Chapter 6
Reproductive Ecology of Lampreys

Nicholas S. Johnson, Tyler J. Buchinger and Weiming Li

Abstract Lampreys typically spawn in riffle habitats during the spring. Spawning
activity and diel (i.e., during daylight and at night) behavioral patterns are initi-
ated when spring water temperatures increase to levels that coincide with optimal
embryologic development. Nests are constructed in gravel substrate using the oral
disc to move stones and the tail to fan sediment out of the nest. Spawning habitat
used by individual species is generally a function of adult size, where small-bodied
species construct nests in shallower water with slower flow and smaller gravel than
large-bodied species. The mating system of lampreys is primarily polygynandrous
(i.e., where multiple males mate with multiple females). Lamprey species with adult
total length less than 30 cm generally spawn communally, where a nest may contain
20 or more individuals of both sexes. Lamprey species with adult sizes greater than
35 cm generally spawn in groups of two to four. Operational sex ratios of lampreys
are highly variable across species, populations, and time, but are generally male
biased. The act of spawning typically starts with the male attaching with his oral
disc to the back of the female’s head; the male and female then entwine and simul-
taneously release gametes. However, alternative mating behaviors (e.g., release of
gametes without paired courtship and sneaker males) have been observed. Future
research should determine how multiple modalities of communication among lam-
preys (including mating pheromones) are integrated to inform species recognition
and mate choice. Such research could inform both sea lamprey control strategies
and provide insight into possible evolution of reproductive isolation mechanisms
between paired lamprey species in sympatry.
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6.1 Introduction

Biologists have long been fascinated by the reproductive behavior of lampreys and
it is from their unique and signature nesting behavior (where the oral disc is used to
move rocks) that lampreys (order Petromyzontiformes, “stone sucker”) derive their
name. In the late nineteenth century, naturalists reported unexpectedly discover-
ing lampreys spawning in shallow riffle areas of clear headwater streams (Young
and Cole 1900 and references therein). They watched with intrigue for hours and
sometimes days as groups of lampreys remained vigorously entwined in what was
taken as a romantic effort to contribute to the next generation during their termi-
nal life stage. The allure of observing and characterizing lamprey reproduction has
not diminished in the twenty-first century and is further motivated by the ecologi-
cal, cultural, and economic importance of lamprey species around the world (see
Chap. 1). An enhanced understanding of the reproductive ecology of lampreys is
needed, both for the more than 20 lamprey species that are threatened or endan-
gered in at least part of their range (Renaud 1997; see Chap. 8) and for control of
the invasive sea lamprey in the Laurentian and other Great Lakes (see Marsden and
Siefkes in press). Furthermore, as representatives of an ancient vertebrate lineage
(Janvier 2010), lampreys provide a unique insight into vertebrate mating systems
and sensory modalities.

The lampreys, one of the two surviving groups of agnathan (jawless) vertebrates,
currently consist of at least 41 recognized species (see Chaps. 2 and 8). They exhibit
an antitropical distribution (Renaud 2011); the four Southern Hemisphere species
are placed in families Geotriidae (one species) and Mordaciidae (three species), and
the remaining 37—40 Northern Hemisphere species are placed in Petromyzontidae
(see Chap. 2). All lampreys pass through a prolonged filter-feeding larval stage
(see Chap. 3). Following a dramatic metamorphosis (see Chap. 4), 18 species are
parasitic, feeding on the blood or tissue of actinopterygian fishes or other verte-
brates in marine or freshwater systems (see Renaud and Cochran in press). Some
of the anadromous species (e.g., sea lamprey Petromyzon marinus, Pacific lamprey
Entosphenus tridentatus, and pouched lamprey Geotria australis) can reach total
lengths (TL) in excess of 60—-80 c¢cm (see Docker and Potter in press) and can migrate
several 100 km to headwater streams to spawn (see Chap. 5); lampreys that are
parasitic in fresh water are smaller at maturity (20-30 cm). The remaining 23-26
species are non-parasitic “brook” lampreys; they bypass the adult feeding phase
(thus maturing at lengths of approximately 11-14 ¢cm) and remain within their natal
streams (see Docker 2009). Most parasitic lamprey species are “paired” with one
or more non-parasitic species; these paired species are morphologically and geneti-
cally similar and generally overlap in their distribution (Docker 2009; Docker and
Potter in press). Paired lamprey species are examples of possible sympatric specia-
tion through assortative mating (Beamish and Neville 1992; Salewski 2003).

The lamprey spawning stage, although the shortest life stage, is most commonly
documented due to its relatively high accessibility for observation compared to the
larval and parasitic stage. Lampreys spawn during daylight and at night, typically
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in large groups, and are not easily disturbed. However, accounts of lamprey repro-
ductive ecology, although extensive and informative, are scattered in the literature
and commonalities or differences among species are infrequently summarized. Fur-
thermore, many studies may be inaccessible to English-speaking readers (e.g., are
in Russian and German), are often in the older literature, and generally provide
descriptions of the spawning behavior of a single species. Two insightful reviews by
Hardisty and Potter (1971) and Malmqvist (1986) amalgamated studies describing
lamprey reproduction, but there have been few recent efforts to synthesize new dis-
coveries concerning lamprey mating systems, spawning site selection, reproductive
behavior, and communication modalities (Jang and Lucas 2005).

This chapter therefore provides an updated synthesis of the reproductive ecology
of lampreys. In many cases, information from the older papers referred to above has
been taken from the species accounts provided in The Freshwater Fishes of Europe,
Volume 1, Part 1, Petromyzontiformes (e.g., Hol¢ik 1986a, b, c; Hardisty 1986a,
b, c); interested readers are referred to the references therein. Topics will be pre-
sented chronologically, beginning with the migration to the spawning grounds and
concluding with senescence. Discussions will be focused on those species that have
been most intensively studied; hypotheses will be proposed to explain commonali-
ties and differences among species and existing knowledge gaps will be highlighted.

6.2 Migration and Environmental Control of Spawning
Behavior

6.2.1 Migration to Spawning Habitat

Lamprey upstream migration has been reviewed in this volume (Chap. 5), but high-
lights will be briefly reiterated here to provide background for discussions of re-
productive ecology. In nearly all cases, lampreys have been observed spawning in
streams (but see Sect. 6.3.2). Parasitic lamprey species, which may be displaced
over hundreds of kilometers by host fishes, must first locate streams that are suitable
for reproduction. Migration has been studied extensively in sea lamprey which—
unlike salmonids—do not home to their natal streams (Bergstedt and Seelye 1995;
Waldman et al. 2008). Instead, adult sea lamprey use their olfactory system to lo-
cate streams containing migratory pheromones excreted by conspecific larvae (So-
rensen et al. 2005; Meckley et al. 2012). In the Great Lakes ecosystem, although
some sea lamprey migrate into streams without significant larval populations (as
evidenced by the rapid re-infestation of streams recently treated with lampricide),
adults are more likely to enter streams that contain large numbers of larvae (Moore
and Schleen 1980), presumably because larvae emit bile acids that are highly at-
tractive to sexually immature migratory-phase adults (Sorensen et al. 2005). Once a
suitable stream is located, migration into specific tributaries continues to be directed
by larval odor (Wagner et al. 2006). Recent genetic evidence suggests that Pacific
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lamprey likewise do not home to their natal streams (Goodman et al. 2008; Spice
et al. 2012), and it appears that migratory pheromones emitted by larvae are con-
served among lamprey species (Jellyman et al. 2002; Fine et al. 2004; Gaudron and
Lucas 2006; Robinson et al. 2009; Yun et al. 2011).

The duration of the pre-spawning migration is highly variable among and within
lamprey species (see Chap. 5). For example, sea lamprey migration occurs over a
period of 2—3 months (Applegate 1950), while pouched lamprey migration occurs
over 15-16 months (Potter et al. 1983). The reasons for such differences in the
duration of migration remain unknown; they are not explained solely by differen-
tial migration distance, as sea lamprey and pouched lamprey migrate over similar
distances. European river lamprey Lampetra fluviatilis have distinct autumn and
spring spawning runs (Maitland et al. 1994) and have been found in estuaries (i.e.,
at the beginning of the upstream migration) between July and April (Abou-Seedo
and Potter 1979). Pre-spawning migrations of non-parasitic species have also been
documented in populations of the Far Eastern brook lamprey Lethenteron reissneri
(Takayama 2002) and European brook lamprey Lampetra planeri (Hardisty 1961a;
Mclntyre 1969), but such migrations—which only need to be sufficient to correct
for downstream larval drift—are typically less than 20 km and confined to their
natal watershed (Hardisty 1944; Malmqvist 1980; Takayama 2002).

Natural barriers such as waterfalls and man-made barriers such as dams often
limit access to spawning areas and are serious impediments to lamprey restoration
efforts (Renaud 1997; Close et al. 2002; see Chap. 8), but are advantageous for the
control of invasive sea lamprey in the Great Lakes (Lavis et al. 2003; Marsden and
Siefkes in press).

6.2.2 Environmental Control of Adult Lamprey Behavior

The most critical environmental factor influencing the timing of the spawning mi-
gration, nest construction, and spawning itself is water temperature (Hardisty and
Potter 1971), although pheromones may also play a significant role (see Sect. 6.6.1).
Upstream migration is most intense during periods when water temperature and
stream flow increase in the spring (Hardisty and Potter 1971; Robinson and Bayer
2005; Binder and McDonald 2010; see Chap. 5). Sexually immature adults begin
to migrate at night when water temperatures are generally 2—6 °C below the tem-
peratures at which spawning occurs (see below). Arrival at the spawning grounds
coincides with the occurrence of water temperatures appropriate for spawning, the
onset of diel behavioral patterns (i.e., showing activity during the day and night;
Binder and McDonald 2008a), and the final stages of sexual maturation (Docker
et al. in press). Temperature regulation of migration and spawning behavior prob-
ably developed in response to the strict thermal requirements for embryonic devel-
opment (Clemens et al. 2010). Sea lamprey development, for example, occurs at
temperatures between 15 and 25 °C (Piavis 1961; McCauley 1963); Pacific lamprey
and western brook lamprey Lampetra richardsoni development is optimal between
10 and 18°C (Meeuwig et al. 2005).
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Northern Hemisphere lampreys generally spawn during the spring at tempera-
tures ranging from 6 to 26 °C (Table 6.1). Given the importance of elevated wa-
ter temperature in initiating spawning activity, spawning generally occurs later at
higher (i.e., more northerly) latitudes than at lower latitudes. Lampreys occupy-
ing higher latitudes generally spawn between April and June: for example, Heard
(1966) found ripe and spent Arctic lamprey Lethenteron camtschaticum in the Na-
knek River, Alaska (at approximately 58°40'N) in June; Pletcher (1963) observed
western brook and Pacific lampreys spawning in the Salmon River, British Colum-
bia (50°29'N), from April to June; and spawning chestnut lamprey Ichthyomyzon
castaneus were observed in the Rat River, Manitoba (49°35'N) in mid-June. Sea
lamprey in the upper Great Lakes generally spawn in June (although the spawning
season may extend from May until September; Manion and Hanson 1980); in the
anadromous sea lamprey in Connecticut and Maine, spawning occurs in late May
to late June (Gardner et al. 2012). American brook lamprey Lethenteron appendix
in the upper Great Lakes and Quebec spawn in late April to mid-May (Morman
1979; Mundahl and Sagan 2005), but have been observed spawning as early as
March (Cochran et al. 2012). Lampreys occurring at southern latitudes generally
spawn at similar temperatures but earlier in the spring or, in some cases, in the
winter. Southern brook lamprey Ichthyomyzon gagei in Alabama (at approximately
32°30'N) were observed spawning in mid-April to early May (Beamish 1982),
and populations of American brook lamprey at the southern edge of this species’
range (L’Eau Frais Creek in Arkansas; 34°06'N) spawn in early March (Tumlison
and Tumlison 1999). Even more dramatically, two lamprey species found at ap-
proximately 20°N (the Mexican lamprey and Mexican brook lamprey, Tetrapleur-
odon spadiceus and T. geminis, respectively) reproduce from November to January
(Hardisty and Potter 1971).

Spawning seasons may also not be as coordinated and condensed at lower lati-
tudes, presumably because water temperatures are suitable for embryonic devel-
opment for several months, whereas temperatures at higher latitudes may only be
suitable for a few weeks during the late spring. Cochran et al. (1996) postulated that
the spawning period of the two Mexican species may exceed 6 months. Similarly,
Renaud (1982) documented Macedonia brook lamprey Eudontomyzon hellenicus
with developed secondary sex characteristics (see Sect. 6.5) in both January and
May in Kefalarion Brook (at approximately 37°36'N), and suggested that this rep-
resents two distinct spawning periods. Ahmadi et al. (2011) reported Caspian lam-
prey Caspiomyzon wagneri in the final stages of maturity in both the fall and spring
(at 34°44-50"N).

Spawning has not been described in any of the four Southern Hemisphere species
(see Sect. 6.4.3.1), although the spawning period has been inferred from museum
collections of advanced spawning-run adults and the appearance of the young-of-
the-year larvae. In this manner, Potter (1970) inferred that short-headed lamprey
Mordacia mordax spawn in the Moruya River in New South Wales (35°55'S) in the
late austral winter or early spring (i.e., August to November) and Maskell (1929),
Potter et al. (1983), and Potter and Hilliard (1986) likewise estimated that pouched
lamprey spawn over a period of several months during the austral spring and winter.
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Water temperature trends have large impacts on nesting and spawning activity.
For a particular population of lamprey at higher latitudes, spawning seasons are
shortest when water temperatures are warm and stable and longest when water tem-
peratures are low and unstable, resulting in sporadic spawning activity (Hardisty
and Potter 1971). Spawning is most vigorous at high and stable water temperatures
(Case 1970), but spawning activity can decrease or completely cease with sudden
drops in water temperatures of even 1 or 2 °C. Reductions in mating behavior are
especially prevalent early in the spawning season and when water temperatures
drop during the day (Applegate 1950; Hardisty 1961a).

6.3 Spawning Habitat and Nest Construction

6.3.1 Size-Assorted Spawning Habitat

Spawning accounts in either Geotriidae or Mordaciidae have yet to be published
(Renaud 2011). Therefore, descriptions of spawning habitat and behavior herein
are limited to the family Petromyzontidae. In nearly all accounts, lampreys spawn
in riffle habitats (i.e., shallow areas with fast, turbulent water running over rocks)
located in streams. Streams with gradients between 2 and 6 m/km often contain
productive spawning riffles and larval beds (Baxter 1954). Lamprey nests are most
commonly observed at the head of shallow riffles at transition areas between run
(i.e., a deep area with fast water and little or no turbulence) and riffle. Lamprey
species have been reported to spawn at a variety of depths and water velocities, as
long as there is unidirectional flow and gravel substrate (Schleen et al. 2003; but
see Sect. 6.3.2). Although larval lampreys are found in fine sediment (see Chap. 3),
spawning lampreys either avoid a substrate of fine particles (< 2 mm diameter;
Gardner et al. 2012) or the nest-building activities themselves reduce the amount of
silt (see Sect. 6.3.3.1). Smaller lampreys are known to use vacant nests constructed
by larger-bodied species (Morman 1979), and European river and brook lampreys
have been reported using nests constructed several months earlier by sympatric sal-
monids (Nika and Virbickas 2010).

Lamprey species of different adult size often spawn in specific microhabitats
within riffles, where small-bodied species spawn on smaller gravel substrate, in
shallower water, with slower velocity (Table 6.2). Small lampreys are likely re-
stricted to spawning on smaller substrate because they are unable to move larger
stones (Cochran and Lyons 2004) or navigate in high water velocities. Therefore,
size-assorted spawning habitat preferences may function as an ecological barrier to
hybridization of paired species (Beamish and Neville 1992; but see Sect. 6.4.3.5).
In the Great Lakes basin, landlocked sea lamprey (mean adult size 35 cm TL, range
11-60 cm) construct nests in gravel substrate 0.9-5.1 cm in diameter, in water 10—
170 cm deep, with velocities of 50-150 cm/s (Applegate 1950). Silver lamprey Ich-
thyomyzon unicuspis (mean adult size 28 cm, range 9-39 cm), a parasitic freshwater
species that is sympatric with sea lamprey in the Great Lakes region, construct
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nests in gravel substrate 0.4-3.0 cm in diameter (Manion and Hanson 1980), in
water 47-68 cm deep (Cochran and Lyons 2004). American brook lamprey (mean
adult size 16 cm, range 10-22 cm), which is broadly sympatric with sea and silver
lampreys in the Great Lakes region, but is non-parasitic, constructs nests in gravel
substrate 1.0-2.0 cm in diameter (Manion and Hanson 1980), in water 15-55 cm
deep, at velocities 5-21 cm/s (Mundahl and Sagan 2005).

A similar relationship between lamprey body size and spawning habitat is ob-
served in Europe and western North America. European river lamprey (mean adult
size 30 cm, range 9-49 cm) construct nests in gravel 1.6-6.4 cm in diameter, in
water 11-40 cm deep, at velocities 2090 cm/s, whereas European brook lamprey
(mean adult size 13 cm, range 9—17 cm) construct nests in gravel 0.8-3.2 cm in
diameter, in water 8-33 cm deep, at velocities around 15-75 cm/s (Nika and Vir-
bickas 2010; Rooney et al. 2013). Pacific lamprey (mean adult size 40 cm, range
10-80 cm) construct nests in gravel 2.7 cm in diameter, in water 28 cm deep, at
velocities around 20 cm/s, whereas western brook lamprey (mean adult size 12 cm,
range 8—15 cm) construct nests in gravel 1.5 cm in diameter, in water 20 cm deep,
at velocities around 12 cm/s (Stone 2006).

Note, however, that heterospecific spawning associations involving both large-
and small-bodied lampreys are not uncommon (Table 6.1, Sect. 6.4.3.3).

6.3.2 Alternative Spawning Habitats

Although spawning in riffle habitats is most common, alternative spawning habitats
have been reported. Cochran and Gripentrog (1992) provided detailed accounts of
chestnut lamprey, northern brook lamprey Ichthyomyzon fossor, and southern brook
lamprey spawning beneath cover (e.g., boulders, woody debris and, at one site, veg-
etation). In these species, nesting beneath cover was most likely to occur in larger
rivers, where swift currents may reduce accessibility to riffle habitats or where cover
may have allowed spawning despite the faster-flowing conditions. Lampreys nest-
ing beneath cover may also experience reduced predation, although this hypothesis
has not been directly tested (Cochran and Gripentrog 1992). Gunckel et al. (2009),
defining cover as any structure under which an adult lamprey could hide, found that
86 % of western brook lamprey nests were associated with a variety of cover types
(predominantly large cobble substrates, but to a lesser extent, wood and vegetation),
but found that only 43 % of Pacific lamprey nests—presumably because of their
larger size—were associated with cover. Rooney et al. (2013) also reported a small
number of European brook lamprey spawning among woody debris in the River
Liffey, Ireland, but it appears that spawning beneath vegetation or woody debris is
rare in lampreys. Hol¢ik (1986a) reported that Caspian lamprey only rarely makes
nests in areas with submerged vegetation, and some species (e.g., European brook
lamprey, sea lamprey) show a preference for sunlit areas when spawning is in prog-
ress (Hardisty 1986a, b).

Lampreys have been observed spawning in depths greater than 5 m. Silver lam-
prey and sea lamprey spawn at depths greater than 5 m in the connecting channels of
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the Great Lakes (Lamsa et al. 1980; Morse et al. 2003). Cochran and Lyons (2004)
postulated that silver lamprey may spawn in swifter deeper water than other Ichthyo-
myzon species do, and observed silver lamprey spawning at deeper depths (>1 m)
when present with sea lamprey. Caspian lamprey eggs have been found at depths
ranging from 3.5 to 19 m (see Hol¢ik 1986a), suggesting that the adults may spawn
at depths greater than 5 m. Use of deepwater sampling equipment such as suction
dredges (e.g., Beamish and Youson 1987; Taverny et al. 2012) and deepwater elec-
trofishers (e.g., Jolley et al. 2012) are increasingly detecting larval lampreys of vari-
ous species (anadromous sea lamprey, Pacific lamprey, and North American river
lamprey Lampetra ayresii) in deep water in large river systems (see Chap. 3). It is not
known, however, to what extent the presence of larvae in these habitats is the result
of deepwater spawning or downstream movement of larvae from smaller tributaries.

Spawning in lakes (lentic spawning)—or at least spawning in the absence of a
unidirectional current—has been reported in Vancouver lamprey Entosphenus mac-
rostomus, Miller Lake lamprey Entosphenus minimus, and Pacific, western brook,
American brook, and landlocked sea lampreys (Table 6.1). This type of spawning in
Pacific, sea, and western brook lampreys is a rare deviation from their typical stream
riffle spawning habitat. For example, although Russell et al. (1987) observed anad-
romous Pacific lamprey spawning in shallow water in two regions of the Babine
Lake system in British Columbia, the frequency of lentic to lotic spawning (i.e.,
spawning in flowing water) in this system was low. Likewise, a sea lamprey pair
was reported to have successfully spawned in a no-flow enclosure of a small river
(Scott 1957), but this is considered rare, and most occurrences of sea lamprey larvae
in lentic habitats are thought to be the result of downstream movement (e.g., during
periodic floods) from the lower portions of rivers (Fodale et al. 2003). In contrast,
Vancouver lamprey primarily spawn on shallow gravel bars in nearshore lake habi-
tat, although some spawning also likely occurs in streams (Beamish 1987). Lentic
spawning in Vancouver and Miller Lake lampreys may have developed as a repro-
ductive adaptation after becoming landlocked (Russell et al. 1987). This observa-
tion is relevant to management of landlocked sea lamprey in the Great Lakes, where
chemical control effectively kills larvae in streams, but lentic treatments of larvae
are much less effective and more costly (Schleen et al. 2003). If lentic spawning is
a genetically-linked trait, highly effective chemical control of sea lamprey larvae in
streams with less effective treatments in lentic environments may favor selection of
lentic spawning in landlocked sea lamprey (Russell et al. 1987).

6.3.3 Nest Construction, Size, and Function

6.3.3.1 Nest Construction

Lampreys construct nests using their oral disc to move stones and their tail to fan
small gravel and silt out of the nest site. Nest construction of landlocked sea lam-
prey has been described in detail and will be used to highlight typical behaviors.
Male sea lamprey have been observed initiating nest construction up to 8§ weeks
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Rock movement Tail fan

Fig. 6.1 Typical lamprey nesting behaviors. Photos are of sea lamprey spawning in the Cheboy-
gan River, MI. a Rock movement by male. b Movement of large rock by leveraging tail against
substrate. ¢ Female cleaning sediment from the nest using rapid tail movements. d Tactile com-
munication between male and female with oral discs. (Photos: Cory O Brant)

prior to spawning (Applegate 1950). Nest construction occurs day and night when
water temperatures are suitable for mating (Table 6.1). Early in the spawning sea-
son, individual male sea lamprey construct several small nests and reside in one
until joined by a female (Applegate 1950; Manion and Hanson 1980). Males vigor-
ously defend nests from other males by attaching to intruding males and violently
twisting and shaking as the current pushes them downstream of the nest (Applegate
1950; Manion and Hanson 1980). The victor, whether it was the male that estab-
lished the nest or the intruder, quickly returns to the nest and awaits the arrival of a
female. Male to male aggression has also been reported in European brook lamprey
(Malmgqvist 1983; Hardisty 1986a), European river lamprey (Hagelin and Steftner
1958), American brook lamprey (Young and Cole 1900), and in Siberian brook lam-
prey Lethenteron kessleri (Hol¢ik 1986b), but not in Arctic lamprey (Heard 1966),
Pacific lamprey (Brumo 2006; Stone 2006), or silver, chestnut, and northern brook
lampreys (Manion and Hanson 1980).

Males and females participate in collaborative nest construction and rearrange-
ment prior to and during spawning (e.g., Savvaitova and Maksimov 1979; Man-
ion and Hanson 1980; Holcik 1986a, b, c; Sousa et al. 2012). Using the oral disc,
lampreys latch onto stones and move them downstream using the assistance of the
current, although sometimes stones are moved upstream and side stream (Fig. 6.1a).
Large rocks are dragged from the nest by arching the back and leveraging the tail
against the bottom to dislodge them (Fig. 6.1b). A few large stones typically remain
at the upstream rim of the nest and are used as oral disc attachment points dur-
ing nest cleaning and mating. Lampreys clear nests of silt by latching to a large
rock in the upstream portion of the nest and vigorously fanning their tail laterally
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(Fig. 6.1c). Rapid tail fanning stirs up sediment that is carried out of the nest by the
current.

Deviations from typical lamprey nesting behavior have been reported. In Euro-
pean river lamprey, males arrive at the spawning riffles first, but females initiate
nest construction (Jang and Lucas 2005). Female nest construction in European
river lamprey is likely related to their generally promiscuous mating system (Jang
and Lucas 2005), and potentially when there is a preponderance of females (see
Sect. 6.4.2). Northern brook lamprey orient their body vertically, rather than hori-
zontally as do most lampreys (Scott and Crossman 1973).

6.3.3.2 Nest Size

Nest size is generally a function of the body size of the species involved and the num-
ber of spawning adults present. For example, Great Lakes lamprey species excavate
smaller nests with decreasing species size (Table 6.2). Landlocked sea lamprey nests
are constructed to an average of 45 cm wide, 40 cm long, and 20 cm deep (Applegate
1950); silver lamprey nests are constructed to an average of 30 cm wide and 11 cm
deep (Manion and Hanson 1980); and American brook lamprey nests are constructed
to an average of 16 cm wide, 16 cm long, and 4 cm deep (Mundahl and Sagan 2005).
The trend is also consistent in Europe where river lamprey nests average 105 cm
wide, 129 cm long, and 7 cm deep; and average nest size for the much smaller Euro-
pean brook lamprey is 28 cm wide, 29 cm long, and 4 cm deep (Nika and Virbickas
2010). On both sides of the Atlantic, nests of the large anadromous sea lamprey may
exceed 100-200 cm along their longest diameter (Hardisty 1986b; Gardner et al.
2012; Sousa et al. 2012). In the Coura River in Portugal, for example, where spawn-
ing sea lamprey averaged 882 mm total length, maximum nest length ranged from 80
to 225 cm (average 149 cm) and nest depth varied between 20 and 40 cm (average
28 cm; Sousa et al. 2012). Within a species, nest diameter and depth increases with
the number of lamprey occupying the nest (Mundahl and Sagan 2005), and Rooney
et al. (2013) reported the occurrence of “super redds,” where smaller adjacent nests
had merged into a single larger structure more than 40 cm wide.

6.3.3.3 Utility of Nest Physical Characteristics

The physical characteristics of the nest facilitate spawning behavior and embryo sur-
vival. A large rock located at the upstream rim of the nest (an “anchor”) is central to
nest cleaning and egg deposition in the nest. Without an anchor, the vigorous act of
spawning will dislodge the pair, causing eggs to be scattered outside of the nest. The
physical design of the nest produces upwelling of the water current, which increases
oxygenation and reduces siltation (White 1990). Embryos retained in the nest have
high survival rates (90 % in sea lamprey, Manion 1968; Manion and Hanson 1980),
likely due to reduced predation by fishes and crustaceans, increased oxygenation,
and minimal silt accumulation. However, Smith and Marsden (2009) estimated that
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85 % of sea lamprey eggs are not deposited within the nest. Eggs dislodge from nests
stochastically and embryo survival outside the nest is nearly zero percent under most
conditions, primarily due to predation and increased siltation (Smith and Marsden
2009). However, when stream flow is low, eggs that do not remain in the nest settle
into gravel outside the nests and are thus better protected, resulting in higher produc-
tion of embryos than during high stream flows (Smith and Marsden 2009).

6.4 Mating Systems, Sex Ratios, and the Spawning Act

6.4.1 Mating Systems

The reproductive behaviors of 16 lamprey species have been described in the litera-
ture sufficiently to allow a mating system to be assigned (Table 6.1 and references
therein). However, mating system plasticity has been documented in most species.
Polygynandry, defined here as multiple males mating with multiple females, is the
most prevalent mating system in lampreys.

In species where mean adult size is less than 30 cm TL, communal spawning of
multiple males and females is common. Spawning aggregations of over 20 individ-
uals have been observed in American brook lamprey (Young and Cole 1900), Eu-
ropean brook lamprey (Lasne et al. 2010), southern brook lamprey (Cochran et al.
2008), and Far Eastern brook lamprey (Takayama 2002). Small parasitic species
such as silver, chestnut, Arctic, and European river lampreys are also polygynan-
drous communal spawners (Case 1970; Morman 1979; Savvaitova and Maksimov
1979; Jang and Lucas 2005; Kucheryavyi et al. 2007a), with up to 50 chestnut lam-
prey (Case 1970) and 44 Arctic lamprey (Savvaitova and Maksimov 1979) having
been observed spawning in a single nest. Kucheryavyi et al. (2007a), however, also
observed spawning in pairs in Arctic lamprey. In the European river lamprey, males
are promiscuous and are found in multiple nests across a large area, while females
remain in single nests (Jang and Lucas 2005).

Pacific and sea lampreys, which are greater than 35 cm in length as adults, have
been described as monogamous tending toward polygyny, with generally fewer
than five individuals per nest (Applegate 1950; Brumo 2006; Stone 2006; Gardner
et al. 2012). However, large-bodied parasitic lamprey species show greater varia-
tion in mating systems than non-parasitic and small parasitic species. For example,
the sea lamprey mating system can change through the spawning season from mo-
nogamy to polygyny (Applegate 1950). A genetic analysis of embryos produced by
a known population of spawning sea lamprey showed that female sea lamprey may
visit multiple nests and that males and females mate with several different partners
(Gilmore 2004). If indeed this occurs widely in sea lamprey, the mating system of
this species could also be described as polygynandrous. However, it appears that
individual male sea lamprey most commonly defend nests from other males and
females visit multiple nests, and polygynandry is common only in small-bodied
species that spawn communally.
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Communal spawning in lamprey species with adult sizes less than 30 cm TL
may be an adaptation to increase embryo survival through increased egg retention
in nests. In non-parasitic and small parasitic species, a communal group of males
and females can construct larger nests than an individual male of the same species.
Several Siberian brook lamprey together have been observed pushing away heavier
stones during nest construction (see Hol¢ik 1986b). In contrast, individual male sea
and Pacific lampreys can construct sufficiently large nests on their own. Presumably
larger nests would retain more eggs than smaller nests and embryo survival is posi-
tively correlated to egg retention in a nest (Smith and Marsden 2009). Conversely,
communal spawning may also increase the probability of eggs being displaced from
the nest by repeated spawning events and nest construction. However, Mclntyre
(1969) observed male European brook lamprey covering spawned eggs with gravel
after each copulation event; such nest rearrangement might aid in egg retention. The
hypothesis that communal spawning is an adaptation to increase egg retention in
nests has not been experimentally evaluated.

6.4.2 Operational Sex Ratio

Operational sex ratios of spawning lampreys (i.e., the number of sexually competing
males that are ready to mate relative to the number of sexually competing females
that are ready to mate) vary across species, across populations of the same spe-
cies, and through time within a population. A generally small, but variable, excess
of males is present among most spawning adult lampreys (Hardisty 1954, 1961b;
Hardisty and Potter 1971; Beamish 1982; Takayama 2002; Nazari and Abdoli 2010),
particularly in non-parasitic species (Purvis 1970; Mundahl and Sagan 2005). How-
ever, exceptions do occur. Mundahl and Sagan (2005) report an overall sex ratio of
1:1 (male to female) in spawning American brook lamprey, but noted variability
among streams, where one stream had more males and another more females. Other
studies documented American brook lamprey sex ratios as high as 1:5 (Seagle and
Nagel 1982). The sex ratio of adult Caspian lamprey was recently reported as 1:1
(Nazari and Abdoli 2010; Ahmadi et al. 2011), but has been reported as high as 3:1
(Ghasempouri 1993). A nearly equal number of European river lamprey males and
females were observed over an entire mating season (Jang and Lucas 2005).

In several species, males are generally first to arrive at the spawning grounds
(e.g., in American brook lamprey, Young and Cole 1900; sea lamprey, Applegate
1950; and southern brook lamprey, Beamish 1982), and the proportion of females
thus tends to increase over the course of the spawning season (Applegate 1950). A
similar shift toward a greater proportion of females later in the spawning season
was reported in a population of European brook lamprey (Hardisty 1961a), although
Pletcher (1963) reported the opposite for western brook lamprey in British Colum-
bia. Jang and Lucas (2005) provide a systematic account of changes in operational
sex ratio in a population of European river lamprey. During nest construction, fe-
males outnumbered males 1:3.5. Sex ratio then shifted to a preponderance of males
(1:0.4) in spawning aggregations, and back again to a preponderance of females



284 N. S. Johnson et al.

in post-spawning aggregations (1:3.7). Shifts in operational sex ratio through the
season could be attributed to sex differences in timing of maturation, longevity,
or chemical signaling (Pletcher 1963; Jang and Lucas 2005), but this has yet to be
investigated in detail.

At the population level, annual changes in adult lamprey sex ratios have been
correlated with relative abundance. Hardisty (1961b) found a significant correlation
between annual variability in adult sex ratios (1:1.2—1:3.4) and adult relative abun-
dance in an isolated population of European brook lamprey. Similar changes in sex
ratios have been observed in adult landlocked sea lamprey after chemical control of
larval populations; an excess of males was observed when sea lamprey abundance
was high but shifted to female-biased sex ratios following initiation of control
measures (Applegate 1950; Wigley 1959; Torblaa and Westman 1980). Evidence
for density-dependent sex determination in lampreys is discussed in Chap. 3 and
Docker et al. (in press).

Operational sex ratios can influence nesting behavior and mating systems in
lampreys. For example, although males often arrive first at the spawning grounds
and initiate nest construction, female sea lamprey are also known to initiate nest
construction when they are numerically dominant late in the season (Applegate
1950). Furthermore, mating system plasticity has been documented in most species
and is often correlated to operational sex ratio. For example, the sea lamprey mating
system can change from monogamy early in the mating season to polygyny late in
the season (see Sect. 6.4.1), and mating system differences observed in European
river lamprey may be related to differences in sex ratio or size of mating groups
(Hagelin and Steffner 1958; Hagelin 1959; Jang and Lucas 2005).

6.4.3 The Spawning Act

6.4.3.1 General Spawning Description

Spawning has not been reported for any of the four Southern Hemisphere lam-
prey species. Glova (1995) and Jellyman et al. (2002) attempted to observe spawn-
ing in pouched lamprey by keeping adults in tanks for a year or more and either
radio-tagging and releasing them just before sexual maturation for observation in
a natural setting (Jellyman et al. 2002) or providing them in the laboratory with
conditions thought suitable for spawning (Glova 1995); in neither case was spawn-
ing observed. Anecdotal reports that pouched lamprey are capable of moving tennis
ball-sized stones with their oral discs (Renaud 2011) implies that spawning has been
observed, presumably by Maori fishermen, for whom lampreys have historically
had great value as a food source. Although speculative, it is conceivable that recent
biologists have not observed spawning in Geotriidae or Mordaciidae because the
spawning habitat or mating behavior of these lampreys is considerably different
than what has been characterized for the family Petromyzontidae.

Within Petromyzontidae, described spawning behaviors are generally analogous
among species. Hardisty and Potter (1971) reviewed mating behaviors in lampreys



6 Reproductive Ecology of Lampreys 285

(see Table 6.1 for additional references). A thorough description of European river
lamprey spawning behavior has been provided by Hagelin and Steftner (1958) and
Hagelin (1959). Applegate (1950) provided a useful description of sea lamprey
spawning behavior. Pletcher (1963) described spawning behavior in western brook
and Pacific lampreys; Brumo (2006) and Stone (2006) provide brief accounts of Pa-
cific lamprey spawning. Species not listed in Table 6.1 have little or no information
in the literature concerning spawning behavior. Common spawning behaviors will
be highlighted here with a brief discussion and illustrations (Fig. 6.2). As far as the
present authors can ascertain, all descriptions of lamprey spawning have had their
origin from daytime observations.

Lampreys aggregated on a nest actively engage in courtship and nest mainte-
nance behaviors when not copulating. Little is known about when spermiation and
ovulation occur relative to the time active spawning begins. Copulations occur every
few minutes during active spawning, but respites of over an hour can occur. Studies
of European river lamprey indicate that copulation in this species is initiated by the
female. In what has been described as courting behavior to signal readiness to males,
female European river lamprey swim in circles over males occupied with nest build-
ing (Hagelin 1959 and references therein). Then, immediately prior to mating, the
female will attach to a large rock at the upstream rim of the nest. A receptive male
responds by gliding his head along the female’s body from tail to head and, some-
times only briefly (for <1 s), attaches to the female’s head. Mating occurs, however,
when male gliding is followed by firm attachment to the female’s head. As the male
attaches, he wraps his tail around the female, sliding and squeezing his tail in a
posterior direction stopping at a few centimeters anterior of the female’s urogenital
region. The female responds to the male’s tail wrapping and sliding by violently vi-
brating. The male vibrates together with the female, and with backs arched, gametes
are simultaneously released. Fertilization occurs externally, with the male’s genital
papilla directing sperm toward the eggs. About 5 s pass from the male glide to gam-
ete release. The number of eggs released per mating event has been reported to range
from 10 to 50 in European brook lamprey (Mclntyre 1969; Malmqvist 1983) and
from 20 to 40 in landlocked sea lamprey (Applegate 1950). Eggs are highly adhe-
sive and readily attach to stones and sand on the downstream rim of the nest. After
gamete release, the pair unwinds and continues nest construction and maintenance.
Occasionally after mating, the male and female will lay still side-by-side in the nest
for several minutes. In the laboratory, females are typically spent after 1-3 days of
active mating (Hagelin and Steffner 1958), but males may spawn for up to a week.
Little empirical evidence is available to determine how long individuals actively
spawn in the wild. Observations of European river lamprey suggest that individual
lamprey only remain on spawning riffles for a few days (Jang and Lucas 2005).

6.4.3.2 Alternative Spawning Behaviors

Multiple lampreys can be involved in the act of spawning at the same time. Five
chestnut lamprey have been observed attached to each other while spawning (Case
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Male approach Female back arch, male back.drop

Fig. 6.2 Typical succession of behaviors during lamprey reproduction. Photos are of sea lamprey
spawning in the Cheboygan River, MI. a Female attached to large rock at upstream end of the nest;
male approaches the female from downstream. b Swimming along the female’s back from posterior
to anterior, the male touches the female dorsal region with its oral disc. ¢ The male firmly attaches
to the female’s head with oral disc. d Immediately after the male attaches to the female’s head, the
male arches its back. e The female then arches its back allowing the male to slide its tail underneath
the female’s tail. f The male’s tail tightly coils around the female between the dorsal fins, aligning
their urogenital papillae. g Male and female vibrate violently stirring up sediment while releasing
gametes. h Male and female release from each other after spawning. (Photos: Cory O Brant)

1970). Malmqvist (1983) reported several European brook lamprey coiled around
a single female. Huggins and Thompson (1970) report two male European river
lamprey mating with one female. Stone (2006) reported four male western brook
lamprey coiled around two females.
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An alternative reproductive behavior has been observed in European and Ameri-
can brook lampreys, where “satellite” males attempt to gain fertilizations by ap-
proaching the urogenital area of a mating pair and presumably attempting to fer-
tilize the eggs as they are extruded by another male (Malmqvist 1983; Cochran
et al. 2008). Recently, Hume et al. (2013a) demonstrated satellite (or “sneak male”)
mating tactics in anadromous and freshwater-resident European river lamprey and
in European brook lamprey, observing this behavior both within and between spe-
cies or morphs. In no case, however, has fertilization success of satellite males been
determined.

Scott and Crossman (1973) noted an exception to the tail coil spawning behavior
in northern brook lamprey, where males did not wrap around the female, but vi-
brated vigorously next to each other during spawning.

6.4.3.3 Heterospecific Mating Associations

Heterospecific mating associations are commonly observed between paired species
and among two or more “unpaired” species that occur in sympatry (Table 6.1). Hug-
gins and Thompson (1970) described heterospecific spawning of European brook
and river lampreys, but did not report interspecific copulation attempts. Lasne et al.
(2010) similarly documented that 54 % of the nests they observed contained both
European brook and river lampreys (the remaining nests contained only European
river lamprey), but—contrary to Huggins and Thompson (1970)—did note interspe-
cific copulation attempts in the mixed nests. They observed a male brook lamprey
attempting to mate with a female river lamprey and another brook and two river
lamprey males trying to mate with a single river lamprey female, but were unable
to determine whether any successful fertilization occurred (see Sect. 6.4.3.5). Het-
erospecific spawning associations have also been documented in lamprey species in
the Great Lakes, where the paired silver and northern brook lampreys, and chestnut,
American brook, and sea lampreys have been observed spawning in various combi-
nations on the same nest (Morman 1979; Manion and Hanson 1980). Cochran et al.
(2008) observed the paired chestnut and southern brook lampreys spawning in the
same nests in Wisconsin, and documented a southern brook lamprey male attempt-
ing to mate with a female chestnut lamprey (although no quivering or release of
gametes was observed). “Unpaired” Pacific and western brook lampreys have also
been documented in the same nests (Brumo 20006).

Two hypotheses, with potentially different fitness consequences, have been de-
veloped to explain the origins of heterospecific spawning associations. The first
suggests that lampreys may find the increased nest size of larger heterospecifics
attractive (Morman 1979), and their association with larger nests may thus provide
fitness benefits through increased embryo survival and reduced predation risk to
themselves (Cochran et al. 2008). This hypothesis seems reasonable considering the
earlier postulations about the origin of communal mating in small-bodied lampreys
(see Sect. 6.4.1). An alternative hypothesis is that lampreys are attracted to hetro-
specifics, not the physical nest structure, through conserved pheromones (Cochran
et al. 2008; Buchinger et al. 2013). Pheromones of anadromous species may be
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released in larger amounts compared to non-anadromous species because their body
size is larger and they signal (migrate) over longer distances. However, pheromonal
attraction of lampreys to heterospecific nests may reduce fitness through wasted
mating effort, interference with mating behavior, and increased predation risk due
to enhanced conspicuousness.

6.4.3.4 Fertilization of Eggs

Lamprey gametes are generally viable for much longer than those of other fishes. In
the laboratory, sea lamprey eggs could be fertilized for up to 3 h, although fertiliza-
tion success rate declined significantly after 40 min (from 85-95 % at 0—40 min to
32% after 3 h; Ciereszko et al. 2000). Arctic and sea lamprey sperm are viable in
fresh water for several minutes (Kobayashi 1993; Ciereszko et al. 2000). Assuming
all lamprey gametes have similar viabilities, the ecological consequence is that dur-
ing communal and heterospecific spawning associations, males could fertilize eggs
up to a few hours after deposition. Satellite males (Sect. 6.4.3.2) may also have an
increased opportunity to fertilize eggs in the rear of the nest. Once eggs are fertil-
ized, a fast block occurs at the plasma membrane level and then the perivitelline
space acts as a permanent block to polyspermy (Arctic lamprey, Kobayashi and
Yamamoto 1994).

6.4.3.5 Potential for Hybridization of Paired Species

Despite the occurrence of mixed-species spawning associations and even mating
attempts between heterospecifics (see Sect. 6.4.3.3), natural hybrids of paired spe-
cies have not been documented in nature (Beamish and Neville 1992; Yamazaki
and Goto 1998). It is generally thought that size-assortative homogamy reduces
the probability of paired species cross-fertilizing (Hagelin 1959; Malmqvist 1983).
In North American river lamprey and western brook lamprey, for example, fer-
tilization success is low when males and females differ in length by more than
20% due to misalignment of the urogenital regions (Beamish and Neville 1992).
However, some fertilizations can occur even when size differences exceed 30%
(Beamish and Neville 1992) and many lamprey species pairs differ in length by
less than 20-30%, particularly paired species with freshwater-resident or “prae-
cox” (i.e., small anadromous) parasitic forms (Docker 2009). Kucheryavyi et al.
(2007b), for example, found considerable overlap in size and no evidence of as-
sortative mating among three life history types of Arctic lamprey in the Utkholok
River, Russia. Furthermore, “satellite” male behavior (Sect. 6.4.3.2), external fertil-
ization, and extended gamete viability (Sect. 6.4.3.4) also increase the probability
of genetic mixing between paired species, especially those that have viable hybrid
offspring, such as northern brook and silver lampreys (Piavis et al. 1970), European
river and brook lampreys (Enequist 1937; Hume et al. 2013b), and North American
river and western brook lampreys (Beamish and Neville 1992). Therefore, although
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size differences may have been an important factor allowing the sympatric specia-
tion of non-parasitic species from parasitic species (Salewski 2003), additional bar-
riers to hybridization such as spawning habitat differences (Sect. 6.3.1) and sensory
cues (Sect. 6.6) may also have been needed to maintain reproductive isolation of
paired species (Beamish and Neville 1992; Docker 2009).

Although hybrids have not been demonstrated to date, it is important to note
that hybrids may be difficult to detect (certainly as larvae, when the species them-
selves are often indistinguishable; see Docker 2009). The taxonomic status of
paired species could be challenged if successful hybridization is documented in
the wild. Reclassification of paired species—where, instead of being considered
separate species, they are considered different ecotypes of the same species (En-
equist 1937)—could have profound impacts on conservation of rare or endangered
lampreys (Docker 2009; Docker et al. 2012).

6.5 Secondary Sexual Characteristics

6.5.1 Male

The general secondary sexual characteristics for male and female lampreys have
been previously reviewed (Vladykov 1949; Smith et al. 1968) and will be briefly
highlighted with special emphasis on newly described structures and functions of
previously described structures. During sexual maturation, male lampreys develop
an elongated urogenital papilla (Hardisty and Potter 1971; Kott et al. 1988). The pa-
pilla is not used to internally fertilize eggs, but to direct milt towards eggs released
by females (Kucheryavyi et al. 2007a). Mature males develop swollen cloacal lips,
a straight or downwardly bent tail to aid in nest construction, and a heightened, ser-
rated and vascularized second dorsal fin generally about 1 week before spawning.
Mature male European river, European brook, and sea lampreys develop glandular
cells in gill epithelial tissue when spermiated (Pickering and Morris 1977; Siefkes
et al. 2003). Glandular cells of mature males likely function as transporters of mat-
ing pheromone from the blood into the riverine environment during respiration
(Siefkes et al. 2003; see Sect. 6.6.1).

During sexual maturation of pouched lamprey and Chilean lamprey Mordacia
lapicida, a highly pronounced gular pouch develops (Hardisty and Potter 1971). The
gular pouch of these two Southern Hemisphere parasitic lamprey species has been
described as a fibrous muscle with extensive vascularization resembling mamma-
lian erectile tissue (Hardisty and Potter 1971; Potter and Welsch 1997). In the other
parasitic Southern Hemisphere species, the short-headed lamprey, mature males may
have some loose skin in the gular region (Renaud 2011). The gular pouch is also pres-
ent in sexually immature and mature male parasitic lampreys in the Northern Hemi-
sphere (including sea and Caspian lampreys; chestnut lamprey, silver lamprey, and
Ohio lamprey Ichthyomyzon bdellium; Pacific and Miller Lake lampreys and Klam-
ath lamprey Entosphenus similis), but in a much reduced state (Monette and Renaud
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2005). The gular pouch of pre-spawning Pacific and sea lampreys contains lipids,
which Monette and Renaud (2005) postulated could serve as an energy resource to
support the protracted spawning migration of these anadromous species. The gular
pouch is unlikely to aid in stone movement because male sea lamprey can move
larger rocks than similarly-sized male pouched lamprey and yet have a smaller gular
pouch. Where described, the gular pouch of mature males is larger than that of ma-
ture females and thus may also be involved in courtship (Monette and Renaud 2005).

A characteristic unique to mature male sea lamprey is a rope-like tissue that
extends along the dorsal surface from approximately the posterior gill slit to the
beginning of the anterior dorsal fin (Hardisty and Potter 1971). Unexpectedly, the
rope was discovered to consist of a thermogenic adipose tissue that produces heat
when in the presence of an ovulated female, but not when in the presence of other
males (Chung-Davidson et al. 2013a). This is the first discovered thermogenic sec-
ondary sexual characteristic and the only example of a thermogenic fat outside the
mammalian clade. Sea lamprey mate in generally the same manner as other North-
ern Hemisphere lampreys, so perhaps the rope tissue helps maintain reproductive
isolation. Additional experiments are needed to determine if females can detect the
heat produced in the rope and how heat production influences mate selection and
mating behavior.

6.5.2 Female

Upon sexual maturation, female lampreys also develop an elongated urogenital pa-
pilla, but it is much reduced compared to that of a mature male conspecific. The
female urogenital papilla helps direct eggs into the nest (Kucheryavyi et al. 2007a).
Mature females also develop a keel behind the cloaca and upward bent tail (Apple-
gate 1950; McIntyre 1969; Kott et al. 1988; Kucheryavyi et al. 2007a). The upward
bent tail likely aids in nest cleaning or may be involved with expressing the eggs.
In Arctic lamprey, the keel behind the cloaca is thought to be important for nest
cleaning, mixing of eggs and sperm, and as a male tail “brake” helping to align male
and female urogenital papillae (Kucheryavyi et al. 2007a). Similarly, a swelling at
the anterior base of the posterior dorsal fin in mature female European river lam-
prey also appears to help align urogenital papillae during mating (Hagelin 1959).
Females of the above mentioned Northern Hemisphere parasitic lamprey species
(Sect. 6.5.1) have a gular pouch of reduced size relative to males of their own spe-
cies (Monette and Renaud 2005).

6.6 Sensory Modalities that Facilitate Mating

Sensory modalities known to play roles in lamprey reproduction include olfac-
tion, tactile sensation, and electroreception. Chemical communication is impor-
tant for reproduction as adult lampreys have well-developed olfactory organs and
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exceptionally large olfactory bulbs relative to the brain (Kleerekoper 1972). In sea
lamprey, this anatomically dominant system is highly sensitive to compounds that
direct spawning migrations into streams with established larval populations (Tee-
ter 1980; Bjerselius et al. 2000; Sorensen et al. 2005; see Chap. 5) and to spawn-
ing grounds populated with spermiated males (Li et al. 2002; Siefkes et al. 2005;
Johnson et al. 2009). The function of mating pheromones in sea lamprey reproduc-
tion has been reviewed (Li et al. 2007; Johnson and Li 2010), and will be briefly
highlighted here. Additionally, other sensory modalities suspected to play a part in
lamprey reproduction will be discussed.

6.6.1 Pheromones

6.6.1.1 Sea Lamprey Mating Pheromones

Upon spermiation, male sea lamprey release a mating pheromone that is highly at-
tractive to ovulated females, luring them to nests. In natural populations, it is not
known how far ovulated females need to travel to locate spermiated males or how
long it takes for a female to locate a nest. A component of the mating pheromone
released by males has been identified as 7a,120,24-trihydroxy-3-one-5a-cholan-24-
sulfate (3kPZS; Li et al. 2002; Yun et al. 2003) and shown to be highly attractive to
ovulated female sea lamprey at in-stream concentrations ranging from 107! M to
107" M (Siefkes et al. 2005; Johnson et al. 2009). Only spermiated male sea lam-
prey release 3kPZS and only ovulated female sea lamprey are attracted to 3kPZS
(Siefkes et al. 2005). Males release 3kPZS through their gills, likely through the
profuse glandular cells with secretory papillae (Siefkes et al. 2003). Female olfac-
tory sense is critical for locating spermiated males (Johnson 2005; Johnson et al.
2006). Ovulated females likely locate sources of 3kPZS by integrating tactile infor-
mation concerning flow direction and olfactory information concerning pheromone
concentration through a mechanism termed odor-conditioned rheotaxis (Johnson
et al. 2012a). The male mating pheromone consists of multiple components that
induce attraction to the nest, retention on the nest, rock movements, and tail fan-
ning (Johnson et al. 2012b). 3,12-diketo-4,6-petromyzonene-24-sulfate (DKPES)
is a minor component of the mating pheromone that, when mixed with 3kPZS at
specific ratios, attracts more ovulated females than 3kPZS alone (Li et al. 2013).
Additional components, however, remain unidentified; experiments directly com-
paring mixtures of 3kPZS and DKPES and water conditioned by spermiating males
showed the latter to still be more attractive to females (Li et al. 2013).

The sea lamprey male mating pheromone also contains components that func-
tion as stimulatory and inhibitory priming pheromones. Sexually immature males
and females exposed to washings of mature males or to synthesized 3kPZS ma-
ture faster than those exposed to water containing no pheromone (Chung-Davidson
et al. 2013b). Further investigation revealed that immature sea lamprey exposed to
3kPZS exhibit increases in circulatory 15a-hydroxyprogresterone concentrations
and forebrain gene expressions (Chung-Davidson et al. 2013b). However, exposure
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of immature males to 7a,120-dihydroxy-5a-cholan-3-one-24-oic acid (3kACA),
which is released by mature males (Yun et al. 2003), inhibits steroidogenesis
(Chung-Davidson et al. 2013c). Because 3kACA is released by mature males at a
rate about 10 times less than 3kPZS, the inhibitory impacts of 3kACA likely only
occur when males are at close proximity; for example, when competing for nest
sites. Taken together, increases in spring water temperature and the presence of
male mating pheromones are likely important triggers that synchronize maturation
of early and late arriving migrants to enable spawning during the 2—3 week period.

The sea lamprey has become a model for how pheromones may be used in the
control of invasive vertebrates (Li et al. 2007) because it is an ecologically and
economically damaging pest in the Laurentian Great Lakes and Lake Champlain
(Smith and Tibbles 1980; Marsden and Siefkes in press). Pheromone-baited traps
show promise for increasing the capture of female sea lamprey (Johnson et al. 2009;
Luehring et al. 2011), and disruption of pheromone communication through an-
tagonists or application of high concentrations of 3kPZS may also be effective in
reducing mating success (Johnson et al. 2009). When 3kPZS alone was applied
to existing traps in the Great Lakes basin, trap efficiencies significantly increased
(Johnson et al. 2013).

6.6.1.2 Mating Pheromones in Other Lamprey Species

Mating pheromones have been hypothesized to be used by European river, pouched,
silver, and Pacific lampreys. Jang and Lucas (2005) reported that the majority of a
population of European river lamprey in an 80 km segment of river spawned at a
single site, indicating possible coordination of reproduction through mating phero-
mones released by mature adults. In this case, migratory pheromones released by
larvae (Fine et al. 2004; Sorensen et al. 2005; see Chap. 5) would not likely coordi-
nate reproduction, as larvae would be present downstream of spawning areas. The
presence of glandular cells in mature male European river lamprey suggests that bile
acid pheromones may be released across the gills to coordinate reproduction (Pick-
ering and Morris 1977). Radio-tagged pouched lamprey all entered the same tribu-
tary immediately prior to the putative mating season, supporting the hypothesis that
chemical cues may coordinate spawning site selection (Jellyman et al. 2002). Pacific
lamprey have high olfactory sensitivity to the sea lamprey mating pheromone 3kPZS
(Robinson et al. 2009), but no behavioral tests have been conducted to evaluate if
females are attracted to synthesized 3kPZS. Given the protracted spawning migra-
tion of Pacific and pouched lamprey (see Sect. 6.2.1), it is possible that the newly
arrived migratory cohort may be exposed to mating pheromones from the spawning
adult cohort. Therefore, upon arrival to fresh water, Pacific and pouched lampreys
may use mating pheromones released by the upstream spawning cohort while still in
the migratory stage as an honest indicator of tributaries containing spawning habitat
(Robinson et al. 2009). Silver lamprey appear to use 3kPZS as a migratory phero-
mone, but not as a mating pheromone as observed in sea lamprey (see Sect. 6.6.1.1).
Female preference for 3kPZS in a migratory context may be a bias leading to male
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signaling with 3kPZS, where male sea lamprey may have evolved to take advantage
of an existing preference of females (Buchinger et al. 2013).

Questions remain concerning species specificity, production, and release of lam-
prey mating pheromones. As discussed above, spermiated male sea lamprey ac-
tively release mating pheromones at high rates (Sect. 6.6.1.1). Sea lamprey defend
nests from other males, and therefore the male obtains direct benefit from attracting
mates. A different ecology is true of communal spawners, where multiple males
compete for mating opportunities in a nest. Perhaps communally spawning males, if
they release mating pheromones, share fitness benefits with other males in the nest.
Investigations of pheromone communication in satellite males (see Sect. 6.4.3.2)
would be interesting because pheromone production may be suppressed to help
them remain cryptic. Mating pheromones in general are expected to be species
specific because reproductive isolation often provides significant fitness benefits
(Wyatt 2003). Yamazaki and Goto (2000), for example, suggested that pheromones
may prevent interbreeding in two undescribed Lethenteron species (L. sp. N and
L. sp. S) where they occur sympatrically. Although spawning seasons and sizes at
maturity overlap, heterospecific nesting assemblages have not been observed. Spe-
cies specific mating pheromones may be another factor facilitating reproductive
isolation within heterospecific spawning associations (Sect. 6.4.3.3), but this has
not yet been investigated.

Pheromones have the potential to benefit restoration efforts in lamprey spe-
cies (Robinson et al. 2009) whose populations are in decline (Renaud 1997; see
Chap. 8). Migratory pheromones could direct migratory-phase adults into streams
from which they had been extirpated or into specific tributaries with high quality
spawning and larval rearing habitat. Mating pheromones could be used to direct
spawning-phase adults to specific high quality spawning riffles. Both pheromones
could be effective at low concentrations (i.e., 107> M), meaning that once iden-
tified, implementation of pheromone-based restoration techniques could be cost-
effective. Additionally, advances in pheromone quantification in stream water could
allow for non-invasive, rapid population assessment (Li et al. 2011; Stewart et al.
2011; Xi et al. 2011).

6.6.2 Additional Sensory Modalities used During Reproduction

6.6.2.1 Tactile

Tactile communication is important once lampreys are aggregated on nests and en-
gaged in mating behavior (Fig. 6.1d, 6.2). Lampreys probe with their oral disc dur-
ing nest construction to locate rocks to be moved. Lampreys likely use tactile cues
to determine if the physical characteristics of the nest are suitable for spawning.
Hagelin and Steftner (1958) reported that when mating, European river lamprey
males glide their oral discs along the side of females immediately prior to attach-
ment to the head. Reighard (1903) hypothesized that such tactile cues in American
brook lamprey may determine sex when multiple lamprey are in the nest. For ex-
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ample, when a male attaches to a receptive female, the female will remain attached
to a rock, triggering the male to wrap his tail around her. In contrast, if the male
attaches to another male, the second male will typically detach from the rock and
drift around the nest. In sea lamprey, the increased heat generation in female pres-
ence and frequent contact with the female urogenital pore indicates that the male
rope tissue may be involved in tactile communication on the spawning nest (Chung-
Davidson et al. 2013a).

6.6.2.2 Electroreception

Adult lampreys respond to weak, low frequency electrical fields (Bodznick and
Northcutt 1981), but limited knowledge is available concerning the function of elec-
troreception during mating. Chung-Davidson et al. (2008) provided evidence that
sea lamprey use electroreception to locate conspecifics or that electroreception may
be used to regulate sexual behavior along with tactile cues. However, additional re-
search is needed to determine the extent to which electroreception influences mate
choice and reproductive behavior in lampreys.

6.6.2.3 Vision

There is no evidence that vision is used by adult lampreys to direct spawning migra-
tions, locate mates, or to facilitate spawning behavior. Experimentally blinded sea
lamprey migrated upstream at the same rate as lamprey that were not blinded, and
both groups showed the same nocturnal activity patterns (Binder and McDonald
2007). The switch from migration only at night to becoming active during both
day and night (i.e., showing diel behavior) has been shown in part to be mediated
by the dermal photophores rather than the eyes (Binder and McDonald 2008a, b).
Although all light-associated behaviors are mediated by the eyes in mammals, such
“extraocular” photoreceptors are not uncommon among lower vertebrates (Foster
and Hankins 2002). In sea lamprey, the reduction in light avoidance behavior in
spawning-phase lamprey is the result of reduced dermal photosensitivity in re-
sponse to elevated stream temperatures (Binder and McDonald 2008a, b).

There is anecdotal evidence to suggest that vision is also not used to locate
mates or during reproduction. Applegate (1950) noted the degeneration of the eyes
of spawning sea lamprey and suggested that vision was not important to them for
mating. Further, lampreys can be readily approached and observed during the day
without sign of being disturbed.

6.6.3 Acoustic

Acoustic signals produced by fishes have been widely implicated to facilitate spe-
cies recognition and influence mate choice (Verzijden et al. 2010). Mating decisions
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are often based on the collective information from multiple modalities (Johnstone
1996). Although lampreys have been shown to use chemical and tactile commu-
nication, acoustic signals could also serve an important role. To date, no studies
have evaluated the role of acoustic cues in lamprey reproduction. Future research
should investigate whether lampreys produce sound during mating and whether
those sounds influence mate choice and mating behaviors.

6.7 Senescence

All lampreys die after spawning (i.e., they are semelparous). A few exceptions have
been reported in the literature, that is, of possible repeat spawning in Pacific lam-
prey (Michael 1980, 1984) and survival of European river lamprey until the fol-
lowing year (at which time they may participate in the spawning migration but be
unable to breed; see Hardisty 1986c¢), but it is questionable whether this is pos-
sible (Hardisty 1986c). Although survival can be extended if spawning is delayed or
prevented (e.g., at low temperatures; Larsen 1980), survival after spawning seems
highly unlikely given the severe atrophy of the intestine, degeneration of the liver
and eyes, the inability of anadromous species to osmoregulate in salt water after
spawning, and the depletion in lipids (Hardisty and Potter 1971; Larsen 1980). Cas-
pian lamprey females have been reported to die immediately after releasing their
eggs, while males were documented to survive until spermiation ceased (see Hol¢ik
1986a). Pletcher (1963) observed that female western brook lamprey usually died
within a week of spawning (with males living for 1-2 months). Female sea and Eu-
ropean river lamprey that deposit all their eggs early in the season may survive up to
a week and continue to participate in spawning behaviors (Applegate 1950; Hagelin
and Steffner 1958). Post-spawn lampreys are believed to move downstream (Jang
and Lucas 2005) and seek refuge under cover until death occurs (Hagelin 1959).
The odor of dead sea lamprey is repulsive to migratory-phase conspecifics (Wagner
et al. 2011), and may cue to newly arrived migrants that the spawning season has
ended or there is considerable risk of mortality upstream.

6.8 Conclusion

As the terminal life stage of an unusual primitive fish, reproduction of lampreys
has fascinated biologists for centuries. Much has been revealed concerning the re-
productive ecology of lampreys such as spawning preferences, mating systems, and
behavior. Critical knowledge gaps still exist, however. Spawning has never been
reported for any of the four Southern Hemisphere lamprey species, perhaps because
their reproductive ecology differs substantially from that of the well-studied North-
ern Hemisphere species. Furthermore, how multiple modalities of communication
among lampreys (including mating pheromones) are integrated to inform species
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recognition and mate choice remains poorly understood. This is especially interest-
ing for ecologists in light of heterospecific mating associations and the apparent
sympatric speciation of paired species. For conservationists and fisheries managers,
an enhanced understanding of the reproductive ecology of lampreys is needed, both
for the more than 20 lamprey species that are threatened or endangered in at least
part of their range and for control of invasive sea lamprey in the Laurentian and
other Great Lakes.

Acknowledgments Authors received funding from the Great Lakes Fishery Commission. W.L.
also received funding from the National Science Foundation and National Institutes of Health.
Cory Brant provided photographs used in Figs. 6.1 and 6.2. We thank Anne Scott and Tom Binder
who provided a critical review of an earlier draft of the chapter. This chapter is Contribution 1704
of the U.S. Geological Survey Great Lakes Science Center.

References

Abakumov VA (1960) Systematics and ecology of the Ukrainian lamprey (Lampetra mariae
Berg). Vop Ikhtiol 6:609-618 [in Russian]

Abou-Seedo FS, Potter IC (1979) The estuarine phase in the spawning run of the river lamprey
Lampetra fluviatilis. ] Zool Lond 188: 5-25

Ahmadi M, Amiri BM, Abdoli A, Fakharzade SME, Hoseinifar SH (2011) Sex steroids, gonadal
histology and biological indices of fall and spring Caspian lamprey ( Caspiomyzon wagneri)
spawning migrants in the Shirud River, Southern Caspian Sea. Environ Biol Fish 92:229-235

Alvarez del Villar J (1966) Ictiologia michoacana. IV. Contribucion al conocimiento biolégico y
sistematico de las lampreas de Jacona, Mich., México. Annu Esc Nac Cienc Biol Mex 13:107—
144

Applegate VC (1950) Natural history of the sea lamprey (Petromyzon marinus) in Michigan.
US Fish and Wildlife Service Special Scientific Report 55, Washington, DC

Baxter EW (1954) Studies on the biology of lampreys. PhD thesis, London University, London

Beamish FWH (1982) Biology of the southern brook lamprey, /chthyomyzon gagei. Environ Biol
Fish 7:305-320

Beamish FWH, Medland TE (1988) Metamorphosis of the mountain brook lamprey Ichthyomyzon
greeleyi. Environ Biol Fish 23:45-54

Beamish FWH, Potter IC (1975) The biology of the anadromous sea lamprey Petromyzon marinus
in New Brunswick. J Zool Lond 177:52-72

Beamish RJ (1980) Adult biology of the river lamprey (Lampetra ayresi) and the Pacific lamprey
(Lampetra tridentata) from the Pacific coast of Canada. Can J Fish Aquat Sci 37:1906—1923

Beamish RJ (1987) Status of the lake lamprey, Lampetra macrostoma, in Canada. Can Field Nat
101:186-189

Beamish R, Neville C (1992) The importance of size as an isolating mechanism in lampreys.
Copeia 1992:191-196

Beamish RJ, Youson JH (1987) Life history and abundance of young adult Lampetra ayresi in the
Fraser River and their possible impact on salmon and herring stocks in the Strait of Georgia.
Can J Fish Aquat Sci 44:525-537

Bergstedt R, Seelye J (1995) Evidence for lack of homing by sea lampreys. Trans Am Fish Soc
124:235-239

Binder TR, McDonald DR (2007) Is there a role for vision in the behaviour of sea lampreys
(Petromyzon marinus) during their upstream spawning migration? Can J Fish Aquat Sci
64:1403-1412



6 Reproductive Ecology of Lampreys 297

Binder TR, McDonald DG (2008a) The role of temperature in controlling diel activity in upstream
migrant sea lampreys (Petromyzon marinus). Can J Fish Aquat Sci 65:1113-1121

Binder TR, McDonald DG (2008b) The role of dermal photoreceptors during the sea lamprey
(Petromyzon marinus) spawning migration. J Comp Physiol A 194:921-928

Binder TR, McDonald DG (2010) Relative importance of water temperature, water level, and
lunar cycle to migratory activity in spawning-phase sea lampreys in Lake Ontario. Trans Am
Fish Soc 139:700-712

Bjerselius R, Li W, Teeter JH et al (2000) Direct behavioral evidence that unique bile acids re-
leased by larval sea lamprey (Petromyzon marinus) function as a migratory pheromone. Can J
Fish Aquat Sci 57:557-569

Bodznick D, Northcutt RC (1981) Electroreception in lampreys: evidence that the earliest verte-
brates were electroreceptive. Science 212:465-467

Brigham WU (1973) Nest construction of the lamprey, Lampetra aepyptera. Copeia 1973:135-136

Brumo AF (2006) Spawning, larval recruitment, and early life survival of Pacific lamprey in the
South Fork Coquille River, Oregon. MS thesis, Oregon State University, Corvallis, OR

Buchinger TJ, Wang H, Li W, Johnson NS (2013) Evidence for receiver bias underlying female
preference for a male mating pheromone in sea lamprey. Proc R Soc B 280:1966—-1973

Case B (1970) Spawning behaviour of chestnut lamprey (Ichthyomyzon castaneus). J Fish Res
Board Can 27:1872—-1874

Chung-Davidson Y-W, Bryan MB, Teeter J, Bedore CN, Li W (2008) Neuroendocrine and behav-
ioral responses to weak electrical fields in adult sea lampreys (Petromyzon marinus). Horm
Behav 54:34-40

Chung-Davidson Y-W, Priess MC, Yeh C-Y et al (2013a) A thermogenic secondary sexual charac-
ter in male sea lamprey. J Exp Biol 216:2702-2712

Chung-Davidson Y-W, Wang H, Siefkes MJ et al (2013b) Pheromonal bile acid 3-ketopetromy-
zonol sulfate primes the neuroendocrine system in sea lamprey. BMC Neurosci 14:11-24

Chung-Davidson Y-W, Wang H, Bryan MB et al (2013c) An anti-steroidogenic inhibitor primer
pheromone in male sea lamprey (Petromyzon marinus). Gen Comp Endocrinol 189:24-31

Ciereszko A, Glogowski J, Dabrowski K (2000) Fertilization in landlocked sea lamprey: storage
of gametes, optimal sperm: egg ratio, and methods of assessing fertilization success. J Fish
Biol 56:496-505

Clemens BJ, Binder TR, Docker MF, Moser ML, Sower SA (2010) Similarities, differences, and
unknowns in biology and management of three parasitic lampreys of North America. Fisheries
35:580-594

Close DA, Fitzpatrick MS, Li W (2002) The ecological and cultural importance of a species at risk
of extinction, Pacific lamprey. Fisheries 27:19-25

Cochran PA, Gripentrog AP (1992) Aggregation and spawning by lampreys (genus Ichthyomyzon)
beneath cover. Environ Biol Fish 33:381-387

Cochran PA, Lyons J (2004) Field and laboratory observations on the ecology and behavior of the
silver lamprey (Ichthyomyzon unicuspis) in Wisconsin. J Freshw Ecol 19:245-253

Cochran, PA, Lyons J, Merino-Nambo E (1996) Notes on the biology of the Mexican lampreys
Lampetra spadicea and L. geminis (Agnatha: Petromyzontidae). Ichthyol Explor Freshw
7:173-180

Cochran PA, Bloom DD, Wagner RJ (2008) Alternative reproductive behaviors in lampreys and
their significance. J Freshw Ecol 23:437-444

Cochran PA, Ross MA, Walker TS, Biederman T (2012) Early spawning by the American Brook
lamprey (Lethenteron appendix) in southeastern Minnesota. Can Field Nat 126:204-209

Cooper EL (1983) Fishes of Pennsylvania and the northeastern United States. Pennsylvania State
University Press, University Park

Docker MF (2009) A review of the evolution of nonparasitism in lampreys and an update of the
paired species concept. In: Brown LR, Chase SD, Mesa MG, Beamish RJ, Moyle PB (eds)
Biology, management, and conservation of lampreys in North America. American Fisheries
Society Symposium 72, Bethesda, pp 71-114



298 N. S. Johnson et al.

Docker MF, Potter IC (in press) Life history variation in lampreys: alternate feeding and migra-
tory types. In: Docker MF (ed) Lampreys: biology, conservation and control, vol 2. Springer,
Dordrecht

Docker MF, Beamish FWH, Bryan MB, Spice EK (in press) The lamprey gonad. In: Docker MF
(ed) Lampreys: biology, conservation and control, vol 2. Springer, Dordrecht

Docker MF, Mandrak NE, Heath DD (2012) Contemporary gene flow between “paired” silver
(Ichthyomyzon unicuspis) and northern brook (1. fossor) lampreys: implications for conserva-
tion. Conserv Genet 13:823-835

Dendy JS, Scott DC (1953) Distribution, life history, and morphological variations of the southern
brook lamprey, Ichthyomyzon gagei. Copeia 1953:152—162

Enequist P (1937) Lampetra planeri as an ecological modification of Lampetra fluviatilis on the
river and brook lampreys in Sweden. Ark Zool 29:1-22 [in German]

Fine JM, Vrieze LA, Sorensen PW (2004) Evidence that Petromyzontid lampreys employ a com-
mon migratory pheromone that is partially comprised of bile acids. ] Chem Ecol 30:2091-2110

Fodale MF, Bronte CR, Bergstedt RA, Cuddy DW, Adams JV (2003) Classification of lentic habi-
tat for sea lamprey (Petromyzon marinus) larvae using a remote seabed classification device. J
Great Lakes Res 29(Suppl 1):190-203

Foster RG, Hankins MW (2002) Non-rod, non-cone photoreception in the vertebrates. Prog Retin
Eye Res 21:507-527

Gage SH (1928) The lampreys of New York state-life history and economics. Biol Surv Oswego
River System, New York Conservation Department Annual Report 17(Suppl):139-191

Gardner C, Coghlan SM Jr, Zydlewski J (2012) Distribution and abundance of anadromous sea
lamprey spawners in a fragmented stream: current status and potential range expansion follow-
ing barrier removal. Northeast Nat 19:99-110

Gaudron SM, Lucas MC (2006) First evidence of attraction of adult river lamprey in the migratory
phase to larval odour. J Fish Biol 68:640—-644

Ghasempouri SM (1993) The Caspian lamprey. Abzeeyan 4:18-21 [in Farsi]

Gilmore SA (2004) Genetic assessment of adult mating success and accuracy of statolith aging
in the sea lamprey Petromyzon marinus. MS thesis, Michigan State University, Lansing, MI

Glova G (1995) The secret life of the lamprey. NIWA Water Atmos 3:20-21

Goodman DH, Reid SB, Docker MF, Haas GR, Kinziger AP (2008) Mitochondrial DNA evidence
for high levels of gene flow among populations of a widely distributed anadromous lamprey
Entosphenus tridentatus (Petromyzontidae). J Fish Biol 72:400—417

Gunckel SL, Jones KK, Jacobs SE (2009) Spawning distribution and habitat use of adult Pacific
and western brook lampreys in Smith River, Oregon. In: Brown LR, Chase SD, Mesa MG,
Beamish RJ, Moyle PB (eds) Biology, management, and conservation of lampreys in North
America. American Fisheries Society Symposium 72, Bethesda, pp 173—-189

Hagelin L-O (1959) Further aquarium observations on the spawning habits of the river lamprey
(Petromyzon fluviatilis). Oikos 10:50-64

Hagelin L-O, Steffner N (1958) Notes on the spawning habits of the river lamprey (Petromyzon
Sfluviatilis). Oikos 9:221-238

Hardisty MW (1944) The life history and growth of the brook lamprey (Lampetra planeri). J Anim
Ecol 13:110-122

Hardisty, MW (1954) Sex ratio in spawning populations of Lampetra planeri. Nature 173:874-875

Hardisty MW (1961a) Studies on an isolated spawning population of the brook lamprey (Lampe-
tra planeri). J Anim Ecol 30:339-355

Hardisty MW (1961b) Sex composition of lamprey populations. Nature 191:1116-1117

Hardisty MW (1986a) Lampetra planeri (Bloch, 1784). In: Hol¢ik J (ed) The freshwater fishes of
Europe, vol 1, part 1, Petromyzontiformes. AULA, Wiesbaden, pp 279-304

Hardisty MW (1986b) Petromyzon marinus (Linnaeus, 1758). In: Hol¢ik J (ed) The freshwater
fishes of Europe, vol 1, part 1, Petromyzontiformes. AULA, Wiesbaden, pp 94-116

Hardisty MW (1986¢) Lampetra fluviatilis (Linnaeus, 1758). In: Hol¢ik J (ed), The freshwater
fishes of Europe, vol 1, part 1, Petromyzontiformes. AULA, Wiesbaden, pp 249-278



6 Reproductive Ecology of Lampreys 299

Hardisty MW, Potter IC (1971) The general biology of adult lampreys. In: Hardisty MW, Potter IC
(eds) The biology of lampreys. Academic Press, London, pp 127-206

Heard WR (1966) Observations on lampreys in the Naknek River system of southwest Alaska.
Copeia 1966:332-339

Hol¢ik J (1986a) Caspiomyzon wagneri (Kessler, 1870). In: Hol¢ik J (ed) The freshwater fishes of
Europe, vol 1, part 1, Petromyzontiformes. AULA, Wiesbaden, pp 119—-142

Holcik J (1986b) Lethenteron kessleri (Anikin, 1905). In: Hol¢ik J (ed) The freshwater fishes of
Europe, vol 1, part 1, Petromyzontiformes. AULA, Wiesbaden, pp 220-236

Holcik J (1986¢) Lethenteron japonicum (Martens, 1868). In: Hol¢ik J (ed) The freshwater fishes
of Europe, vol 1, part 1, Petromyzontiformes. AULA, Wiesbaden, pp 198-219

Hol¢ik J, Deli¢ A (2000) New discovery of the Ukrainian brook lamprey in Croatia. J Fish Biol
56:73-86

Hol¢ik J, Renaud CB (1986) Eudontomyzon mariae (Berg, 1931). In: Hol¢ik J (ed) The freshwater
fishes of Europe, vol 1, part 1, Petromyzontiformes. AULA, Wiesbaden, pp 165-185

Huggins RJ, Thompson A (1970) Communal spawning of brook and river lampreys, Lampetra
planeri Bloch and Lampetra fluviatilis L. J Fish Biol 2:53-54

Hume JB, Adams CE, Mable B, Bean CW (2013a) Sneak male mating tactics between lampreys
(Petromyzontiformes) exhibiting alternative life-history strategies. J Fish Biol 82:1093-1100

Hume JB, Adams CE, Mable B, Bean C (2013b) Post-zygotic hybrid viability in sympatric species
pairs: a case study from European lampreys. Biol J Linn Soc 108:378-383

Jang M-H, Lucas MC (2005) Reproductive ecology of the river lamprey. J Fish Biol 66:499-512

Janvier P (2010) microRNAs revive old views about jawless vertebrate divergence and evolution.
Proc Natl Acad Sci U S A 107:19137-19138

Jellyman DJ, Glova GJ, Sykes JRE (2002) Movements and habitats of adult lamprey ( Geotria
australis) in two New Zealand waterways. N Z J Mar Freshw Res 36:53-65

Johnson NS (2005) Investigating potential applications of the male mating pheromone in sea lam-
prey management. MS thesis, Michigan State University, East Lansing, MI

Johnson, NS, Li W (2010) Understanding behavioral responses of fish to pheromones in natural
freshwater environments. J Comp Physiol A 196:701-711

Johnson NS, Luehring MA, Siefkes MJ, Li WM (2006) Mating pheromone reception and induced
behavior in ovulating female sea lampreys. N Am J Fish Manag 26:88-96

Johnson NS, Yun S-S, Thompson HT, Brant CB, Li W (2009) A synthesized pheromone induces
upstream movement in female sea lampreys and summons them into traps. Proc Natl Acad Sci
U S A106:1021-1026

Johnson NS, Mohammed A, Thompson HT, Chio J, Li W (2012a) Sea lampreys orient to a source
of synthesized 3kPZS using odour-conditioned rheotaxis. Behav Ecol Sociobiol 66:1557-1567

Johnson NS, Yun S-S, Li W (2012b) Multiple functions of a multi-component mating pheromone
in sea lamprey Petromyzon marinus. J Fish Biol 80:538-554

Johnson NS, Siefkes MJ, Wagner CM et al (2013) A synthesized mating pheromone component
increases adult sea lamprey (Petromyzon marinus) trap capture in management scenarios. Can
J Fish Aquat Sci 70:1101-1108

Johnstone RA (1996) Multiple displays in animal communication: ‘backup signals’ and ‘multiple
messages.” Philos Trans R Soc Lond B Biol Sci 351:329-338

Jolley JC, Silver GS, Whitesel TA (2012) Occupancy and detection of larval Pacific lampreys and
Lampetra spp. in a large river: the Lower Willamette River. Trans Am Fish Soc 141:305-312

Kan TT, Bond CE (1981) Notes on the biology of the Miller lake lamprey Lampetra ( Entosphenus)
minima. Northwest Sci 55:70-74

Kleerekoper H (1972) The sense organs. In: Hardisty MW, Potter IC (eds) The biology of lam-
preys, vol 2. Academic Press, London, pp 373—404

Kobayashi W (1993) Effect of osmolality on the motility of sperm from lamprey Lampetra ja-
ponica. Zool Sci 10:281-285

Kobayashi W, Yamamoto TS (1994) Fertilization of the lamprey (Lampetra japonica) eggs:
implication of the presence of fast and permanent blocks against polyspermy. J Exp Zool
269:166—176



300 N. S. Johnson et al.

Kott E, Renaud CB, Vladykov VD (1988) The urogenital papilla in the Holarctic lamprey (Petro-
myzontidae). Environ Biol Fish 23:37-44

Kucheryavyi AV, Savvaitova KA, Gruzdeva MA, Pavlov DS (2007a) Sexual dimorphism and
some special traits of spawning behavior of the Arctic lamprey Lethenteron camtschaticum. ]
Ichthyol 47:481-485

Kucheryavyi AV, Savvaitova KA, Pavlov DS et al (2007b) Variations of life history strategy of the
Arctic lamprey Lethenteron camtschaticum from the Utkholok River (Western Kamchatka). J
Ichthyol 47:37-52

Lamsa AK, Rovainen CM, Kolenosky DP, Hanson LH (1980) Sea lamprey ( Petromyzon marinus)
control-where to from here? Report of the SLIS control theory task force. Can J Fish Aquat
Sci 37:2175-2192

Larsen LO (1980) Physiology of adult lampreys, with special regard to natural starvation, repro-
duction, and death after spawning. Can J Fish Aquat Sci 37:1762—1779

Lasne E, Sabatie M-R, Evanno G (2010) Communal spawning of brook and river lampreys
(Lampetra planeri and L. fluviatilis) is common in the Oir River (France). Ecol Freshw Fish
19:323-325

Lavis DS, Hallett A, Koon EM, McAuley TC (2003) History of and advances in barriers as an
alternative method to suppress sea lampreys in the Great Lakes. J Great Lakes Res 29(Suppl
1):362-372

Li W, Scott AP, Siefkes MJ et al (2002) Bile acid secreted by male sea lamprey that acts as a sex
pheromone. Science 296:138—141

Li W, Twohey M, Jones M, Wagner M (2007) Research to guide use of pheromones to control sea
lamprey. J Great Lakes Res 33:70-86

Li K, Wang H, Brant CO, Ahn S, Li W (2011) Multiplex quantification of lamprey specific bile acid
derivatives in environmental water using UHPLC-MS/MS. J Chromatogr B 879:3879-3886

Li K, Brant CO, Sietkes MJ, Kruckman HG, Li W (2013) Characterization of a novel bile alco-
hol sulfate released by sexually mature male sea lamprey (Petromyzon marinus). PLoS ONE
8:¢68157

Lorion CM, Markle DF, Reid SB, Docker MF (2000) Redescription of the presumed-extinct Miller
Lake lamprey, Lampetra minima. Copeia 2000:1019-1028

Luehring MA, Wagner CM, Li W (2011) The efficacy of two synthesized sea lamprey sex phero-
mone components as a trap lure when place in direct competition with natural male odors. Biol
Invasions 13:1589-1597

Maitland PS, Morris KH, East K (1994) The ecology of lampreys (Petromyzonidae) in the Loch
Lomond area. Hydrobiologica 290:105-120

Malmgqvist B (1980) The spawning migration of the brook lamprey, Lampetra planeri Bloch, in a
south Swedish stream. J Fish Biol 16:105-114

Malmgqvist B (1983) Breeding behavior of brook lampreys Lampetra planeri: experiments on mate
choice. Oikos 41:43—48

Malmgqvist B (1986) Reproductive ecology of lampreys. In: Uyeno T, Arai R, Taniuchi T, Mar-
suura K (eds) Proceedings of the 2nd international conference on Indo-Pacific Fishes. Ichthyo-
logical Society of Japan, Tokyo, pp 20-30

Manion PJ (1968) Production of sea lamprey larvae from nests in two Lake Superior streams.
Trans Am Fish Soc 97:484-486

Manion PJ, Hanson LH (1980) Spawning behavior and fecundity of lampreys from the upper three
Great Lakes. Can J Fish Aquat Sci 37:1635-1640

Marsden JE, Siefkes MJ (in press) Sea lamprey control in the Great Lakes, Finger Lakes, and Lake
Champlain. In: Docker MF (ed) Lampreys: biology, conservation and control, vol 2. Springer,
Dordrecht

Maskell FG (1929) On the New Zealand lamprey, Geotria australis Gray. Trans N Z Inst 60:167—
210

McCauley RW (1963) Lethal temperatures of the developmental stages of the sea lamprey, Petro-
myzon marinus L. J Fish Res Board Can 20:483-490



6 Reproductive Ecology of Lampreys 301

Mclntyre JD (1969) Spawning behavior of the brook lamprey, Lampetra planeri. ] Fish Res Board
Can 26:3252-3254

Meckley TD, Wagner CM, Luehring MA (2012) Field evaluation of larval odor and mixtures of
synthetic pheromone components for attracting migrating sea lampreys in rivers. ] Chem Ecol
38:1062-1069

Meeuwig MH, Bayer JM, Seelye JG (2005) Effects of temperature on survival and development of
early life stage Pacific and western brook lamprey. Trans Am Fish Soc 134:19-27

Michael JH (1980) Repeat spawning of Pacific lamprey. Calif Fish Game 66:186-187

Michael JH (1984) Additional notes on the repeat spawning by Pacific lamprey. Calif Fish Game
70:278-285

Monette SN, Renaud CB (2005) The gular pouch in northern hemisphere parasitic lampreys (Pet-
romyzontidae). Can J Fish Aquat Sci 83: 527-535

Moore HH, Schleen LP (1980) Changes in spawning runs of sea lamprey (Petromyzon marinus)
in select streams in Lake Superior after chemical control. Can J Fish Aquat Sci 37:1851-1860

Morman RH (1979) Distribution and ecology of lampreys in the Lower Peninsula of Michigan,
1957-75. Great Lakes Fishery Commission, Technical Report 33, Ann Arbor

Morse TJ, Ebener MP, Koon EM et al (2003) A case history of sea lamprey control in Lake Huron:
1979 to 1999. J Great Lakes Res 29(Suppl 1):559-614

Mundahl ND, Sagan RA (2005) Spawning ecology of the American brook lamprey. Environ Biol
Fish 73:283-292

Nazari H, Abdoli A (2010) Some reproductive characteristics of endangered Caspian lamprey
(Caspiomyzon wagneri Kessler, 1870) in the Shirud river southern Caspian Sea, Iran. Environ
Biol Fish 88:87-96

Nika N, Virbickas T (2010) Brown trout Sa/mo trutta redd superimposition by spawning Lampetra
species in a lowland stream. J Fish Biol 77:2358-2372

Piavis GW (1961) Embryological stages in the sea lamprey and effects of temperature on develop-
ment. US Fish Wildl Serv Fish Bull 61:111-143

Piavis GW, Howell JH, Smith AJ (1970) Experimental hybridization among five species of lam-
preys from the Great Lakes. Copeia 1970:29-37

Pickering AD, Morris R (1977) Sexual dimorphism in the gills of the spawning river lamprey,
Lampetra fluviatilis L. Cell Tissue Res 180:1-10

Pletcher FT (1963) The life history and distribution of lampreys in the Salmon and certain other
rivers in British Columbia, Canada. PhD thesis, University of British Columbia, Vancouver

Potter IC (1970) The life cycles and ecology of Australian lampreys of the genus Mordacia. J Zool
Lond 161:487-511

Potter IC, Hilliard RW (1986) Growth and the average duration of larval life in the Southern Hemi-
sphere lamprey, Geotria australis Gray. Experientia 42:1170-1173

Potter IC, Welsch U (1997) The structure of the gular pouch of mature males of the lamprey Geo-
tria australis. Acta Zool 78:97-106

Potter IC, Hilliard RW, Bird DJ, Macey DJ (1983) Quantitative data on the morphology and organ
weights during the protracted spawning-run period of the Southern Hemisphere lamprey Geo-
tria australis. J Zool Lond 200:1-20

Purvis A (1970) Growth, age at metamorphosis, and sex ratio of northern brook lamprey in a tribu-
tary of southern Lake Superior. Copeia 1970:326-332

Raney EC (1939) The breeding habits of Ichthyomyzon greeleyi Hubbs and Trautman. Copeia
1939:111-112

Reighard J (1903) An experimental study of the spawning behavior of Lampetra wilderi. Science
17:529

Renaud CB (1982) Revision of the lamprey genus Eudontomyzon Regan (1911). MSc thesis, Uni-
versity of Ottawa, Ottawa

Renaud CB (1997) Conservation status of Northern Hemisphere lampreys (Petromyzontidae). J
Appl Ichthyol 13:143-148

Renaud CB (2011) Lampreys of the world. An annotated and illustrated catalogue of lamprey spe-
cies known to date. FAO Species Catalogue for Fishery Purposes 5, FAO, Rome



302 N. S. Johnson et al.

Renaud CB, Cochran PA (in press) Post-metamorphic feeding in lampreys. In: Docker MF (ed)
Lampreys: biology, conservation and control, vol 2. Springer, Dordrecht

Robinson TC, Bayer JM (2005) Upstream migration of Pacific lampreys in the John Day River,
Oregon: behavior, timing, and habitat use. Northwest Sci 79:106—119

Robinson TC, Sorensen PW, Bayer JM, Seelye JG (2009) Olfactory sensitivity of Pacific lampreys
to lamprey bile acids. Trans Am Fish Soc 138:144—152

Rooney SM, O’Gorman NM, Greene F, King JJ (2013) Aspects of brook lamprey (Lampetra pla-
neri Bloch) spawning in Irish waters. Proc R Irish Acad B 113:13-26

Russell JE, Beamish FWH, Beamish RJ (1987) Lentic spawning by the Pacific lamprey, Lampetra
tridentata. Can J Fish Aquat Sci 44:476-478

Salewski V (2003) Satellite species in lampreys: a worldwide trend for ecological speciation in
sympatry. J Fish Biol 63:267-279

Savvaitova KA, Maksimov VA (1979) Spawning of the Arctic lamprey of the genus Lampetra in
connection with the problem of the taxonomic status of small forms. J Ichthyol 18:555-560

Schleen LP, Christie GC, Heinrich JW et al (2003) Development and implementation of an inte-
grated program for control of sea lampreys in the St Marys River. J Great Lakes Res 29(Suppl
1):677-694

Schultz LP (1930) The life history of Lampetra planeri, Bloch, with a statistical analysis of the rate
of growth of the larvae from Western Washington. Occas Pap Mus Zool Univ Mich 221:1-35

Scott DP (1957) Spawning requirements of sea lamprey. Annual Report of the Biological Station
and of the Technological Unit, London, ON

Scott WB, Crossman EJ (1973) Freshwater fishes of Canada. Bulletin Fisheries Research Board
of Canada 184, Ottawa

Seagle HH, Nagel JW (1982) Life cycle and fecundity of the American brook lamprey, lampetra
appendix, in Tennessee. Copeia 1982:362-366

Siefkes MJ, Scott AP, Zielinski B, Yun S-S, Li W (2003) Male sea lampreys, Petromyzon marinus
L., excrete a sex pheromone from gill epithelia. Biol Reprod 69:125-132

Siefkes MJ, Winterstein SR, Li WM (2005) Evidence that 3-keto petromyzonol sulphate specifi-
cally attracts ovulating female sea lamprey, Petromyzon marinus. Anim Behav 70:1037-1045

Smith SJ, Marsden JE (2009) Factors affecting sea lamprey egg survival. N Am J Fish Manag
29:859-868

Smith BR, Tibbles JJ (1980) Sea lamprey Petromyzon marinus in Lakes Huron, Michigan, and
Superior: history of invasion and control, 1936—78. Can J Fish Aquat Sci 37:1780-1801

Smith AJ, Howell JH, Piavis GW (1968) Comparative embryology of five species of lampreys of
the Upper Great Lakes. Copeia 3:461-469

Sorensen PW, Fine JM, Dvornikovs V et al (2005) Mixture of new sulfated steroids functions as a
migratory pheromone in the sea lamprey. Nat Chem Biol 1:324-328

Sousa R, Araujo MJ, Antunes C (2012) Habitat modifications by sea lampreys ( Petromyzon mari-
nus) during the spawning season: effects on sediments. J Appl Ichthyol 28:766-771

Spice EK, Goodman DH, Reid SB, Docker MF (2012) Neither philopatric nor panmictic: micro-
satellite and mtDNA evidence suggests lack of natal homing but limits to dispersal in Pacific
lamprey. Mol Ecol 21:2916-2930

Stewart M, Baker CF, Cooney T (2011) A rapid, sensitive, and selective method for quantification
of lamprey migratory pheromones in river water. ] Chem Ecol 37:1203-1207

Stone J (2006) Observations on nest characteristics, spawning habitat, and spawning behavior of
Pacific and western brook lamprey in a Washington stream. Northwest Nat 87:225-232

Takayama M (2002) Spawning activities and physical characteristics of the spawning ground of
Lethenteron reissneri at the headstream of the Himekawa River, central Japan. Ichthyol Res
49:165-170

Taverny C, Lassalle G, Ortusi I et al (2012) From shallow to deep waters: habitats used by larval
lampreys (genus Petromyzon and Lampetra) over a western European basin. Ecol Freshw Fish
21:87-99

Teeter J (1980) Pheromone communication in sea lampreys (Petromyzon marinus): implications
for population management. Can J Fish Aquat Sci 37:2123-2132



6 Reproductive Ecology of Lampreys 303

Torblaa RL, Westman RW (1980) Ecological impacts of lampricide treatments on sea lamprey
(Petromyzon marinas) ammocoetes and metamorphosed individuals. Can J Fish Aquat Sci
37:1835-1850

Trautman MB (1957) The fishes of Ohio. Ohio State University Press, Columbus

Tumlison R, Tumlison C (1999) An extralimital population of Lampetra appendix (Petromyzonti-
dae) in southwestern Arkansas. Southwest Nat 44:106—108

Verzijden MN, Heusden JV, Bouton N et al (2010) Sounds of male Lake Victoria cichlids vary
within and between species and affect mate preferences. Behav Ecol 21:548-555

Vladykov VD (1949) Quebec lampreys (Petromyzonidae). List of species and their economical
importance. Department of Fisheries, Province of Quebec, Contribution 26

Vladykov VD, Kott E (1978) A new nonparasitic species of the Holarctic lamprey genus Lethen-
teron (Petromyzontidae) from northwestern North America with notes on other species of the
same genus. Biol Pap Univ Alaska 19:1-74

Wagner CM, Jones ML, Twohey MB, Sorensen PW (2006) A field test verifies that pheromones
can be useful for sea lamprey (Petromyzon marinus) control in the Great Lakes. Can J Fish
Aquat Sci 63:475-479

Wagner CM, Stroud EM, Meckley TD (2011) A deathly odor suggests a new sustainable tool for
controlling a costly invasive species. Can J Fish Aquat Sci 68:1157-1160

Waldman J, Grunwald C, Wirgin I (2008) Sea lamprey Petromyzon marinus: an exception to the
rule of homing in anadromous fishes. Biol Lett 4:659-662

White DS (1990) Biological relationships to convective flow patterns within stream beds. Hydro-
biologia 196:49-158

Wigley RL (1959) Life history of the sea lamprey of Cayuga Lake, New York. US Fish Wildl Serv
Fish Bull 59:559-617

Wyatt TD (2003) Pheromones and animal behavior: communication by smell and taste. Cambridge
University Press, Cambridge

Xi X, Johnson NS, Brant CO et al (2011) Quantification of a male sea lamprey pheromone in
tributaries of Laurentian Great Lakes by liquid chromatography-tandem mass spectrometry.
Environ Sci Tech 45:6437-6443

Yamazaki Y, Goto A (1998) Genetic structure and differentiation of four Lethenteron taxa from the
Far East, deduced from allozyme analysis. Environ Biol Fishes 52:149-161

Yamazaki Y, Goto A (2000) Breeding season and nesting assemblages in two forms of Lethenteron
reissneri, with reference to reproductive isolating mechanisms. Ichthyol Res 47:271-276

Young RT, Cole LJ (1900) On the nesting habits of the brook lamprey (Lampetra wilderi). Am
Nat 34:617-620

Yun S-S, Scott AP, Li W (2003) Pheromones of the male sea lamprey, Petromyzon marinus L:
structural studies on a new compound, 3-keto allocholic acid, and 3-keto petromyzonol sulfate.
Steroids 68:297-304

Yun S-S, Wildbill AJ, Siefkes MJ et al (2011) Identification of putative migratory pheromones
from Pacific lamprey (Lampetra tridentata). Can J Fish Aquat Sci 68:2194-2203



	Chapter-6
	Reproductive Ecology of Lampreys
	6.1 Introduction
	6.2 Migration and Environmental Control of Spawning Behavior
	6.2.1 Migration to Spawning Habitat
	6.2.2 Environmental Control of Adult Lamprey Behavior

	6.3 Spawning Habitat and Nest Construction
	6.3.1 Size-Assorted Spawning Habitat
	6.3.2 Alternative Spawning Habitats
	6.3.3 Nest Construction, Size, and Function
	6.3.3.1 Nest Construction
	6.3.3.2 Nest Size
	6.3.3.3 Utility of Nest Physical Characteristics


	6.4 Mating Systems, Sex Ratios, and the Spawning Act
	6.4.1 Mating Systems
	6.4.2 Operational Sex Ratio
	6.4.3 The Spawning Act
	6.4.3.1 General Spawning Description
	6.4.3.2 Alternative Spawning Behaviors
	6.4.3.3 Heterospecific Mating Associations
	6.4.3.4 Fertilization of Eggs
	6.4.3.5 Potential for Hybridization of Paired Species


	6.5 Secondary Sexual Characteristics
	6.5.1 Male
	6.5.2 Female

	6.6 Sensory Modalities that Facilitate Mating
	6.6.1 Pheromones
	6.6.1.1 Sea Lamprey Mating Pheromones
	6.6.1.2 Mating Pheromones in Other Lamprey Species

	6.6.2 Additional Sensory Modalities used During Reproduction
	6.6.2.1 Tactile
	6.6.2.2 Electroreception
	6.6.2.3 Vision

	6.6.3 Acoustic

	6.7 Senescence
	6.8 Conclusion
	References





