, is far more diverse than
that in the Southern Hemisphere, which contains only four species and two genera.
This reflects the presence of a greater number and diversity of rivers in temperate
regions of the Northern Hemisphere than in corresponding regions of the Southern
Hemisphere.

2.6 Conclusions and Future Directions

The aforegoing accounts and discussion demonstrate that progress is being made
in understanding the phylogenetic relationships among extant lampreys (Pet-
romyzontiformes). There is now widespread recognition, for example, that the
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extant lampreys comprise three families, that is, Geotriidae, Mordaciidae, and
Petromyzontidae. However, the precise relationships among the three families
remain unresolved. Although there is not a complete consensus at the lower levels
of classification, a clearer picture is emerging. Within the Petromyzontidae, the
eight genera have either been separated into: (1) three subfamilies by Vlady-
kov and co-workers (e.g., Vladykov 1972; Vladykov and Kott 1979¢c), namely,
Petromyzontinae ( Petromyzon, Caspiomyzon, and Ichthyomyzon), Entospheninae
(Entosphenus and Tetrapleurodon), and Lampetrinae (Lampetra, Lethenteron, and
Eudontomyzon); or (2) two subfamilies by Nelson (2006), namely, Petromyzon-
tinae (Petromyzon and Ichthyomyzon) and Lampetrinae (Caspiomyzon, Lampe-
tra, Lethenteron, Eudontomyzon, Entosphenus, and Tetrapleurodon). Although the
three subfamilies proposed by Vladykov and co-workers may be most appropriate
(see Sect. 2.4.1), we have adopted a conservative approach in this chapter, placing
Caspiomyzon within Petromyzontinae but proposing that other taxonomic changes
not be made prematurely.

At the generic level, morphological and molecular data support most of the
existing classifications. While some uncertainties remain regarding the relationships
among Lampetra, Lethenteron, and Eudontomyzon, we emphasize that taxonom-
ic changes should not be made until the results of more comprehensive studies
become available. In particular, the basis for the differences between the phyloge-
netic schemes produced using morphological and molecular data for Lethenteron,
Eudontomyzon, and Lampetra needs to be clarified. This includes determining:
(1) whether the parasitic and non-parasitic species designated as Eudontomyzon,
which are represented in three different clades on the basis of the molecular data,
are appropriately assigned to that genus according to morphological criteria; and (2)
whether Lampetra fluviatilis and La. ayresii belong to the same clade, as suggested
by their great morphological similarity or to different clades, as suggested by cyto-
chrome » DNA sequence data. The resolution of these questions will require the use
of a wider range of genes and particularly of nuclear genes.

Another remaining uncertainty is the phylogenetic relationship between the
parasitic and non-parasitic members of species pairs. We recommend that no new
non-parasitic species is erected until there has been a thorough morphological and
molecular analysis aimed at elucidating the extent of the relationship between the
putative new species and its presumed ancestor and comparisons with appropriate
type specimens. This is particularly pertinent because the individuals in different
populations of non-parasitic species may be genetically divergent but, at present,
are morphologically indistinguishable. Furthermore, the phylogenetic positions of
the six non-parasitic southern relict species for which there are no obvious ances-
tors (e.g., La. aepyptera, Le. ninae) need to be investigated using a wide range of
independent genetic loci.
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Mordaciidae Gill 1893
Mordacia Gray 1851
Mordacia mordax (Richardson 1846)
Mordacia praecox Potter 1968
Mordacia lapicida (Gray 1851)
Geotriidae Jordan 1923
Geotria Gray 1851
Geotria australis Gray 1851
Petromyzontidae Bonaparte 1832
Caspiomyzon Berg 1906
Caspiomyzon wagneri (Kessler 1870)
Petromyzon Linnaeus 1758
Petromyzon marinus Linnaeus 1758
Ichthyomyzon Girard 1858
Ichthyomyzon unicuspis Hubbs and Trautman 1937
Ichthyomyzon fossor Reighard and Cummins 1916
Ichthyomyzon castaneus Girard 1858
Ichthyomyzon gagei Hubbs and Trautman 1937
Ichthyomyzon bdellium (Jordan 1885)
Ichthyomyzon greeleyi Hubbs and Trautman 1937
Tetrapleurodon Creaser and Hubbs 1922
Tetrapleurodon spadiceus (Bean 1887)
Tetrapleurodon geminis Alvarez del Villar 1966
Entosphenus Gill 1862
Entosphenus tridentatus (Gairdner in Richardson 1836)
Entosphenus minimus (Bond and Kan 1973)
Entosphenus similis Vladykov and Kott 1979¢
Entosphenus macrostomus (Beamish 1982)
Entosphenus folletti Vladykov and Kott 1976b
Entosphenus lethophagus (Hubbs 1971)
Lethenteron Creaser and Hubbs 1922
Lethenteron camtschaticum (Tilesius 1811)
Lethenteron alaskense Vladykov and Kott 1978
Lethenteron appendix (DeKay 1842)
Lethenteron reissneri (Dybowski 1869)
Lethenteron kessleri (Anikin 1905)
Lethenteron ninae Naseka et al. 2009
Eudontomyzon Regan 1911
Eudontomyzon danfordi Regan 1911
Eudontomyzon mariae (Berg 1931)
Eudontomyzon stankokaramani Karaman 1974
Eudontomyzon morii (Berg 1931)
Eudontomyzon hellenicus Vladykov et al. 1982
Eudontomyzon graecus Renaud and Economidis 2010
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Lampetra Bonnaterre 1788
Lampetra ayresii (Glnther 1870)
Lampetra pacifica Vladykov 1973
Lampetra richardsoni Vladykov and Follett 1965
Lampetra hubbsi (Vladykov and Kott 1976¢)
Lampetra aepyptera (Abbott 1860)
Lampetra fluviatilis (Linnaeus 1758)
Lampetra planeri (Bloch 1784)
Lampetra lanceolata Kux and Steiner 1972
Lampetra zanandreai Vladykov 1955
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