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Foreword

Welcome to the Lamprey Inn! I feel some attachment to lampreys, recognized at 
least in part by the photograph I took in Gloucester, England. That was purely an 
academic interest, of course. By the authority vested in me as Editor of this series, it 
seems that I have defined lampreys as “fishes” and resolved a question that my stu-
dents in ichthyology courses frequently posed to me. This monumental work must 
surely bring these remarkable creatures to the attention of a much broader audience. 
How could anyone not be interested in lampreys after reading this compilation? 
There is a room for everyone at the Lamprey Inn. They offer incredible opportuni-
ties for research on virtually any aspect of biology you might imagine. Perhaps the 
most striking feature yet to be resolved in lampreys is the so-called “paired species” 
phenomenon. Anyone interested in speciation must study these lampreys, particu-
larly this question of the origin of parasitic and non-parasitic species. The life histo-
ry strategies and tactics, plasticity, and epigenetics of lampreys cry out for attention. 
Have there really been multiple evolutionary origins of these different species, or 
are they just life history forms? What could determine the developmental pathway 
of either form or species? You could study almost any aspect of their physiology, 
from their striking metamorphosis to the demands of anadromous spawning migra-
tions. They have incredible shifts in feeding ecology, digestion, and metabolism 
during very complex life cycles. We already have a detailed understanding of the 
role of pheromones in lampreys, and the potential applications of that knowledge 
for management are quite astounding. Think about the feeding stages of anadro-
mous lampreys, presumably being carried over distances by their hosts. How do 
they find their way back to spawning streams for their spawning migrations? Those 
of us preoccupied with management and conservation of salmonid fishes are only 
just beginning to appreciate the potential importance of lampreys as alternate prey 
to salmonids. Is zoogeography more of interest to you? Consider the antipodal dis-
tributions of the Northern and Southern Hemisphere lampreys! Conservation, man-
agement, and restoration of native species?—lampreys have those features as well. 
We would not likely consider lampreys as charismatic megafauna, but that itself 
seems like a wonderful challenge. How can you convince a skeptical public to de-
vote conservation efforts to what most consider a writhing, blood-sucking vampire?



viii Foreword

I have a rather long and detailed personal history with lampreys, which is greatly 
influenced by geography. For a number of years I collaborated with the Great Lakes 
Fishery Commission in and around the Laurentian Great Lakes in North America. 
We carried out a major study to investigate the installation and operation of low-
head barrier dams as an alternative control for the invasive sea lamprey Petromyzon 
marinus in tributary streams to the Great Lakes. Everything about those dams was 
designed to prevent the passage of lampreys on their spawning migrations. Our 
study showed that the design of those dams was indeed effective in blocking spawn-
ing migrations of parasitic sea lamprey. Now I am in the Pacific Northwest, and we 
take pride in our claim that the fish ladder at the Oregon Hatchery Research Center 
is the first “lamprey friendly” fish ladder in Oregon. My efforts are now directed 
to ensure that as many lampreys as possible can pass upstream to complete their 
spawning migrations. One of my post-graduate students studied the lamprey am-
mocoetes in the Great Lakes basin in an attempt to define any characters that could 
be used to identify those larvae, and particularly to discriminate between the native 
species and the invasive parasitic sea lamprey. He found that existing  morphological 
keys were of limited use, mostly because there are so few characters to study. The 
absence of characters, however, does not mean the absence of species. Genetic in-
formation was more useful for species recognition, but in turn that approach led to 
suggestions of intriguing patterns of speciation and life history patterns. Of course 
there is a very different and very serious interest in lampreys from the indigenous 
peoples who have had such an important social and cultural connection with them 
for the longest time. They have seen lamprey populations decline precipitously as a 
consequence of the construction and operation of dams, changes in watershed man-
agement, and habitat alterations. They are the people who are taking some of the 
immediate actions to rear lampreys in hatcheries, transfer adults to former spawning 
areas, and restore early rearing habitats.

Editor, Springer Fish and Fisheries Series David L. G. Noakes
Professor of Fisheries & Wildlife
Director, Oregon Hatchery Research Center
Oregon State University
Corvallis, Oregon, USA
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Chapter 1
Introduction: A Surfeit of Lampreys

Margaret F. Docker, John B. Hume and Benjamin J. Clemens

M. F. Docker ()
Department of Biological Sciences, University of Manitoba, 
Winnipeg, MB R3T 2N2, Canada
e-mail: Margaret.Docker@umanitoba.ca

J. B. Hume
Department of Fisheries and Wildlife, 
Michigan State University, East Lansing, MI 48824, USA
e-mail: jhume@msu.edu

B. J. Clemens
Oregon Department of Fish and Wildlife, 28655 Hwy 34, Corvallis, OR 97330, USA
e-mail: Benjamin.J.Clemens@state.or.us

Abstract Lampreys have long been the food of kings. They have been highly appre-
ciated by the English monarchy and upper classes since medieval times, and long 
before that, by the ancient Romans, the Māori, and Native Americans.  Historically, 
lampreys have also received attention from at least a small group of anatomists and 
other scientists (including Sigmund Freud), given their “lofty” status at the base of 
the vertebrate family tree (and their wonderfully large reticulospinal neurons that 
are so amenable to experimental manipulation). Research related to lamprey biol-
ogy increased in the 1950s in support of sea lamprey control in the Laurentian Great 
Lakes, and these efforts considerably advanced our understanding of lamprey ecol-
ogy, behavior, and chemical communication. Recently, lampreys have started getting 
more widespread attention. Research related to lamprey endocrinology ( particularly 
the pivotal hypothalamic-pituitary axis and gonadotropin-releasing hormones), the 
ecology and conservation of native lampreys, and the use of lampreys in evolutionary 
developmental (evo-devo) and biomedical studies has raised the profile of this group 
of ancient fishes. Lampreys are providing important and promising model systems 
in our quest to better understand the early evolutionary history of the vertebrates—
particularly given the recent publication of the complete sea lamprey genome—and 
their increasing use in biomedical research is providing insights into treatment for 
people suffering from blood coagulation disorders, biliary atresia, hemochromatosis, 
and spinal cord injuries. In this introduction to Vols. 1 and 2 of Lampreys: Biology, 
Conservation and Control, we provide a broad perspective on the cultural, ecologi-
cal, and scientific importance of lampreys, outline some historical trends in lamprey 
research, and celebrate the  growing  interest—among scientists and laypeople—in this 
previously underappreciated group of fishes.
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1.1  Introduction

Lampreys have long been the food of kings. They were highly appreciated by the 
ancient Romans 2,000 years ago and by the English monarchy and upper classes 
since medieval times. King Henry I of England is famously said to have died after 
eating a surfeit of lampreys (although the lampreys themselves were perhaps not to 
blame for his overindulgence). The Māori in New Zealand and Native Americans 
in the Columbia River basin have also long valued lampreys for human consump-
tion and ceremonial purposes. Historically, lampreys have also received attention 
from at least a small group of anatomists and other scientists, often in an attempt to 
understand the origin of the vertebrate body plan.

Research related to lamprey biology increased in the 1950s in support of control 
of sea lamprey Petromyzon marinus in the Laurentian Great Lakes and continues 
today. These efforts have considerably advanced our understanding of lamprey 
ecology, behavior, and chemical communication. Recently, however, lampreys are 
receiving more widespread attention. For example, the use of lampreys in evolu-
tionary developmental (evo-devo) and biomedical studies has further raised the pro-
file of this group of ancient fishes, and the sequencing of the complete sea lamprey 
genome (Smith et al. 2013) was a major milestone. Research related to the ecology 
and conservation of native lampreys throughout many parts of the world has also 
increased, along with a greater appreciation for lampreys among laypeople. For ex-
ample, “Neunaugen” (the German word for lampreys, deriving from the impression 
that they have “nine eyes” on each side of the body—the actual eye, the pineal or 
“third eye,” and the seven lateral gill openings; Fig. 1.1) were named “Fish of the 
Year” in 2012 by the German Sport Fishermen Association, the Ministry for Nature 
Conservation, the German Angler Association, and the German Sport Divers As-
sociation (European Fly Angler 2012).

In this introduction to Vols. 1 and 2 of Lampreys: Biology, Conservation and 
Control, we provide a broad perspective on the historical, ecological, and scien-
tific importance of lampreys, outline some interesting trends in lamprey research 
(e.g., in terms of topics and species covered), and celebrate the growing interest in 
this previously underappreciated group of fishes. This chapter will also outline the 
intended scope of the book and explain the nomenclatural conventions followed 
within. Subsequent chapters focus on detailed aspects of lamprey biology, but this 
introduction—which attempts to provide breadth rather than depth—is intended to 
place lamprey research into a broader context and demonstrate its relevance across 
a range of disciplines. Given their status as one of the oldest living groups of verte-
brates, lampreys are finally starting to receive the attention they deserve.
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1.1.1  Are Lampreys the Oldest Living Group of Vertebrates 
or One of the Oldest Living Groups of Vertebrates?

Whether the so-called cyclostomes—the extant jawless fishes, the hagfishes and 
lampreys—form a monophyletic group (i.e., are each other’s closest relative) has 
been considered “one of the most vexing problems in vertebrate phylogenetics” 
(Near 2009) and a “taxonomic dispute that has troubled scientists for more than a 
century” (Nicholls 2009). Providing a detailed review of this taxonomic dispute is 
beyond the scope of this chapter (see Janvier 2007, 2010; Near 2009; see Chap. 2), 
but its resolution is important in order to understand the earliest events in vertebrate 
evolution (see Sect. 1.2.3.2). In brief, morphological characters typically suggest 
cyclostome paraphyly, that is, that lampreys are the sister group to the jawed verte-
brates (superclass Gnathostomata) and that hagfishes represent an earlier offshoot 
from the vertebrate family tree. Lampreys were thought to share many derived 
traits or synapomorphies with the jawed vertebrates, such as rudimentary verte-
brae, a closed circulatory system, neural control of heart rate, and the ability to 
osmoregulate. Lampreys were therefore generally considered the oldest extant ver-
tebrates, whereas hagfishes were considered craniates but not vertebrates (Nelson 
2006). Nelson (2006) therefore placed extant hagfishes and lampreys into separate 
superclasses (Myxinomorphi and Petromyzontomorphi) rather than the paraphy-
letic  superclass Agnatha. Recent and compelling molecular evidence, however, 
 strongly supports extant agnathans as a monophyletic group (e.g., Kuraku et al. 
1999;  Delarbre et al. 2002; Takezaki et al. 2003; Heimberg et al. 2010; Fig. 1.2a) 
and, in fact, suggests that hagfishes have “long overlooked vertebral  elements” 

Fig. 1.1  European river lamprey Lampetra fluviatilis captured during its upstream migration  
(at the end of  February 2009) from the River Sorraia in the Tagus River basin, Portugal (total 
length c. 25 cm). All extant lamprey species possess seven pairs of gills; these plus the eyes and 
the single median pineal gland (the so-called third eye, located behind the nostril) have earned 
lampreys the German name “Neunaugen” (“nine eyes”). This species, although still abundant 
throughout its northern European range, is extremely rare in the Iberian Peninsula. (Photo:  
©  Bernardo R Quintella)
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( Janvier 2011; Ota et al. 2011, 2013). Thus, throughout this book, lampreys are con-
sidered one of the (two) oldest living groups of vertebrates and, given the evidence 
for  cyclostome monophyly, lampreys and hagfishes are equally distant from—or 
 equally related to—the jawed vertebrates.

Cyclostome monophyly, however, means only that hagfishes and lampreys are 
each other’s closest living relative; it does not necessarily mean that these lineages 
are closely related. Near (2009) suggested that the long-standing difficulties in re-
solving the relationship among hagfishes, lampreys, and gnathostomes are likely the 
result of trying to resolve events that occurred over a very short timescale relative 
to the hundreds of millions of years that have passed since. Recognizable hagfish 
and lamprey fossils have been found that date back at least 300–360 million years 
(Bardack 1991, 1998; Gess et al. 2006; see Chap. 2), indicating long independent 
evolutionary histories for these two lineages. It is important to recognize the sig-
nificant differences between these two cyclostome lineages. Furthermore, it must be 
remembered that the lampreys and hagfishes (with approximately 40 and 70 extant 
species,  respectively) are but a small representation of the once diverse jawless fishes, 
which included the now-extinct conodonts and ostracoderms (Nelson 2006). Despite 
compelling evidence for monophyly of the extant agnathans, there is little dispute that 
the agnathans represent a paraphyetic group when the extinct jawless fishes are in-
cluded (Fig. 1.2b). Hence, although “agnathan” is a useful term for describing jawless 
vertebrates, it is not used in this book as a formal taxonomic term. Given, however, 
that lampreys and hagfishes are the sole survivors of this once diverse assemblage, 
these “living fossils” (sensu Janvier 2007) are absolutely invaluable for helping to 
piece together the evolutionary history of the vertebrates (Sect. 1.2.3.2).

1.1.2  Are Lampreys Fishes?

Some biologists who work on jawed fishes are often adamant that lampreys are 
not “true” fishes. This was indeed once the case (e.g., when the senior author of 
this chapter was a graduate student preparing for her PhD comprehensive exam). 
In the second edition of his authoritative Fishes of the World, Nelson (1984) rec-
ognized  Pisces (including only the cartilaginous and bony fishes) as a formal taxon 
(Fig. 1.2a). With the third edition, however, Nelson (1994) adopted a cladistics 
classification and Pisces or “fishes” was no longer given taxonomic rank since it 
 constitutes a paraphyletic group (i.e., the tetrapods are also descended from the com-
mon ancestor of all jawed fishes; Fig. 1.2a). Even the bony fishes—commonly, but 
no longer formally, known as the Osteicthyes, and including the ray-finned fishes 
( Actinopterygii) and the sarcopterygian fishes (i.e., lungfishes and coelacanths)—
are paraphyletic. Nelson (2006) covered this nicely in the Introduction to the  fourth 
edition of Fishes of the World. Fishes therefore no longer has formal taxonomic 
meaning, and we follow Nelson (2006), who simply, but artificially, defined fishes 
as “aquatic vertebrates that have gills throughout their life and limbs, if any, in 
the shape of fins” and  include hagfishes and lampreys in this group. Lampreys are 
fishes; after all, they are being covered in Springer’s Fish and Fisheries series!
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1.2  The Cultural, Ecological, and General Scientific 
Value of Lampreys

As introduced above, lampreys—as one of the two surviving lineages of ancient 
jawless vertebrates—are not (or should not be) of interest to only lamprey biolo-
gists. The following sections provide overviews of the broader cultural, ecological, 
and scientific significance of this fascinating group of animals.

1.2.1  Historical and Cultural Significance of Lampreys

In some cultures, lampreys have long been valued for food and ceremonial  purposes. 
Pacific lamprey Entosphenus tridentatus have been fished by Native  Americans in 
the Columbia and Klamath river basins of the western United States for thousands 
of years (Close et al. 2002; Petersen Lewis 2009). In addition to being an important 
subsistence food (in part due to their high caloric value), Pacific lamprey also have 
medicinal and ceremonial value (Close et al. 2002). Called “ksuyas” or “asum” in 
the native tongue of the mid-Columbia Plateau tribes, Pacific lamprey are regarded 
as one of their cultural icons (Close et al. 2002). It is this long-held appreciation 
for Pacific lamprey that has been the impetus for many of the conservation ef-
forts recently initiated for this species (see Chap. 8). The Māori in New Zealand 
have likewise used pouched lamprey Geotria australis for human consumption and 
ceremonial purposes (McDowall 1990), and native people in Alaska traditionally 
consumed the Arctic lamprey Lethenteron camtschaticum and used its rendered oil 
as fuel for lamps. In Japan, the Arctic lamprey is also highly valued as a medicine 
against night blindness (Renaud 2011).

Lampreys have also been appreciated as food in Europe, and references to lam-
preys have appeared in popular texts for close to 2,000 years. Romans of the first 
and second centuries considered them to be “regal food” (Renaud 2011), rearing 
them in ponds for such (and perhaps other) purposes. Pliny the Elder, in his Natu-
ralis Historia from 77 AD, provides accounts of one Roman who became so exces-
sively fond of a lamprey that, when it was dead, “he could not hold but weepe for 
love of it” (Holland 1601). When a Roman noblewoman later inherited this lamprey 
pond, she took such a liking to another lamprey that she reportedly adorned its gills 
with golden earrings. Pliny, however, painted a less favorable picture of lampreys 
when he recounted that the orator Vedius Pollio “kept in ponds huge lampreys that 
had been trained to eat men, and he was accustomed to throw to them such of his 
slaves that he desired put to death.” This misunderstanding of—but apparent fasci-
nation with—the nature of lampreys persisted well into the twelfth century, as this 
excerpt from the Aberdeen Bestiary (1200) indicates: “Lampreys, it is said, are of 
the female sex only and conceive from intercourse with snakes; as a result, fisher-
men catch it by calling it with a snake’s hiss.”

In medieval Europe, lampreys were regularly captured and consumed by kings 
and commoners alike. They were especially appreciated during fasting periods 
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 because their taste was considered much meatier than that of most other fishes. The 
ruling monarchs of England were particularly fond of lampreys (both sea lamprey 
and European river lamprey Lampetra fluviatilis), which they would obtain from 
the fisheries of Gloucester on the River Severn. King Henry I (1068–1135) is said to 
have died following an overindulgence of lampreys while on a military campaign in 
northern France, although it is disingenuous to suggest that it was a direct result of 
the meal itself (Dickens 1852; Deshpande 2002). In 1200, King John fined the city 
of Gloucester 40 marks (approximately £ 362,000 or $ 578,000 today) for forgetting 
to send him a lamprey pie at Christmas. In 1242, King Henry III was reported to 
have paid 12 pounds, seven shillings, and three pence for 188 lamprey, equivalent 
to approximately £ 168,000 ($ 268,000) today (Skinner 2012). A baked lamprey pie 
continues to be presented to the ruling monarch of England on special occasions; 
Queen Elizabeth II received one on the occasion of her coronation in 1952 and for 
her Silver Jubilee in 1977 (Renaud 2011; The Telegraph 2012). For the monarch’s 
Diamond Jubilee in 2012, however, the city of Gloucester had to use Great Lakes 
sea lamprey because none were to be found in the River Severn (The Telegraph 
2012). However, given the concern for the “surfeit” of mercury in Great Lakes sea 
lamprey (see Chap. 8), it is not known if the lamprey pie was eaten by the Queen. 
Fans of the television series Game of Thrones (which is based on the fantasy nov-
els, collectively entitled A Song of Ice and Fire, by George R. R. Martin) will be 
familiar with lamprey pie.

In the eighteenth century, however, lampreys (particularly the European river 
lamprey) came to be exploited more and more efficiently in England and, given 
their apparent abundance, declined in value—culturally and monetarily. In the 
 River Thames, for example, European river lamprey were captured by the  hundreds 
of thousands (Wheeler 1979), and sold (for only £ 2–5 per 1000 lamprey;  Hardisty 
2006) to European cod fishermen for use as bait (see Chap. 8). According to  Lanzing 
(1959), live lamprey would be held on board ship in large holding tanks and “every 
ship’s crew included a ‘lamprey biter’ who killed the animal by a bite to the head 
thus destroying the brain. The paralyzed lamprey was then placed on an angling 
hook.” The only commercial lamprey fishery currently operating in the U.K. (in the 
River Ouse) again supplies European river lamprey as bait for angling (although, 
until 2011, the lamprey were technically captured as “by-catch” in a licensed eel 
Anguilla anguilla fishery; Masters et al. 2006; Foulds and Lucas 2014).

Exploitation of European river lamprey for food, however, continues through-
out much of northern Europe (e.g., in Finland, Sweden, Latvia, Estonia, Lithuania, 
Poland, and Russia; Sjöberg 2011; Lajus et al. 2013), and sea lamprey is fished 
commercially in France (Beaulaton et al. 2008), Spain (Gradín 2010), and Por-
tugal (Quintella 2006; Mateus et al. 2012). Both species are still regarded as lo-
cal delicacies, particularly in recent decades when—due largely to the effects of 
industrialization and urbanization—they have become scarcer (see Chap. 8). In 
the 1960s, for example, gourmets in Poland and Lithuania were reported to wait 
with great anticipation for the by-then infrequent appearance of lamprey in the fish 
markets or a sign (e.g., the sound of a rifleshot or the sight of a red flag over a 
beach snack bar) “ proclaiming that fresh, roasted lampreys were available” (Sterba 



8 M. F. Docker et al.

1962). The purchase of these river lamprey, however, depended on “a well-filled 
purse” (Sterba 1962). Sea lamprey fetch even higher prices; a single sea lamprey 
in Portugal can cost € 45–50 (over $ 60) during the peak of the season (and, unfor-
tunately, makes them a popular target for poachers; Quintella 2006; Andrade et al. 
2007). In the 1990s, the idea of marketing sea lamprey from the North  American 
Great Lakes (given their surfeit there) in Portugal and Spain was explored, but 
Great Lakes lamprey have mercury levels that are too high to meet European Union 
standards (MacEachen et al. 2000; Jeffrey L. Gunderson, Minnesota Sea Grant, 
Duluth, MN, personal communication, 2014). Lampreys figure prominently on the 
coats of arms in at least two European municipalities—Arbo in northwestern Spain 
and Nakkila in southwestern Finland (Municipality of Arbo 2010; Radio UusJussi 
2013)—and  lamprey festivals are held annually in Arbo and in villages in Latvia 
(e.g.,  Carnikava) and Portugal (e.g., Montemor-o-Velho).

Commercial fisheries for other lamprey species have been more limited, but 
nevertheless indicate the historical local significance of these species. There were 
important fisheries for the Caspian lamprey Caspiomyzon wagneri in Russia and 
 Azerbaijan into the twentieth century, but these fisheries are no longer viable (Holčík 
1986). Pacific lamprey were fished commercially in the Columbia River basin in 
Oregon and Washington state in the early twentieth century, but catches of this spe-
cies were largely used in fishmeal (e.g., for hatchery salmon) or as teaching material 
in comparative vertebrate anatomy classes (Close et al. 2002; Renaud 2011). The 
Arctic lamprey is harvested commercially in Japan, and a small commercial fishery 
commenced for this species in Alaska in 2003 (Hayes and Salomone 2004).

1.2.2  Ecological Significance of Lampreys

Regardless of their direct value to humans as food, lampreys are also known to play 
important ecological roles at all stages of their life cycle. Larval lampreys are key 
components at the base of the food chain, and they can represent a large portion of 
the biomass in streams where they are abundant. Beamish and Youson (1987), for 
example, showed that the North American river lamprey Lampetra ayresii is the 
dominant organism by weight in the bottom sediments of the Fraser River in  British 
Columbia. Larval lampreys are important in nutrient cycling, facilitating the conver-
sion of nutrients derived from detritus and algae into stored biomass (see Chap. 3). 
Experimental removal of larval Pacific lamprey from the South Fork Eel River 
in north-central California appeared to impact the detrital processing of the river 
(Timothy Wootton, University of Chicago, Chicago, IL, personal communication, 
2014). In anadromous species, the carcasses of spawned out lampreys are thought 
to provide a significant amount of marine-derived nutrients to freshwater aquatic 
ecosystems, in the same way that Pacific salmon do (e.g., Naiman et al. 2002). Lam-
preys are also ecosystem engineers; the burrowing and feeding activities of larval 
lampreys significantly increase substrate oxygen levels (Shirakawa et al. 2013) and 
the nest-building activity of spawning lampreys increases  streambed complexity in 
ways that appear to benefit other fishes and stream invertebrates (Sousa et al. 2012; 
Hogg et al. 2014).
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Lampreys are a food source for other animals (Cochran 2009), both  during the 
larval stage (e.g., during emergence from their nests or during scouring events 
that dislodge larvae from their burrows) and then again—and particularly— 
during downstream migration, following metamorphosis. Outmigrating lampreys 
can  significantly contribute to the diet of predatory fishes, birds (e.g., gulls and 
terms), and pinnipeds (see Close et al. 2002). Furthermore, in most anadromous 
species, outmigration appears to occur in pulses (correlated with abrupt  increases 
in  discharge; see Chap. 3), and this glut of young adult lampreys may buffer pre-
dation on commercially valuable juvenile salmonids, during their downstream 
 migration and as they enter the ocean. Roffe and Mate (1984), for example, found 
that  Pacific lamprey were the principal prey of pinnipeds in the lower reaches and 
estuary of the Rogue River in Oregon (constituting a higher proportion of their 
diet, by both weight and frequency, than salmonids). Similarly, in Scotland, sawbill 
ducks  Mergus  merganser have been reported to be “stuffed” with young lampreys 
rather than with commercially valuable salmon smolts (Ayrshire Rivers Trust, Ayr, 
U.K., personal communication, 2013). The extent to which feeding-phase lampreys 
are preyed upon, particularly at sea, is less well known. Predation is thought to be 
lower during this stage (Nursall and Buchwald 1972; Scott and Crossman 1973), 
since the adults are well dispersed. However, Cochran (2009) suggests that pre-
dation on lampreys will often go undetected, given their lack of bone and other 
hard structures (with the exception of their keratinized teeth; Roffe and Mate 1984) 
that would be resistant to digestion. Adult lampreys are again concentrated, and 
thus vulnerable to predation (human and other), during their upstream migration 
and spawning. For example, Steller sea lions Eumetopias jubatus at the mouth of 
the Klamath River feed largely on upstream migrating Pacific lamprey (Beamish 
1980). During and after spawning—which occurs during daylight hours in shallow 
streams—they are fed on by a variety of aquatic, aerial, and terrestrial predators 
(Scott and Crossman 1973).

Parasitic lampreys are also important predators in aquatic ecosystems, thus 
 constituting key components at both the base and top of the food chain. Para-
sitic lampreys are generally not viewed very favorably by commercial fishers or 
anglers since, as noted by Cochran (1994), prey species used by lampreys often 
coincide with the commercially and recreationally important fishes preferred by 
humans (see Renaud and Cochran in press). For example, the large (e.g.,  Pacific 
and sea  lampreys) and even the smaller (e.g., North American river lamprey) anad-
romous lampreys, when abundant, provide competition to humans interested in Pa-
cific  salmon  Oncorhynchus spp., Atlantic salmon Salmo salar, or cod Gadus spp. 
(Beamish and Neville 1995; Orlov et al. 2008; Renaud and Cochran in press). How-
ever, lampreys feed on a variety of fish species and even marine mammals ( Silva 
et al. 2014; Renaud and Cochran in press), suggesting that they may be less likely 
than other predators (including humans) to significantly  deplete one or a few prey 
species. A notable exception is the Great Lakes sea  lamprey; the devastating effect 
of this invasive species on commercial fish stocks in the  Laurentian Great Lakes is 
well documented (see SLIS 1980; Marsden and Siefkes in press). However, there 
is no evidence that native lampreys are  detrimental to the ecosystems in which they 
occur (Heard 1966; Beamish 1980; Renaud 1997; Close et al. 2002).
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1.2.3  Scientific Significance of Lampreys

Lampreys are one of the oldest living groups of vertebrates, and have survived at 
least four of the five mass extinction events documented since the Cambrian explo-
sion. Given their importance, therefore, as “living fossils,” lampreys provide im-
portant insight into the evolution of the vertebrates. It is no coincidence, of course, 
that university students everywhere have long been made to dissect lampreys dur-
ing comparative vertebrate anatomy classes. Research related to general lamprey 
biology (particularly in support of sea lamprey control and conservation of native 
lampreys) is detailed in subsequent chapters of this book. The following sections, 
in contrast, demonstrate the relevance of lampreys and lamprey research across a 
wide range of disciplines.

1.2.3.1  Research Trends

Well over 20,000 scientific manuscripts have been published that directly or indirectly 
use lampreys as a study organism. Searching the database Web of Science (Thompson 
Reuters) using the term “lamprey*” generated 22,239 records from 1864 until the end 
of 2013, and many influential papers [e.g., Schultze (1856) and Müller (1856) on 
 lamprey development; see Richardson et al. (2010)] predate this time period. For com-
parison, the search term “fish*” located 2,348,556 papers from 1864 to 2013. Granted, 
not all records for fishes will have been retrieved with this broad search term but, con-
sidering that extant lampreys comprise only 0.14 % of the almost 28,000 recognized 
species of living fishes (Nelson 2006), the observation that they represent as much 
as 0.95 % of the papers written on fishes is a testament to their scientific importance. 
Other numerically larger (e.g., cartilaginous fishes with almost 1,000 described spe-
cies) and more commercially valuable (e.g., salmonids) taxa certainly receive more 
attention in the scientific literature. A total of 53,977 (2.30 % of the total for fishes) 
and 147,404 (6.38 %) records were retrieved using “chondrichthy*” and “ salmon,” 
respectively; we acknowledge that the search term “salmon” will not include all pa-
pers on salmonids, but the search term “salmon*” recovered a very large number of 
papers on salmonella. Compared to lampreys, other species-poor but evolutionarily 
important groups of fishes (Fig. 1.2a) are not as well represented: only 5,036 records 
(0.21 % of the total for fishes) were retrieved for hagfishes (search term “hagfish*”); 
1,871 records (0.08 %) were retrieved for lungfishes (search term “lungfish*”); and 
18,091 records (0.77 %) were retrieved for sturgeons (search term “sturgeon*”).

Furthermore, there has been a clear increase in the number of papers written on 
lampreys in recent decades (Table 1.1). From 1864 until 1943, an average of only 30 
papers that directly or indirectly used lampreys as a study organism were published 
per decade. Since 1984, between 1,739 and 8,264 lamprey papers were published per 
decade (i.e., almost 70 per month in 2004–2013). Even accounting for the dramatic 
increase in the number of scientific papers published in all disciplines over this time 
period, we still see a proportionally greater increase in lamprey papers; from 1864 
until 1943, papers that directly or indirectly dealt with lampreys represented 0.4 % of 
all papers on fishes versus 1.1 % and 0.9 % in the last two decades (Table 1.1).
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It is also of considerable interest to see how the focus of lamprey research has 
shifted since 1864. Using the research areas defined by the database Web of Sci-
ence (and including “Control” as an additional search term of interest) shows a 
shift in research focus from more basic descriptions of lamprey biology to their 
use as model systems in the fields of evolutionary development, biomedical re-
search, and bioengineering (Table 1.1). Whereas such research areas as “Zoology,” 
“Developmental biology,” and “Anatomy/morphology” represented as much as 
51.9, 11.9, and 10.6 %, respectively, of all lamprey records retrieved in decades 
prior to 1953, they made up only 13.6, 3.8, and 2.5 % of retrieved papers in 2004–
2013. In contrast, research areas such as “Neuroscience/neurology,” “Biochemistry/
molecular biology,” and “Genetics/heredity” not surprisingly increased in promi-
nence from < 2 % of all lamprey papers prior to 1943 to 6.6–9.2 % in 2004–2013. 
Exciting discoveries in some of these research areas will be discussed in Sect. 1.5 
and in subsequent chapters (e.g., see Chaps. 2, 4 and 7; Lee and McCauley in press). 
Not all increases depended on novel technologies; publications related to “Ecology/
environmental science,” “Marine/freshwater biology,” and “Behavioral science” 
represented 0.5–2.2 % of all publications prior to 1943 and 4.5–6.7 % in 2004–2013. 
Much of this research directly or indirectly (e.g., through a better understanding of 
the basic biology and ecological requirements of these species) relates to the control 
of invasive sea lamprey or the conservation and management of native species (see 
Chaps. 3, 5, 6 and 8; Marsden and Siefkes in press).

The majority of research conducted on lampreys has focused on relatively few 
species. Perhaps not surprisingly, over 60 % of all records retrieved through Web 
of Science for the 1864–2013 interval dealt directly or indirectly with sea lam-
prey (Table 1.2). Research on European river lamprey and European brook lamprey 
Lampetra planeri comprised 14 % and 6 % of the total, respectively, and records 
retrieved for Arctic lamprey represented 4.9 % of the total. Despite increased inter-
est in native lampreys in recent decades (e.g., anadromous Pacific lamprey and the 
many freshwater parasitic and non-parasitic lampreys with more restricted distribu-
tions), research on these species is still relatively limited. It is our hope that this 
is changing. Of necessity, we must often extrapolate among lamprey species and 
such extrapolations appear to be justified in many respects (e.g., given similarities 
in the ecology of larval lampreys: see Chap. 3). However, it is also becoming clear 
that there are, in many cases, pronounced species-specific differences (e.g., with 
respect to passage abilities: see Chap. 5; mating systems: see Chap. 6; and vari-
ability of life history type: Docker and Potter in press). These differences have sig-
nificant management implications (Clemens et al. 2010; see Chaps. 5 and 8). This 
book has therefore attempted to include broader coverage of these other species (see 
Sect. 1.3.1), and we look forward to a greater research emphasis on these species.

1.2.3.2  Evolutionary Significance of Lampreys

Lampreys have received considerable attention in evolutionary studies, given their 
important phylogenetic position. They are the extant representatives of a lineage 
that diverged from the ancestor to the jawed vertebrates approximately 500 million 
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years ago (Janvier 2007). Due to their relatively conserved morphology over the 
past 360 million years (Gess et al. 2006), these “living fossils” (a term first coined 
by Charles Darwin in his On the Origin of Species) are providing invaluable insight 
into the events that occurred at the dawn of vertebrate evolution and during the sub-
sequent evolution of the gnathostomes (Janvier 1996; Kawauchi and Sower 2006; 
Osório and Rétaux 2008).

The origin of vertebrates represents one of the major jumps in evolution (Griffith 
1994), and there is a large gulf between the non-vertebrate chordates—the lancelets 
(Cephalochordata) and tunicates (Urochordata), all of which are mostly-sessile ma-
rine filter feeders—and the active and morphologically complex Vertebrata. Given 
the relative paucity of the fossil record prior to the origin of mineralized tissue—
and, of course, even well-preserved fossils provide little or no information on the 
physiology, development, or genomics of the organism—study of the extant  jawless 

Table 1.2  Number of papers published between 1864 and 2013 that were retrieved in the database 
Web of Science (Thompson Reuters) on each of the following species or groups of lampreys (i.e., 
using the search terms indicated), and percentage of total. For some species (e.g., Pacific lamprey, 
Arctic lamprey, American brook lamprey) search terms were chosen to maximize the number of 
papers retrieved, given changes in classification over time. (see Chap. 2)
Species or group Search term Number Percent of total
Sea lamprey Petromyzon marinus Petromyzon marinus   7,165 60.7
European river lamprey Lampe-

tra fluviatilis
Lampetra fluviatilis   1,657 14.0

European brook lamprey 
 Lampetra planeri

Lampetra planeri      710 6.0

Arctic lamprey Lethenteron 
camtschaticum

Lamprey* and japonic*      559 4.9

Lamprey* and camtschatic*        21
Ichthyomyzon spp. Ichthyomyzon      536 4.5
Pouched lamprey Geotria 

australis
Geotria      303 2.6

Pacific lamprey Entosphenus 
tridentatus

Lamprey* and tridentat*      257 2.2

Eudontomyzon spp. Eudontomyzon      152 1.3
Mordacia spp. Mordacia      102 0.9
Far Eastern brook lamprey 

 Lethenteron reissneri
Lamprey* and reissneri        96 0.8

American brook lamprey 
Lethenteron appendix

American brook lamprey*        68 0.6

Western brook lamprey Lampe-
tra richardsoni

Lampetra richardsoni        61 0.5

Caspian lamprey Caspiomyzon 
wagneri

Caspiomyzon        44 0.4

North American river lamprey 
Lampetra ayresii

Lampetra ayresi*        40 0.3

Tetrapleurodon spp. Tetrapleurodon or lamprey* 
and spadice* or lamprey* 
and gemin*

       25 0.2

11,796
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vertebrates is helping to piece together the early evolutionary history of our group 
(Nicholls 2009; Shimeld and Donoghue 2012).

The major vertebrate advancements include: a cranium and pronounced cepha-
lization; a set of highly specialized paired sense organs (i.e., image-forming eyes, 
olfactory organs, the lateral line, and various structures derived from the lateral 
line that are found in the inner ear); a large brain to integrate sensory information; 
an axial skeleton and muscle segmentation that permits effective swimming; neu-
ral crest cells (which give rise to the craniofacial skeleton and other derivatives); 
more complex circulatory, respiratory, and digestive systems; a glomerular kidney; 
and a complex endocrine system with pituitary, pineal, thyroid, and adrenal glands 
(Griffith 1994; Shimeld and Donoghue 2012). These advancements permitted “the 
active, sentient life” that distinguishes the vertebrates from the non-vertebrate chor-
dates (Griffith 1994). Cyclostome paraphyly (i.e., with hagfishes representing an 
earlier offshoot from the craniate lineage) implied a more “gradual assembly of 
vertebrate characters” (Shimeld and Donoghue 2012). The strong support now 
available for cyclostome monophyly (see Sect. 1.1.1) suggests an even more phe-
notypically complex ancestral vertebrate, and further widens the gulf between the 
vertebrate and non-vertebrate chordates (Shimeld and Donoghue 2012).

Studies in lampreys have been instrumental in furthering our understanding of 
the evolution of vertebrate locomotion (e.g., Bicanski et al. 2013; Hsu et al. 2013), 
the vertebrate eye (e.g., Collin 2010; see Collin and Potter in press), and the neuro-
endocrine system (e.g., Kawauchi and Sower 2006; see Chap. 7). Up until the late 
1970s, for example, it was thought that the agnathan vertebrates did not have the 
same neuroendocrine control of reproduction that is seen in the gnathostomes, again 
suggesting a more gradual evolution of complexity in the vertebrates. More than 30 
years of research by Stacia Sower and colleagues, however, has firmly established 
that lampreys do have a complex hypothalamic-pituitary-gonadal axis and thus 
shows this to also be a vertebrate innovation and seminal event that emerged prior to 
or during the differentiation of the ancestral agnathans. Much has now been learned 
about the evolution of the key neuroendocrine hormones, especially the pivotal 
gonadotropin-releasing hormones, in vertebrates through this research on lampreys 
(see Chap. 7). Evidence for neuroendocrine control of reproduction in hagfishes is 
more recent and far less extensive, but it likewise suggests that hagfishes possess a 
hypothalamic-pituitary system (Sower et al. 1995; Uchida et al. 2010, 2013).

Comparisons between lampreys and jawed vertebrates have also been critical 
for shedding light on the evolution in the gnathostome lineage of articulated jaws 
and paired fins and appendages. Lampreys are being increasingly used in evo-devo 
studies, exploring the evolution and development, for example, of the neural crest 
and skeletal muscle of vertebrates, and the hinged jaw and paired appendages of 
gnathostomes (see Kuratani 2005, 2012; Shigetani et al. 2005; Osório and Rétaux 
2008; Shimeld and Donoghue 2012; Lee and McCauley in press).

Lampreys and hagfishes have also been key to elucidating the evolution of adap-
tive immunity in vertebrates. Adaptive immunity, also known as acquired immu-
nity, is the ability to recall previous encounters with a “nearly unlimited variety 
of antigens” (Minton 2009), thus leading to a more rapid and efficient response 
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to subsequent encounters with the same pathogen. This antigen-specific memory, 
which is the basis of vaccination, leads to a rapid and efficient secondary immune 
response but requires “extraordinarily diverse repertoires of somatically assembled 
antigen receptors” (Boehm et al. 2012). Adaptive immunity is considered another 
hallmark of the vertebrates but, unlike the jawed vertebrates that recognize anti-
gens using immunoglobulin-based B-cell and T-cell receptors, extant agnathans use 
variable lymphocyte receptors (VLRs). Both jawless and jawed vertebrates create 
the necessary diversity of antigen receptor genes through gene rearrangement, but 
the mechanisms are different in the two vertebrate lineages. In lampreys and hag-
fishes, antigen receptor diversity is generated through the somatic assembly of vari-
able leucine-rich repeat (LRR) modules, whose product is expressed clonally on 
lymphocytes (Kasahara 2013; Kishishita and Nagawa 2014). However, despite the 
 independent evolution of alternative antigen receptor systems in jawless and jawed 
vertebrates, it also appears that their adaptive immune systems share some funda-
mental similarities. In particular, recent evidence suggests that both agnathan and 
gnathostome vertebrates have three major lymphocyte lineages (i.e., that lampreys 
and hagfishes have one B-cell-like lineage and two T-cell-like lineages;  Hirano et al. 
2013; Li et al. 2013), suggesting that these cell lineages were present in the com-
mon vertebrate ancestor before the advent of the different antigen receptor gene 
rearrangement systems (Kasahara 2013; Kishishita and Nagawa 2014). In both 
agnathans and gnathostomes, only one type of antigen receptor is expressed per 
lymphocyte, and the three different lineages of lymphocytes express three different 
antigen receptors (Kishishita and Nagawa 2014). Given the intriguing similarities 
and differences between the agnathan and gnathostome systems, further study of 
the lamprey (and hagfish) adaptive immune system will improve our fundamental 
understanding of “this elegant system” (Kishishita and Nagawa 2014), and can po-
tentially improve treatment for people with faulty immune systems (Boehm et al. 
2012).

Evidence has recently emerged suggesting that “hemoglobin” has also evolved 
independently in agnathan and gnathostome vertebrates. Phylogenetic analysis of 
the vertebrate globin gene superfamily suggests that a specialized oxygen transport 
function was acquired independently in paralogous globin genes (i.e., genes that 
diverged after a gene or genome duplication event) in jawless and jawed vertebrates 
(Hoffmann et al. 2010). These results indicate that lamprey and hagfish hemoglobin 
is most closely related to the gnathostome cytoglobin protein. The two vertebrate 
lineages therefore appear to make use of functionally similar (but “independently 
invented”) respiratory pigments to increase the oxygen carrying capabilities of the 
blood, a key physiological innovation that permitted larger body size and “opened 
up new opportunities for the evolution of aerobic metabolism” in vertebrates 
(Hoffmann et al. 2010).

The recent publication of the sea lamprey genome assembly (Smith et al. 
2013)—and other advances in developmental biology and molecular genetics (e.g., 
McCauley and Bronner-Fraser 2006; Nikitina et al. 2009; Heath et al. 2014; see 
Lee and McCauley in press)—now promise to lead to further advances in many 
of the research areas described above (and countless others). Freely available as a 
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public resource, sequencing of the sea lamprey genome is already providing valu-
able information on genes related, for example, to olfaction (Libants et al. 2009), 
neuron regeneration in the central nervous system (Smith et al. 2011), and the 
 neuroendocrine control of reproduction (Decatur et al. 2013). By virtue of its phy-
logenetic position, the sea lamprey genome is “uniquely poised to provide insight 
into the ancestry of vertebrate genomes and the underlying principles of vertebrate 
biology” (Smith et al. 2013). One major finding that emerged from sequencing of 
this genome is confirmation that two rounds of genome duplication likely occurred 
prior to the agnathan-gnathostome divergence (Barucchi et al. 2013; Decatur et al. 
2013; Smith et al. 2013; see Chap. 7). Although it has long been thought that two 
large-scale genome duplications occurred during the evolution of early vertebrates 
(Ohno 1970), there has been continuing controversy over whether the second du-
plication occurred in the lineage leading to all extant vertebrates or whether there 
was one round of duplication prior to and one round of duplication after divergence 
of the jawless vertebrates (see Kuraku et al. 2009; Shimeld and Donoghue 2012). 
Gene and especially genome duplication events are thought to provide genetic raw 
material for evolution; two rounds of whole genome duplication at the base of the 
vertebrate family tree (i.e., on either side of the large gulf that exists between the 
non-vertebrate chordates and even the earliest extant vertebrates) would have en-
abled the large number of vertebrate-specific innovations (Ohno 1970; Shimeld and 
Holland 2000).

Also of interest in this regard is the recent report of potential horizontal gene 
transfer (HGT) between lampreys and their teleost hosts (Kuraku et al. 2012). High-
ly similar sequences of a DNA transposon were discovered in multiple fishes that 
are phylogenetically disparate, but almost all of these fishes serve as hosts to para-
sitic lampreys, suggesting that these elements were transferred through  parasite-host 
interactions (Kuraku et al. 2012). HGT has been well documented in prokaryotes 
(e.g., Gogarten et al. 2002)—and increasingly so in eukaryotes (through viral infec-
tion, phagocytosis, symbiosis, and parasitism)—and has been speculated to enhance 
the evolutionary potential of the recipient lineage (Koonin 2009; Wijayawardena 
et al. 2013).

Another feature of the sea lamprey genome that has generated interest is the 
observation of programmed genome rearrangement (PGR); during embryogenesis, 
approximately 20 % of the germline genome (hundreds of millions of base pairs) 
is lost from somatic cell lineages (Smith et al. 2009). Although a small number of 
programmed local rearrangements is typical during development in vertebrates (and 
more extensive genomic reorganizations have been noted in some invertebrate spe-
cies; e.g., Goday and Esteban 2001; Bachmann-Waldmann et al. 2004;  McKinnon 
and Drouin 2013), lampreys and hagfishes (Kubota et al. 1997; Kojima et al. 2010) 
are the only vertebrates known to undergo broad-scale PGR. Programmed  genome 
rearrangement and loss may represent an ancient biological strategy to ensure that 
pluripotential functions are segregated to the germline, thereby preventing the po-
tential for somatic misexpression (Smith et al. 2009, 2012). Understanding the 
mechanisms by which agnathan vertebrates regulate programmed changes to their 
genomes has the potential to help understand the dysregulated changes that give rise 
to cancers and other genomic disorders (Smith et al. 2009).
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Lampreys (and hagfishes) are thus providing important and promising model 
systems in our quest to better understand the evolutionary history of the vertebrates. 
Neither lampreys nor hagfishes are directly representative of the common verte-
brate ancestor (specializations unique to each lineage appear to have arisen early in 
phylogeny and then been retained), but comparisons among lampreys, hagfishes, 
and gnathostomes are providing great insights into the morphology, physiology, 
development, and genomics of the common ancestor to all vertebrates (Janvier 
2007; Shimeld and Donoghue 2012). This exciting topic is reviewed very briefly 
here; interested readers are directed to the many excellent reviews on this topic 
(e.g.,  Shigetani et al. 2005; Osório and Rétaux 2008; Kuratani 2012; Shimeld and 
 Donoghue 2012; Lee and McCauley in press) and are encouraged to follow what are 
sure to be exciting advancements in the next decade and beyond.

1.2.3.3  Use of Lampreys in Biomedical and Biomimetic Studies

Lampreys have long been used as models in biomedical research (Table 1.1). For 
example, Sigmund Freud, while a young medical student, studied the spinal gan-
glia and spinal cord in the lamprey (Freud 1877, 1878). Such biomedical research 
continues today and, recently, a biorobotic system inspired by lampreys has been 
developed as an investigative tool for studying high level motor tasks. A brief over-
view of some areas in which lampreys may provide insights into the treatment of 
human health problems and as a prototype for studies on vertebrate locomotion is 
provided below.

Anti-coagulants The salivary glands of blood-feeding organisms have long been 
of interest to pharmacologists and biochemists, due to the bioactive substances that 
they contain (Odani et al. 2012). The European medicinal leech Hirudo medicina-
lis, for example, was used therapeutically as far back as 2,500 years ago (e.g., with 
Hippocrates advocating bloodletting as a means of balancing “the four humors”). 
Its saliva contains approximately 30 biologically active substances, including the 
peptide hirudin to keep the blood flowing and enzymes to anesthetize the host and 
reduce inflammation at the site of the bite (Nature 2012). Hirudin was isolated in 
the 1950s, and recombinant techniques are now used to produce hirudin for treat-
ment of blood coagulation disorders (Rydel et al. 1991). The salivary gland secre-
tions of many other hematophagous animals have been studied for their possible 
biomedical applications; these include insects such as mosquitoes, ticks, and the 
kissing bugs Rhodnius prolixus and Triatoma infestans, as well as vampire bats 
Desmodus rotundus, with their colorfully named anti-coagulant “draculin” (see 
Basanova et al. 2002; Odani et al. 2012). The anti-coagulating action of the buc-
cal gland secretions in parasitic lampreys was identified by Gage and Gage-Day 
in 1927, but the biochemical nature of these secretions has received little atten-
tion until recently. The diverse bioactive proteins (termed “lamphredin” by Len-
non in 1954) are being investigated in the Arctic  lamprey, and have been shown to 
have fibrinogenolytic and vasodilatory properties (Ito et al. 2007; Xiao et al. 2007, 
2012). In addition to these proteinaceous components, Odani et al. (2012) discov-
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ered L-3-hydroxykynurenine O- sulphate in the buccal glands of this species; this 
molecule, remarkably, was found in Rhodnius prolixus and Triatoma infestans in 
the 1960s (see Odani et al. 2012). The buccal gland  secretions of parasitic lampreys 
are thus another potential source for the development of novel anti-coagulants, local 
anesthetics, immunosuppressants, and thrombolytic agents (Xiao et al. 2012).

Biliary Atresia Research on lampreys may also improve our understanding of 
a medical condition known as cholestasis, whereby bile is unable to flow from 
the liver to the duodenum and, in particular, biliary atresia, the most common 
cause of cholestasis during infancy (Youson 1993; Morii et al. 2012; Suchy 2013). 
In the congenital form of biliary atresia, babies are born lacking a common bile 
duct between the liver and small intestine, resulting in jaundice, malabsorption of 
nutrients and growth retardation, fat-soluble vitamin deficiencies, and eventually 
cirrhosis. While biliary atresia is rare, it is fatal if a liver transplant is not possible 
(Youson 1993; Morii et al. 2012). Lampreys are an excellent—and again unparal-
leled—vertebrate model system in which to study cholestasis. Larval lampreys 
possess an intrahepatic gallbladder and a biliary tree that is well equipped for the 
storage, transport, and elimination of bile into the intestine; at metamorphosis, 
however, lampreys undergo a programmed loss of the gall bladder and biliary 
tree (see Chap. 4) and yet are able to survive without these structures—for sev-
eral years in some parasitic species (Youson 1993). As expected, bile pigments 
( bilirubin and biliverdin) are not detected in the serum of larval lampreys, but 
become detectable after biliary atresia (Makos and Youson 1987). However, serum 
concentrations following metamorphosis are lower than expected (e.g., compared 
to humans suffering from jaundice), suggesting either storage of bile in the liver or 
another organ or an alternate mechanism for the transport and elimination of these 
potentially toxic pigments (Makos and Youson 1987; Youson 1993). Bilirubin con-
centration has been shown to increase dramatically in the liver and caudal intestine 
of sea lamprey following loss of the larval bile ducts (Langille and  Youson 1983; 
Makos and Youson 1988), leading to suggestions that bilirubin in the liver may be 
mobilized and transported (via the blood) to the caudal intestine for subsequent 
elimination (Langille and Youson 1983; Youson 1993). Bilirubin and biliverdin 
may be bound for transport and detoxified by lamprey-specific serum proteins 
(Filosa et al. 1982). Serum bilirubin and biliverdin concentrations were higher in 
upstream migrants, but were only slightly above normal values observed in humans 
(Makos and Youson 1987). What is more remarkable are reports of one population 
of American brook lamprey Lethenteron appendix larvae with serum biliverdin 
concentrations ranging from 142 to 305 μmol/L (Eng and Youson 1991). In this 
population, the bile ducts are infested with larval nematodes (Pybus et al. 1978), 
causing bile pigment regurgitation into the blood. The highest value recorded in a 
human with biliverdinemia is 46 μmol/L (Greenberg et al. 1971), and yet there is 
no evidence of deleterious effects in these larvae (Eng and Youson 1991). Thus, 
juvenile and adult lampreys apparently respond to the normal programmed loss of 
the gall bladder and biliary tree by using alternate mechanisms for the transport 
and elimination of bile pigments whereas, under conditions of abnormal cholesta-
sis, larvae appear able to cope with very high levels of these otherwise toxic bile 
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pigments. Recent studies have identified apoptosis as an early event in bile duct 
loss in induced (Boomer et al. 2010) and spontaneous (Morii et al. 2010) meta-
morphosis, and have investigated the way in which lampreys are able to deal with 
cytotoxic bile salts (i.e., in addition to bile pigments) following biliary atresia (Yeh 
et al. 2012; Cai et al. 2013).

Iron Loading Lampreys could provide insights into treatment for people suffering 
from hemochromatosis, a genetic condition in which the body absorbs an excessive 
amount of iron from the diet. In individuals with hemochromatosis, iron continues 
to be absorbed even after the body’s daily requirements are met, and this excess 
is stored in different organs and tissues (e.g., liver, heart, pituitary gland; Nichols 
and Bacon 1989). Hereditary hemochromatosis is the most common single-gene 
disease in western populations, affecting 1 out of every 200–300 people (Ameri-
can Diabetes Association 2013). Once diagnosed, it can be managed by the regular 
removal of blood but, if untreated, it can result in chronic fatigue, arthritis, diabe-
tes, heart and liver disease, and may eventually lead to death (Nichols and Bacon 
1989). Given their sanguivorous foraging strategy, parasitic lampreys ingest large 
amounts of iron, and have a unique capacity to store and tolerate high concentra-
tions of iron in various body tissues (e.g., liver and adipose tissue; Tsioros et al. 
1996; Tsioros and Youson 1997). Another sanguivorous vertebrate, the vampire 
bat—despite a daily iron intake 800-fold greater than that of humans—controls iron 
content by controlling rate of absorption (Morton and Wimsatt 1980; Morton and 
Janning 1982). Furthermore, exceptional iron concentrations in lampreys are not 
just observed in blood-feeding adults; larvae also show very high iron concentra-
tions, apparently as the result of maternal transfer (probably during vitellogenesis) 
and uptake from the substrate (Tsioros et al. 1996). Larval lampreys accumulate 
iron in their blood and nephric fold at levels that would be toxic to other vertebrates: 
compared with 127 μg/100 mL in the serum of a normal average man (Underwood 
1977), levels ranging from 5,119 to 26,773 μg/100 mL have been reported in larval 
lampreys (e.g., Macey et al. 1982a, 1985; Macey and Potter 1986; Youson et al. 
1987). Plasma iron concentrations decline markedly at metamorphosis (e.g., Macey 
et al. 1982b), but iron concentration in the liver shows a dramatic increase (Harris 
et al. 1990); by the end of metamorphosis, lamprey hepatocytes resemble the iron-
loaded hepatocytes seen in humans suffering from hemochromatosis (Youson et al. 
1983). Since neither larvae nor adults show any deleterious effects as a result of this 
excess iron, lampreys are an excellent model system to elucidate the biochemical 
mechanisms by which they counteract the problems associated with iron loading in 
other vertebrates (Youson et al. 1983; Tsioros and Youson 1997; Macey et al. 1988). 
The activity of detoxifying enzymes responsible for minimizing the production of 
hydroxyl radicals (e.g., superoxide dismutase in the liver; Macey et al. 1988; Harris 
et al. 1990, 1995) and the nature of the iron-binding proteins in the plasma (e.g., 
ferritin; Macey et al. 1982b; Andersen et al. 1998) have received some attention (see 
Chap. 4), but beg further study.

Spinal Cord Regeneration The lamprey central nervous system (CNS) shares 
its basic organization and structure with other vertebrates (Rovainen 1979; 
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Grillner and Jessell 2009), but is characterized by two features in particular that 
have led to its extensive use as a model system in neurological studies. Not only 
might the comparatively simple brain and neural networks reflect the structure of 
early vertebrate ancestors, but lampreys are endowed with both unusually large 
(“giant”) reticulospinal (RS) neurons and the ability to recover nearly full func-
tion after complete spinal cord transection (Rovainen 1976). The large size of 
both the somata and axons of the giant RS neurons allows for microinjection 
of substances (e.g., tracers, antibodies, recombinant proteins) for experimental 
manipulation, and allows detailed examination of their responses to injury and 
regeneration (Smith et al. 2011). In most vertebrates, including humans, severe 
spinal cord injury results in permanent loss of voluntary motor control below the 
lesion site due to the low regenerative capacity of injured RS neurons (Bradbury 
and  McMahon 2006). In contrast, lampreys are capable of spontaneous functional 
recovery due to the regeneration of RS axons, even following complete spinal cord 
transections (Cohen 1988; Cohen et al. 1988, 1989; Rodicio and Barreiro-Iglesias 
2012). In fact, lampreys are the only vertebrates for which sufficient experimental 
data exist to satisfy the criteria for functional spinal cord regeneration after injury, 
as defined by the National Institutes of Neurological Disorders and Stroke (Cohen 
et al. 1988, 1989). With lampreys as a model, we may be able to better understand 
what factors promote or inhibit regeneration (e.g., Smith et al. 2011; Lau et al. 
2011, 2013; Pale et al. 2013; Zhang et al. 2011, 2014) and develop novel thera-
pies for people suffering from motor neuron disease and injury (Cornide-Petronio 
et al. 2011).

Biomimetics Lampreys have also been the inspiration for biorobotic research, rep-
resenting an exciting intersection between neuroscience and robotics (Ijspeert et al. 
2013). Their relatively simple and well-studied neural networks and their highly 
efficient swimming abilities—requiring coordination between the nervous system, 
the musculoskeletal system, and the environment—have led to their selection as 
simple animal models in which to study the general principles of locomotion (e.g., 
Kozlov et al. 2009; Stefanini et al. 2012; Manfredi et al. 2013). Lamprey-like bio-
inspired robots are the basis of the European LAMPETRA (Life-like Artifacts for 
Motor-Postural Experiments and development of new control Technologies inspired 
by Rapid Animal locomotion) project (Ijspeert et al. 2013). Lamprey spinal central 
pattern generator networks have been explored through large-scale computer simu-
lations (Kozlov et al. 2009); validation of these biological models is now possible 
with robots (Stefanini et al. 2012; Manfredi et al. 2013). Recently, a lamprey was 
used as the basis for a computer-simulated animal model that was able to move 
around an environment containing visually detectable objects. This model was able 
to respond to multiple, sometimes conflicting, stimuli and provided accurate predic-
tions of how even an animal with neural lesions would subsequently interact with its 
environment (Kamali Sarvestani et al. 2013). In addition to providing new insights 
into functioning of the vertebrate central nervous system, these lamprey-inspired 
robots may also lead to new engineering solutions for high-performance artificial 
locomotion (Ijspeert et al. 2013).
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1.3  Introduction to Lampreys: Biology, Conservation 
and Control

1.3.1  Focus of the Book

This book is intended to provide a comprehensive review of the phylogeny, evolu-
tion, ecology, and general biology of lampreys, including coverage of the conserva-
tion of native lampreys, control of the invasive sea lamprey in the Laurentian Great 
Lakes, and the use of lampreys as vertebrate model organisms. It is meant to provide 
an update to influential previous compilations, particularly Hardisty and  Potter’s 
five-volume The Biology of Lampreys (Hardisty and Potter 1971a, 1972, 1981, 
1982a, b) and the Proceedings of the 1979 Sea Lamprey International Symposium, 
published in the Canadian Journal of Fisheries and Aquatic Sciences (SLIS 1980). 
The advent of new technologies (e.g., improved electrofishing gear, miniaturized 
active and passive transmitters, molecular genetic markers)—and a continuing or 
renewed interest, respectively, in the control and conservation of lampreys (see 
Chap. 8; Marsden and Siefkes in press)—have led to many advances in our knowl-
edge of lamprey ecology and behavior (see Chaps. 3, 5 and 6; Renaud and Cochran 
in press). Studies on the endogenous control of metamorphosis (see Chap. 4), lam-
prey pheromones (see Chaps. 5 and 6), reproductive endocrinology (see Chap. 7; 
Docker et al. in press), molecular phylogenetics (see Chap. 2; Docker and Potter 
in press), and genomics (Lee and McCauley in press) were in their infancy or un-
known three decades ago.

A conscious effort has been made to include coverage of the less well-known 
lamprey species, if for no other reason than to highlight the gaps in our knowledge 
regarding them, and to include topics of interest to lamprey researchers worldwide 
and coverage of international conservation and management efforts. It is hoped 
that this book will be used as a reference for researchers working on any aspect of 
lamprey biology—the already-dedicated lamprey biologist (for whom there is no 
such thing as a surfeit of lampreys), those just starting to use lampreys as model 
organisms (but who appreciate the need to better understand the biology of their 
model), and fishery managers whose mandate is to control or conserve lamprey 
populations.

1.3.2  Nomenclatural Conventions

As is the case in any discipline, there exists some disagreement and confusion 
regarding how we name and discuss lampreys (e.g., regarding the names of the 
 different stages in their complex life cycle and accepted common and scientific 
names for each species). The conventions adopted for this book (and the rationale 
for doing so) are outlined below.
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What Are the Appropriate Names of Each Stage in the Lamprey Life Cycle? 
Terms used to describe the stages of a lamprey life cycle are diverse and may include 
the following: ammocoetes (or larvae) → transformers (or metamorphosing lam-
preys) → juveniles (metamorphosed but sexually-immature lampreys, including 
macrophthalmia, downstream migrants, and feeding-phase “adults”) → upstream 
migrants → sexually-mature adults. There is not universal agreement, however, on 
the use of these terms and not all apply to all lamprey species. The term “ammo-
coetes” is a holdover from times when larval and post-metamorphic lampreys were 
considered separate genera of cyclostome fishes (with hagfishes comprising the 
third cyclostome genus; Duméril 1806). “Ammocoetes” literally (in Greek) means 
“burrower of sand” (Renaud 2011; cf. sand lances Ammodytes spp.). Decades later, 
Müller (1856) recognized that the ammocoete was in fact an immature developmen-
tal stage of a lamprey, yet the term was still used to refer to larval lampreys. In this 
book, either term is used (at the discretion of the contributing authors), although 
we prefer to use “larval lamprey” when writing for more general audiences as the 
term “ammocoetes,” in our opinion, conveys no more additional information than 
the more universally-understood term “larva.” The term “transformer” is more of 
a colloquial term, generally referring to lampreys that are undergoing metamor-
phosis (transformation). “Transformer” is often used in place of the less concise 
term “metamorphosing lamprey.” Although it is rarely used by those describing the 
process of metamorphosis (e.g., Youson and Potter 1979; see Chap. 4), where preci-
sion is preferred to concision—and Applegate (1950) used the less concise but more 
informative terms “transforming lampreys,” “lampreys in advanced stages of trans-
formation,” “recently-transformed lampreys,” or “newly-transformed lampreys”—
it is a useful term when knowledge of the specific stages of metamorphosis is either 
not available or not essential. Lampreys that have completed metamorphosis but 
are not yet sexually mature are generally referred to as “juveniles” (see Chap. 3), 
although this term is sometimes (but should not be) confused with the larval stage. 
The juvenile stage may include a “macrophthalmia” stage, the immediate post-met-
amorphic stage so named because of its conspicuous eyes when compared to the 
blind larvae. This term was apparently first applied to this stage by Maskell (1929), 
referring to juvenile pouched lamprey (Fig. 1.3), but the term originated in 1897 
when the  Chilean form of this species was described as Macrophthalmia chilensis 
(Plate 1897). Although the eyes are smaller in non- parasitic species (see Fig. 4.1), the 
term has also—but less frequently—been applied to immediately post-metamorphic 
brook lampreys (e.g., Hardisty et al. 1970). In parasitic species, the macrophthalmia 
stage ends with the onset of feeding (Hardisty and Potter 1971b). After observing 
that feeding in Pacific lamprey commenced (in either fresh or salt water) almost 
immediately after the completion of metamorphosis, Beamish (1980) suggested 
that this species does not have a macrophthalmia stage or it is very short. The term 
“macrophthalmia” is still used (e.g., Moser et al. 2007; Streif 2009), but reference 
simply to “recently-transformed lampreys” (or “recently-transformed juveniles”) 
and “downstream migrants” (or “downstream-migrating juveniles”) is more com-
mon. The parasitic feeding phase is technically still part of the juvenile stage since 
the lampreys are sexually immature; sexual maturation (and hence “ adulthood”) 
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occurs sometime during or upon completion of upstream migration (see Chap. 5; 
Docker et al. in press). In non-parasitic species, the juvenile stage is truncated or 
essentially non-existent (Hardisty 2006; Docker 2009); since the “sexual products 
are almost ripe on the eve of metamorphosis” (Berg 1948), the adult stage in brook 
lampreys is generally said to commence on completion of metamorphosis.

What Is the Correct Plural of “Lamprey”? This book will follow the conven-
tion used by Nelson (2006) regarding the use of “fish” versus “fishes” and refer to 
individuals of more than one species as “lampreys” (e.g., lampreys have long been 
valued for food and ceremonial purposes, 12 sea and European river lampreys were 
captured) and one or more individuals of a single species as “lamprey” (e.g., 12 sea 
lamprey were captured, the Pacific lamprey were tracked for six months).

How Many Lamprey Species Are There? Several years ago, the senior author of 
this chapter wrote in the introduction of a manuscript on lamprey phylogeny that 
there were “approximately 40 species of lampreys worldwide.” One of the peer 
reviewers asked that the exact number of lamprey species be given, but there is 
no exact, universally agreed upon, objectively definable number. Although most 
biologists (lamprey and otherwise) agree that species are evolutionarily indepen-
dent units that are isolated by a lack of gene flow, there is a lack of consensus on 
how—in practice—these evolutionarily independent units are recognized (Mayden 
1997; de Queiroz 2007). Do two groups of organisms, for example, need to exhibit 
diagnostic morphological differences to be recognized as distinct species or are 
diagnostic molecular differences, even in the absence of clear morphological dif-
ferences, sufficient indication of evolutionary independence? At what point are 
differences among populations considered species-level differences rather than, 
say, differences among subspecies? Are obvious morphological differences (e.g., 
between parasitic and non-parasitic “paired” lamprey species as adults) necessar-
ily indicative of a lack of gene flow? Debating the relative merits of the three most 
commonly applied species concepts (i.e., the morphological, biological, and phylo-
genetic species concepts) is far beyond the scope of this chapter (see Mayden 1997; 
Docker 2009), but readers should be aware that inferring the boundaries between 
species (and hence the number of distinct species) can be subjective. Whereas 

Fig. 1.3  Pouched lamprey 
Geotria australis “macro-
phthalmia” from the Okuti 
River in the South Island 
of New Zealand. Although 
the large eyes for which this 
stage is named are evident in 
all species (particularly para-
sitic species), the  beautiful 
iridescent blue coloration 
seen here is unique to 
pouched lamprey. (Photo: © 
http://www.rodmorris.co.nz)
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Renaud (2011) recognized 40 species in his Lampreys of the World, Potter et al. (see 
Chap. 2) recognize 41 species and Maitland et al. (see Chap. 8)—recognizing three 
recently-described “cryptic” brook lamprey species (Mateus et al. 2013) as distinct 
from European brook lamprey—list 44 species. It is also important to acknowledge 
that these numbers are for formally described species; a number of putative lamprey 
species (e.g., Yamazaki et al. 2003; Boguski et al. 2012) have not yet been described 
(see Chap. 2). Thus, a succinct answer to the question “How many lamprey species 
are there?” still remains “approximately 40.”

What Are the Conventions Used for Common and Scientific Names in this 
Book? Within each chapter, both scientific and common names are given on first 
use, and common names are used exclusively thereafter. The only exception is in the 
chapter dealing with lamprey taxonomy (see Chap. 2), where the scientific names 
are more informative in that context (i.e., with placement in the same genus imply-
ing closer relationship). In Chap. 2, where genus names that start with the same 
letter are abbreviated, the first two letters are used (e.g., Le. and La. to distinguish 
Lethenteron from Lampetra). The scientific names follow the American Fisheries 
Society’s (AFS) seventh edition of Common and Scientific Names of Fishes from the 
United States, Canada, and Mexico (Page et al. 2013a) for North American species 
and, with one exception (the Po brook lamprey Lampetra zanandreai; see Chap. 2), 
FishBase (Froese and Pauly 2014) for other species. The describing authorities and 
date of authorship are given in Appendix 2.1; note that, in the case of changed genus 
and species combinations (i.e., where a species has been reassigned to a different 
genus than that in which it was originally described), the authorship and date are set 
in parentheses. Common names used in the book generally agree with the standard 
common names recommended in the AFS Names of Fishes list (Page et al. 2013a) 
or those used in FishBase, but authors were not restricted to using these names only. 
In some cases, common names selected by the AFS are not yet well known (particu-
larly elsewhere in the world) or their stabilities have yet to be proven (see Kendall 
2002); in other cases, experts working on these species prefer other common names 
(see Table 2.1). In no case have more than two common names been used for a 
single species and, of course, the species in question has been clearly identified on 
first mention by its scientific name. Thus, it was felt that the use of alternate (i.e., 
other common) common names would reduce (and not lead to) confusion among 
readers, particularly given the intended international audience for this book.

Why Are Common Names Not Capitalized in this Book? In 2002, an ad hoc 
committee of the American Society of Ichthyologists and Herpetologists (ASIH) 
advocated capitalizing the common names of fish species (Nelson et al. 2002). 
Two compelling arguments for capitalization included elimination of ambiguity 
(i.e., because “treating common names as proper nouns ensures that adjectives are 
recognized as part of the names rather than as a descriptive adjective”) and giv-
ing  emphasis to the name (letting it “stand out and be easier to spot in scientific 
publications”). In December 2003, the editorial board of Copeia, the journal of 
the ASIH, started capitalizing species common names in this journal. The seventh 
edition of  Common and Scientific Names of Fishes from the United States, Can-
ada, and Mexico (Page et al. 2013a) included capitalization of English (but not 
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French or Spanish) common names and, as of January 2013, AFS publications (e.g., 
Transactions of the American Fisheries Society, North American Journal of Fisher-
ies Management, Fisheries, Journal of Aquatic Animal Health) likewise required 
that English common names be capitalized. Some organizations [e.g., the Interna-
tional Union for the Conservation of Nature (IUCN) and the Committee on the Sta-
tus of Endangered Wildlife in Canada (COSEWIC)] have followed suit. Despite this 
recent trend toward capitalization of (English) common names, however, common 
names are not capitalized in this book. It was the editor’s feeling that, despite being 
passionately embraced by many ichthyologists and fish biologists, the preference 
for capitalized common names is far from universal. Even among North American 
ichthyologists, there seems to be dissent (e.g., Kendall 2002) and the majority of 
“fishy” journals in which many of us publish (e.g., Journal of Fish Biology, Cana-
dian Journal of Fisheries and Aquatic Sciences, Environmental Biology of Fishes, 
Journal of Applied Ichthyology, Ecology of Freshwater Fish, Fish and Fisheries) 
do not capitalize common names. Furthermore, given that there are subtle rules 
associated with the capitalization of common names (e.g., individual species names 
are capitalized but not the common portions of names shared by two or more spe-
cies, common names of fish species are capitalized but not the names of non-fish 
species, common names of subspecies are capitalized but not the names of life his-
tory variants; see Page et al. 2013b), the editor was concerned that this will create 
a divide between ichthyologists and other biologists interested in lampreys. Having 
fewer rules for common names is more likely to improve communication among 
those interested in lampreys. The use, on first mention, of both common names and 
scientific names (with all the latter’s rules; International Commission on Zoological 
Nomenclature 1999) should prevent any ambiguity. Thus, despite the many argu-
ments given for capitalization—and our willingness, of course, to capitalize com-
mon names when required—we felt it was both unnecessary and premature to do 
so in this book. Let’s see first if this preference for capitalized common names has, 
like lampreys, a broad global distribution and the ability to stand the test of time.
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Abstract The lampreys (Petromyzontiformes), one of the two surviving groups 
of agnathan (jawless) vertebrates, currently consist of 41 recognized species. This 
group has an antitropical distribution, with the 37 species of Northern Hemisphere 
lampreys assigned to the Petromyzontidae, whereas the four species of Southern 
Hemisphere lampreys are separated into either the Geotriidae (one species) or Mor-
daciidae (three species). All lamprey species have a blind and microphagous, bur-
rowing larva (ammocoete), which spends a number of years in the soft sediment 
of creeks and rivers, after which it undergoes a radical metamorphosis. Eighteen 
lamprey species then embark on an adult parasitic phase (nine at sea and nine in 
fresh water) during which they increase markedly in size, whereas the other 23 spe-
cies do not feed as adults and remain in fresh water. On the basis of morphology, 
17 of the 23 non-parasitic species each evolved from a particular parasitic species 
whose descendants are still represented in the contemporary fauna. The remaining 
six non-parasitic species, the so-called “southern relict” species, have no obvious 
potential ancestral parasitic species, implying they have diverged markedly from 
their parasitic ancestor or that the parasitic ancestor is now extinct. Many of the 
main taxonomic characteristics reside in features that are associated with parasitic 
feeding, for example, the type and arrangement of the teeth on the suctorial disc 
and tongue-like piston. The phylogenetic relationships, derived by maximum par-
simony analyses of morphological and anatomical data for the 18 parasitic spe-
cies, were similar in most respects to those obtained by subjecting molecular data 
(cytochrome b mitochondrial DNA sequence data) for those species to Bayesian 
analyses. However, in contrast to the results of morphological analyses, the genera 
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Eudontomyzon and Lampetra were not monophyletic when using molecular anal-
yses. When non-parasitic species were included in the molecular analyses, some 
of the six relict non-parasitic species formed clades with parasitic species which, 
from their morphology, had been allocated by taxonomists to different genera. More 
genes, and particularly nuclear genes, should be used to help resolve the basis for 
these differences between the morphological and molecular phylogenies.

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

2.1  Introduction

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

The first fossil lamprey to be described was the beautifully-preserved  Mayomyzon 
pieckoensis from the upper Carboniferous (c. 280 million years ago, mya) deposits 
of Mazon Creek in Illinois (Bardack and Zangerl 1968, 1971). This fossil clearly 
possessed many of the morphological and anatomical characters of the adults of 
 extant lampreys, such as an annular cartilage, which maintains the structural integri-
ty of the suctorial disc, a piston cartilage, dorsolateral eyes, and seven gill apertures 
on either side of the body. Since the landmark discovery of M. pieckoensis, a further 
three definitive fossil lampreys have been found. The youngest of these is Mesomy-
zon mengae from the lower Cretaceous of China c. 125 mya (Chang et al. 2006), 
followed in age by Hardistiella montanensis from lower Carboniferous  deposits 
in Montana c. 320 mya (Janvier and Lund 1983), and then Priscomyzon  riniensis 
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from upper Devonian deposits in South Africa c. 360 mya (Gess et al. 2006). The 
first  indisputable fossil hagfish to be discovered was Myxinikela siroka, which 
was found in the same geological horizon and general locality as the lamprey M. 
pieckoensis, and thus likewise dates back c. 300 mya (Bardack 1991, 1998). More 
recently, another hagfish fossil, Myxineidus gononorum, was discovered in upper 
Carboniferous deposits in France and is therefore also of approximately the same 
age as the above two fossils (Poplin et al. 2001). Germain et al. (2014) have cast 
doubt, however, on whether M. gononorum is a hagfish and provide evidence that 
it could be a lamprey.

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

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

Fig. 2.1  Lateral views of a a larval lamprey (ammocoete), b an adult lamprey, and c a hagfish. 
This figure was originally published in Hardisty et al. (1989). (Reproduced by permission of The 
Royal Society of Edinburgh from Transactions of the Royal Society of Edinburgh: Earth Sciences 
volume 80 (1989), pp. 241–254)
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2.2  Life Cycles and “Paired Species”

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

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

Following the completion of the larval phase, the life cycle of the lamprey di-
verges in one of two main directions. One course leads to the development, during 
metamorphosis, of a sexually immature young adult (Fig. 2.1b) that embarks on a 
parasitic feeding phase (Renaud et al. 2009a; Renaud and Cochran in press). The 
young adults of nine of these eighteen parasitic species feed at sea following a 
downstream migration. When fully grown they cease feeding and return to rivers, 
but not necessarily their natal systems, where they become sexually mature, spawn 
and die (Table 2.1; Hardisty and Potter 1971b; Potter et al. 2014; see Chap. 5). 
Five of these nine anadromous species have given rise to freshwater-resident or 
landlocked forms, whose immature adults feed in lakes or in the wider regions of 
large rivers (Table 2.1; Applegate 1950; Nursall and Buchwald 1972; see Docker 
and Potter in press). The remaining nine parasitic species are confined to fresh wa-
ter and have essentially the same life cycle as the landlocked forms of anadromous 
species (Table 2.1; Hubbs and Trautman 1937; Chappuis 1939; Álvarez del Villar 
1966; Renaud and Cochran in press). The maximum total length attained by para-
sitic species varies markedly, ranging from 145 mm in the freshwater Miller Lake 
lamprey Entosphenus minimus to 310–490 mm in small anadromous species, such 
as the western and European river lampreys ( Lampetra ayresii and La. fluviatilis, 
respectively) to between 780 and 1,200 mm in the large anadromous pouched lam-
prey Geotria australis, Pacific lamprey Entosphenus tridentatus, and sea lamprey 
Petromyzon marinus (Oliva 1953; Vladykov and Follett 1958; Hardisty and Potter 
1971b; Potter et al. 1983; Hardisty 1986; Lorion et al. 2000).
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The second main direction exhibited by the lamprey life cycle involves a shift-
ing in the timing of sexual maturation relative to metamorphosis, such that it com-
mences during the transition from the ammocoete to the adult rather than after 
the completion of a parasitic phase as with the species above. The parasitic phase 
thus becomes eliminated and spawning takes place soon after the completion of 
metamorphosis (Hardisty 2006; Docker 2009). Consequently, these non-parasitic 
species breed at a length no greater than that of their longest ammocoetes. As most 
of these non-parasitic species are morphologically similar to a particular parasitic 
species in all aspects other than body size, it has been assumed that each evolved 
from that parasitic species (Potter 1980b; Docker 2009). On this basis, 15 of the 
23 non-parasitic species listed in Table 2.1 can be “paired” with a congeneric 
parasitic species (in some cases, with a single parasitic “stem” species giving rise 

Fig. 2.2  The suctorial disc and dentition of a a fully-metamorphosed Mordacia mordax, b an early 
upstream migrant of Geotria australis, c a young feeding adult of anadromous Petromyzon mari-
nus, and d a recently-metamorphosed Lampetra fluviatilis. (Photos b–d: David Bird)
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to more than one non-parasitic “satellite” species; Vladykov and Kott 1979a). An 
additional two species (Northern California brook lamprey Entosphenus folletti 
and Pit-Klamath brook lamprey En. lethophagus) also appear to be recent non-
parasitic derivatives but, in these cases, it is not clear whether En. tridentatus 
or En. similis is the ancestor (Potter et al. 2014). The reader is referred to the 
reviews by Hardisty (2006), Docker (2009), Renaud et al. (2009b), and Docker 
and Potter (in press) for a comprehensive discussion of the issues surrounding the 
relationships between non-parasitic and parasitic species. We focus below on the 
taxonomic status of these species.

Despite the morphological similarities that link these non-parasitic derivative 
species with their presumed parasitic ancestor, a number of studies have revealed 
significant anatomical differences between species in at least some pairs. The 
differences between the non-parasitic and parasitic members of one or more spe-
cies pairs include, in the non-parasitic member of the pair, a lower prevalence of 
pigmentation on the tongue precursor and usually fewer oocytes in the ovaries 
of the ammocoetes and, following metamorphosis, a less well-developed gut, a 

Fig. 2.3  Oral disc of Ichthyomyzon bdellium, showing the different fields and types of teeth and 
laminae and their nomenclature. Note that alate rows comprise an inner circumoral and an outer 
marginal, and the intervening intermediate rows of disc teeth: median anterior tooth row ( MA), 
marginal teeth ( MG), anterior field ( AF), anterior circumoral teeth ( AC), supraoral lamina ( SO), 
lateral field ( LF), intermediate disc teeth ( IT), lateral circumoral teeth ( LC), longitudinal lingual 
lamina ( LL), transverse lingual lamina ( TL), infraoral lamina ( IO), posterior circumoral teeth 
( PC), and posterior field ( PF). (This figure was originally published in Hubbs and Potter (1971) 
and reproduced with permission of Elsevier)
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relatively smaller eye and suctorial disc, less well-developed teeth and velar ten-
tacles, and fewer trunk myomeres (Hughes and Potter 1969; Hardisty and Potter 
1971c; Potter and Osborne 1975; Vladykov and Kott 1976a, 1979a; Potter 1980b; 
Beamish and Thomas 1983). In exceptional cases, however, a particular trait can 
go in one direction in some species pairs and in the opposite direction in other 
species pairs. Thus, while the number of teeth in the anterior field and in the 
lateral and posterior fields were greater in the non-parasitic European brook lam-
prey Lampetra planeri than in its parasitic ancestor Lampetra fluviatilis (Hardisty 
et al. 1970), the number of posterial teeth in the non-parasitic Entosphenus folletti 
and En. lethophagus were less than in parasitic En. tridentatus and En. similis 
(Vladykov and Kott 1976b, 1979b).

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

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

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

In addition to the 17 recent non-parasitic derivatives discussed above, the 
 contemporary fauna also contains six non-parasitic species for which there is no 
obvious potential ancestral parasitic species, implying either that these species have 
diverged markedly from their parasitic ancestor or that the parasitic ancestor is 
now extinct. These so-called “southern relict” species (non-parasitic lampreys that 
 occur at or near the extreme southern limits of distribution of the Northern Hemi-
sphere lampreys; Hubbs and Potter 1971) are the: Western Transcaucasian brook 
lamprey Lethenteron ninae; Macedonia brook lamprey Eudontomyzon hellenicus; 
Epirus brook lamprey Eu. graecus; Kern brook lamprey Lampetra hubbsi; least 
brook lamprey Lampetra aepyptera; and Po brook lamprey Lampetra zanandreai 
(see Sect. 2.4.2).
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2.3  Taxonomic Characters

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

The main morphological characters used to describe the ammocoetes of the 
various species are the number of trunk myomeres, the shape of the caudal fin, and 
the patterns of pigmentation on various parts of their body surface and tongue pre-
cursor (Vladykov 1950; Potter and Osborne 1975; Neira et al. 1988). In contrast, 
the most important characters for describing the adults of the various species are 
those involving the dentition on the suctorial disc and piston (Figs. 2.2 and 2.3). 
Although this disc and dentition are not fully developed until late in metamorpho-
sis (Bird and Potter 1979; see Chap. 4) and the dentition of one species, Lampetra 
aepyptera, is extremely degenerate (Fig. 2.4), the number of teeth in the various 
tooth series and the arrangement and shape of those teeth are very useful diag-
nostic tools for identifying the adults of different species (Hubbs and Trautman 

Fig. 2.4  Oral disc of the least 
brook lamprey Lampetra 
aepyptera, showing the 
highly degenerate dentition 
of this non-parasitic species. 
(This figure was originally 
published in Hubbs and Pot-
ter (1971) and reproduced 
with permission of Elsevier)
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1937; Vladykov and Follett 1967; Potter and Strahan 1968). The number and ar-
rangement of the velar tentacles of adult lampreys (Vladykov and Kott 1976a), 
structures which guard the entrance to the water tube that leads into the branchial 
chamber and thus prevent large particles from entering that chamber and poten-
tially clogging the gills (Renaud et al. 2009a), also represent valuable taxonomic 
tools. As with ammocoetes, the number of trunk myomeres is also often useful for 
identifying the adults of certain species (Hubbs and Trautman 1937; Zanandrea 
1957; Iwata et al. 1985; Renaud and Economidis 2010). Although Bond and Kan 
(1986) suggested that myomere counts in La. richardsoni and the Pacific brook 
lamprey La. pacifica followed Jordan’s rule, that is, increasing in number with in-
creasing latitude and thus decreasing temperature, Reid et al. (2011) found no such 
latitudinal cline in either species. Likewise, Creaser and Hubbs (1922) proposed 
that the Pacific lamprey comprised a northern subspecies Entosphenus tridentatus 
tridentatus with 68–74 trunk myomeres and a southern subspecies En. tridenta-
tus ciliatus with 57–67 trunk myomeres, but this proposal was later dismissed as 
untenable (Hubbs and Potter 1971). Beamish (2010) has shown that the number, 
size, shape and arrangement of the papillae on the posterior rim of the gill pores 
of adult lampreys vary among certain species and that the central process, which 
lies just inside this rim in some species, varies in shape. As this latter suite of 
characters was capable of distinguishing between even the individuals of closely-
related non-parasitic species, it clearly has considerable potential for refining the 
descriptions of lamprey species.

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

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

2.4  Current Taxonomic Schemes

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

Note that, as discussed in relevant parts of the subsequent text, the results of 
a reanalysis of the molecular data for parasitic species, which was used by Lang 
et al. (2009) and employed a single gene, sometimes did not match those of the 
morphological analyses (Fig. 2.5a, b). Although certain implications of the molecu-
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lar analyses may turn out to be valid, it was decided not to change the and mainly 
acrocentric generic allocation of any species until more comprehensive genetic 
analyses have been undertaken. The key differences, as well as similarities, in the 
implications of cladistic analyses of the morphological and molecular data sets are 
discussed in the following text.

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

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

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

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

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

2.4.1  Interrelationships Among Parasitic Taxa

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

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

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

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

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

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

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

2.4.2  Relationships of Non-Parasitic Species

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

Surprisingly, however, certain non-parasitic and parasitic species, which, from 
their morphology, had been allocated by taxonomists to different genera, were 
grouped together by this analysis. For example, analyses using cytochrome b data 
led to the non-parasitic species classically designated as Eudontomyzon hellenicus 
being aligned with Caspiomyzon wagneri (Fig. 2.6). Although Eu. hellenicus and 
C. wagneri both occur in Europe, there is a substantial gap between their present-
day distributions (Table 2.1) and their morphological features differ in a number 
of conspicuous respects (Vladykov et al. 1982; Gill et al. 2003). Note that the Eu. 
hellenicus from the Ionian Sea basin in the cladogram by Lang et al. (2009) has 
now been identified as Eu. graecus and that, together with Eu. hellenicus from the 
Aegean Sea basin, constitute a clade that is the sister group to C. wagneri. How-
ever, although Eu. hellenicus and Eu. graecus were shown to form a clade with C. 
wagneri, they are still genetically very distinct from C. wagneri (i.e., differing by 
10.5–10.7 % in their cytochrome b sequences, compared to the above species pairs 
that differed by 0–3 %; see Docker and Potter in press). Furthermore, the presence 
of two synapomorphies in the two brook lampreys from Greece, namely, a wide 
supraoral lamina and a very large median tooth on the transverse lingual lamina 
(Renaud and Economidis 2010), as well as in the parasitic members of the genus 
(i.e., Eu. danfordi and Eu. morii), and their absence in C. wagneri (Gill et al. 2003) 
emphasize the importance of using more than just a single genetic marker in the 
future to resolve the relationships among the above taxa.
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Holčík (1986b) and Bianco (1986) placed Lampetra zanandreai in the genus 
Lethenteron because its lateral circumorals (endolaterals) are usually bicuspid and 
because posterior circumorals (posterials) are present in most specimens. This 
arrangement was followed by Renaud (1997), Potter and Gill (2003), and Ren-
aud (2011). However, Kottelat and Freyhof (2009) argued that, while these two 
characters may be useful in diagnosing species, they are not useful in defining 
lineages. We have therefore reverted to the original generic assignment, which is 
consistent with the molecular-based cladogram that shows Lampetra zanandreai 
within a Eurasian Lampetra clade (Fig. 2.6).

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

2.5  Distribution

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

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

The Northern Hemisphere genus Ichthyomyzon, which belongs to the subfamily 
Petromyzontinae, and comprises three parasitic species and their three respective 
non-parasitic derivatives (Table 2.1), is confined to river systems and lakes in cen-
tral and eastern North America (Fig. 2.8). Several lines of evidence indicate that this 
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genus either evolved in fresh water or has been confined to fresh water for a very 
long period (see Bartels et al. 2012). The anadromous and monotypic Petromyzon 
is found along the eastern and western seaboards of the North Atlantic Ocean and 
throughout the Mediterranean Sea and is represented by a landlocked form in North 
America (Fig. 2.9; Hubbs and Potter 1971; Çevik et al. 2010). Like G. australis, 
the large anadromous form of P. marinus ranges widely in the marine environment 
(Halliday 1991). Caspiomyzon, the remaining genus of the subfamily Petromyzon-
tinae (see Sect. 2.4), and which contains only the anadromous parasitic C. wagneri, 
is restricted to the Caspian Sea basin (Fig. 2.8).

The second subfamily, Lampetrinae, contains five genera (Table 2.1). Although 
Tetrapleurodon is unique among lampreys in that its distribution is entirely restrict-
ed to a sub-tropical area, this apparent anomaly is explained by the fact that the 
single parasitic and derivative non-parasitic species that comprise this genus oc-
cur only in high altitude lakes and rivers, in which the waters are relatively cool 

Fig. 2.7  Distributions of the Southern Hemisphere genera of lampreys ( Mordacia and Geotria) by 
polar projection. (Modified from Hubbs and Potter 1971)
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(Table 2.1; Fig. 2.10; Álvarez del Villar 1966; Cochran et al. 1996). The four para-
sitic and two non-parasitic species of Entosphenus are all found in drainages along 
the west coast of North America (Table 2.1; Fig. 2.8). Entosphenus tridentatus, 
the large and sole anadromous species in this genus, ranges widely throughout the 
North Pacific Ocean during its parasitic phase (Hubbs and Potter 1971; Fukutomi 
et al. 2002; Renaud 2008, 2011). While a few freshwater-resident populations of En. 
tridentatus have been reported along the western coast of North America, there is 
some uncertainty regarding their taxonomic status (e.g., Moyle et al. 2009; Taylor 
et al. 2012; see Docker and Potter in press). The single parasitic species of Lethen-
teron, Le. camtschaticum, which comprises both anadromous and landlocked forms 
(Heard 1966; Nursall and Buchwald 1972; Kucheryavyi et al. 2007a, 2007b), is 
found to the northern tip of Alaska at about 72 °N (McPhail and Lindsey 1970), 
which is further north than any other lamprey species. This species has a wide 

Fig. 2.8  Distributions of four of the eight Northern Hemisphere genera of lampreys ( Caspiomy-
zon, Entosphenus, Eudontomyzon, Ichthyomyzon) by polar projection. (Updated from Hubbs and 
Potter 1971)
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 distribution in the Arctic Ocean, extending from the White Sea in Russia to the 
Beaufort Sea in Canada and southwards to Japan in the western North Pacific Ocean 
(Table 2.1; Fig. 2.9). Although this range encompasses those of three of its non-par-
asitic derivatives (i.e., Le. alaskense, Le. reissneri, and Le. kessleri), the fourth, Le. 
appendix, occupies drainages in middle and eastern North America and is thus sepa-
rated from its presumed ancestor by nearly 2,500 km (Table 2.1; Fig. 2.9; Renaud 
et al. 2009b). The remaining non-parasitic species of Lethenteron, Le. ninae, whose 
affinity is unclear, is found in the drainage of the Black Sea (Table 2.1; Fig. 2.9).

As with Ichthyomyzon in North America, Eudontomyzon, which is confined to 
Eurasia, is an exclusively freshwater genus (Table 2.1; Fig. 2.8). Note that we do 
not recognize Eudontomyzon sp. nov. “migratory,” listed as extinct by the Interna-
tional Union for the Conservation of Nature (IUCN), because it was never formally 
described (see Kottelat et al. 2005). In Europe, the parasitic Eu. danfordi occurs in 
tributaries of the Danube River. One of its non-parasitic derivatives, Eu. mariae, has 

Fig. 2.9  Distributions of two of the eight Northern Hemisphere genera of lampreys ( Lethenteron, 
Petromyzon) by polar projection. (Updated from Hubbs and Potter 1971)
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a wide-ranging distribution that includes drainages from the Baltic Sea in the north 
to the Aegean Sea in the south, whereas the other, Eu. stankokaramani, is restricted 
to drainages of the Adriatic Sea (Table 2.1). Two other non-parasitic species, Eu. 
hellenicus and Eu. graecus, whose parasitic ancestries are unclear (see Sect. 2.4.2), 
each occur in a single drainage on the east and west side, respectively, of the Pindus 
Mountain range in Greece (Table 2.1). The parasitic species Eu. morii is confined to 
a single drainage that traverses China and North Korea (Table 2.1).

Within the genus Lampetra, the anadromous parasitic species La. ayresii and its 
non-parasitic derivative La. richardsoni, co-occur along an extensive strip of the 
western seaboard of North America, while its analogs, the anadromous parasitic 
La. fluviatilis and the non-parasitic La. planeri, co-occur and are widely distributed 
throughout Europe (Table 2.1; Fig. 2.10). In contrast to the above two non-parasitic 
species, La. pacifica (a second derivative of La. ayresii) and La. lanceolata (a sec-
ond derivative of La. fluviatilis) both have very restricted distributions. Vladykov 

Fig. 2.10  Distributions of two of the eight Northern Hemisphere genera of lampreys ( Lampetra, 
Tetrapleurodon) by polar projection. (Updated from Hubbs and Potter 1971)
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(1973) suggested that La. pacifica was distributed in the Columbia River drainage 
in Oregon and also in the Sacramento and San Joaquin river systems in California, 
but Reid et al. (2011) recommend restriction of La. pacifica to the Columbia River 
basin, at least until further systematic information (e.g., regarding unresolved popu-
lations of Lampetra brook lampreys; see Sect. 2.4) is available. Nevertheless, while 
La. pacifica is found within the distribution of its presumed ancestor, that of La. 
lanceolata is far removed from that of its presumed ancestral species. Although an 
anadromous lamprey recently discovered in the Sea of Azov and referable to the ge-
nus Lampetra might be La. fluviatilis, Naseka and Diripasko (2008) concluded that 
they were not conspecific because they differed, in admittedly minor morphological 
respects, and were widely separated geographically. The remaining non-parasitic 
species of Lampetra, La. zanandreai and La. hubbsi, whose parasitic ancestry have 
not been established, are both considered southern relicts (see Sect. 2.2). The former 
species is found in the drainage of the Adriatic Sea and the latter in the Friand-
Kern Canal and Merced River, California (Vladykov and Kott 1984), but Boguski 
et al. (2012) suggest that La. hubbsi may also occur in the upper Sacramento River 
(Table 2.1; Fig. 2.10).

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

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

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

2.6 Conclusions and Future Directions

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

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

Another remaining uncertainty is the phylogenetic relationship between the 
parasitic and non-parasitic members of species pairs. We recommend that no new 
non-parasitic species is erected until there has been a thorough morphological and 
molecular analysis aimed at elucidating the extent of the relationship between the 
putative new species and its presumed ancestor and comparisons with appropriate 
type specimens. This is particularly pertinent because the individuals in different 
populations of non-parasitic species may be genetically divergent but, at present, 
are morphologically indistinguishable. Furthermore, the phylogenetic positions of 
the six non-parasitic southern relict species for which there are no obvious ances-
tors (e.g., La. aepyptera, Le. ninae) need to be investigated using a wide range of 
independent genetic loci.
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Appendix 2.1 List of Lamprey Families, Genera  
and Species and Their Authorities

Mordaciidae Gill 1893
Mordacia Gray 1851

Mordacia mordax (Richardson 1846)
Mordacia praecox Potter 1968
Mordacia lapicida (Gray 1851)

Geotriidae Jordan 1923
Geotria Gray 1851

Geotria australis Gray 1851
Petromyzontidae Bonaparte 1832

Caspiomyzon Berg 1906
Caspiomyzon wagneri (Kessler 1870)

Petromyzon Linnaeus 1758
Petromyzon marinus Linnaeus 1758

Ichthyomyzon Girard 1858
Ichthyomyzon unicuspis Hubbs and Trautman 1937
Ichthyomyzon fossor Reighard and Cummins 1916
Ichthyomyzon castaneus Girard 1858
Ichthyomyzon gagei Hubbs and Trautman 1937
Ichthyomyzon bdellium (Jordan 1885)
Ichthyomyzon greeleyi Hubbs and Trautman 1937

Tetrapleurodon Creaser and Hubbs 1922
Tetrapleurodon spadiceus (Bean 1887)
Tetrapleurodon geminis Álvarez del Villar 1966

Entosphenus Gill 1862
Entosphenus tridentatus (Gairdner in Richardson 1836)
Entosphenus minimus (Bond and Kan 1973)
Entosphenus similis Vladykov and Kott 1979c
Entosphenus macrostomus (Beamish 1982)
Entosphenus folletti Vladykov and Kott 1976b
Entosphenus lethophagus (Hubbs 1971)

Lethenteron Creaser and Hubbs 1922
Lethenteron camtschaticum (Tilesius 1811)
Lethenteron alaskense Vladykov and Kott 1978
Lethenteron appendix (DeKay 1842)
Lethenteron reissneri (Dybowski 1869)
Lethenteron kessleri (Anikin 1905)
Lethenteron ninae Naseka et al. 2009

Eudontomyzon Regan 1911
Eudontomyzon danfordi Regan 1911
Eudontomyzon mariae (Berg 1931)
Eudontomyzon stankokaramani Karaman 1974
Eudontomyzon morii (Berg 1931)
Eudontomyzon hellenicus Vladykov et al. 1982
Eudontomyzon graecus Renaud and Economidis 2010
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Lampetra Bonnaterre 1788
Lampetra ayresii (Günther 1870)
Lampetra pacifica Vladykov 1973
Lampetra richardsoni Vladykov and Follett 1965
Lampetra hubbsi (Vladykov and Kott 1976c)
Lampetra aepyptera (Abbott 1860)
Lampetra fluviatilis (Linnaeus 1758)
Lampetra planeri (Bloch 1784)
Lampetra lanceolata Kux and Steiner 1972
Lampetra zanandreai Vladykov 1955

References

Abbott CC (1860) Descriptions of new species of American fresh-water fishes. Proc Acad Natl 
Sci Phila 12:325–328

Álvarez del Villar J (1966) Ictiología michoacana, IV. Contribución al conocimiento biológico y 
sistemático de las lampreas de Jacona, Mich., México. An Esc Nac Cienc Biol Méx 13:107–144

Anikin VP (1905) Opisanie novўkh aziatskikh vidov rўb [Description of new Asian species of 
fish]. Izv Tomsk Univ 1905:1–18

Applegate VC (1950) Natural history of the sea lamprey, Petromyzon marinus, in Michigan. US 
Fish Wildl Serv Spec Sci Rep Fish 55:1–237

April J, Mayden RL, Hanner RH, Bernatchez L (2011) Genetic calibration of species diversity 
among North America’s freshwater fishes. Proc Natl Acad Sci U S A 108:10602–10607

Bailey RM (1980) Comments on the classification and nomenclature of lampreys-an alternative 
view. Can J Fish Aquat Sci 37:1626–1629

Bardack D (1991) First fossil hagfish (Myxinoidea): a record from the Pennsylvanian of Illinois. 
Science 254:701–703

Bardack D (1998) Relationships of living and fossil hagfishes. In: Jørgensen JM, Lomholt JP, 
 Weber RE, Malte H (eds) The biology of hagfishes. Chapman and Hall, London, pp 3–14

Bardack D, Zangerl R (1968) First fossil lamprey: a record from the Pennsylvanian of Illinois. 
Science 162:1265–1267

Bardack D, Zangerl R (1971) Lampreys in the fossil record. In: Hardisty MW, Potter IC (eds) The 
biology of lampreys, vol 1. Academic Press, London, pp 67–84

Bartels H, Potter IC (1995) Structural organization and epithelial cell types of the intestinal 
 diverticula (protopancreas) of ammocoetes of southern hemisphere lampreys: functional and 
phylogenetic implications. Cell Tissue Res 280:313–324

Bartels H, Docker MF, Fazekas U, Potter IC (2012) Functional and evolutionary implications 
of the cellular composition of the gill epithelium of feeding adults of a freshwater parasitic 
 species of lamprey, Ichthyomyzon unicuspis. Can J Zool 90: 1278–1283

Beamish FWH, Thomas EJ (1983) Potential and actual fecundity of the “paired” lampreys, 
 Ichthyomyzon gagei and I. castaneus. Copeia 1983:367–374

Beamish RJ (1982) Lampetra macrostoma, a new species of freshwater parasitic lamprey from the 
west coast of Canada. Can J Fish Aquat Sci 39:736–747

Beamish RJ (2010) The use of gill pore papillae in the taxonomy of lampreys. Copeia  2010:618–628
Beamish RJ, Wade J (2008) Critical habitat and the conservation ecology of the freshwater 

 parasitic lamprey, Lampetra macrostoma. Can Field-Nat 122:327–337
Bean TH (1887) Descriptions of five new species of fishes sent by Prof. A Dugès from the  province 

of Guanajuato, Mexico. Proc U S Natl Mus 10:370–375 + 1 pl
Berg LS (1906) Ubersicht der Marsipobranchii des Russischen Reiches. Bull Acad Imp Sci 

24:169–183



672 The Taxonomy, Phylogeny, and Distribution of Lampreys

Berg LS (1931) A review of the lampreys of the northern hemisphere. Ann Mus Zool Acad Sci 
URSS 32:87–116 + 8 pls

Bianco PG (1986) Lethenteron zanandreai (Vladykov, 1955). In: Holčík J (ed) The freshwater 
fishes of Europe, vol 1, part 1, Petromyzontiformes. AULA, Wiesbaden, pp 237–246

Bird DJ, Potter IC (1979) Metamorphosis in the paired species of lampreys, Lampetra fluviatilis 
(L.) and Lampetra planeri (Bloch). 1. A description of the timing and stages. Zool J Linn Soc 
65:127–143

Blair JE, Hedges SB (2005) Molecular phylogeny and divergence times of deuterostome animals. 
Mol Biol Evol 22:2275–2284

Blank M, Jürss K, Bastrop R (2008) A mitochondrial multigene approach contributing to the 
systematics of the brook and river lampreys and the phylogenetic position of Eudontomyzon 
mariae. Can J Fish Aquat Sci 65:2780–2790

Bloch ME (1784) M. Marcus Elieser Bloch’s …, ausübenden Arztes zu Berlin, Oeconomische 
Naturgeschichte der Fische Deutschlands, vol 3. Aus Kosten des Verfassers, und in  Commission 
in der Buchlandlung der Realschule, Berlin, viii + 234 + pls 73–108

Boguski DA, Reid SB, Goodman DH, Docker MF (2012) Genetic diversity, endemism and 
 phylogeny of lampreys within the genus Lampetra sensu stricto (Petromyzontiformes: 
 Petromyzontidae) in western North America. J Fish Biol 81:1891–1914

Bonaparte CL (1832) Saggio d’una distribuzione metodica degli animali vertebrati a sangue 
 freddo. Giorn Arcadico 52:129–189

Bond CE, Kan TT (1973) Lampetra ( Entosphenus) minima n. sp., a dwarfed parasitic lamprey 
from Oregon. Copeia 1973:568–574

Bond CE, Kan TT (1986) Systematics and evolution of the lampreys of Oregon. In: Uyeno T, Arai 
R, Taniuchi T, Matsuura K (eds) Indo-Pacific fish biology, Proc 2nd Int Conf Indo-Pacific Fish. 
Ichthyol Soc Jpn, Tokyo, p 919

Bonnaterre JP (1788) Tableau encyclopédique et méthodique des trois règnes de la nature. Ichthy-
ologie, Paris, lvi (there is no p iii) + 215 + pls A and B + 100 pls

Çevik C, Ergüden D, Tekelioğlu N (2010) Confirmation of the presence of the sea lamprey, Petro-
myzon marinus Linnaeus, 1758 in the Levantine Sea (Petromyzoniformes: Petromyzonidae). 
Zool Middle East 49:107–108

Chang M-m, Zhang J, Miao D (2006) A lamprey from the Cretaceous Jehol biota of China. Nature 
441:972–974

Chappuis PA (1939) Über die Lebensweise von Eudontomyzon danfordi Regan. Arch Hydrobiol 
34:645–658 + 1 pl

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

Creaser CW, Hubbs CL (1922) A revision of the Holarctic lampreys. Occas Pap Mus Zool Univ 
Mich 120:1–14 + 1 pl

DeKay JE (1842) Zoology of New-York, or the New-York fauna; comprising detailed descriptions 
of all the animals hitherto observed within the state of New-York, with brief notices of those 
occasionally found near its borders, and accompanied by appropriate illustrations, part IV, 
Fishes. W & A White & J Visscher, Albany, xv + 415 + 79 pls

Delarbre C, Gallut C, Barriel V, Janvier P, Gachelin G (2002) Complete mitochondrial DNA of 
the hagfish, Eptatretus burgeri: the comparative analysis of mitochondrial DNA sequences 
strongly supports the cyclostome monophyly. Mol Phylogen Evol 22:184–192

Docker MF (2006) Bill Beamish’s contributions to lamprey research and recent advances in the 
field. Guelph Ichthyol Rev 7:1–52

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

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



68 I. C. Potter et al.

Docker MF, Youson JH, Beamish RJ, Devlin RH (1999) Phylogeny of the lamprey genus  Lampetra 
inferred from mitochondrial cytochrome b and ND3 gene sequences. Can J Fish Aquat Sci 
56:2340–2349

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

Duméril AMC (1806) Zoologie analytique, ou méthode naturelle de classification des animaux; 
rendue plus facile à l’aide de tableaux synoptiques. Allais, Paris, pp xxxiii + 344

Dybowski BN (1869) Vorläufige Mittheilungen über die Fischfauna des Ononflusses und des 
 Ingoda in Transbaikalien. Verh k-k Zool Bot Ges 19:945–958 + 1 table + pls 14–18

Espanhol R, Almeida PR, Alves MJ (2007) Evolutionary history of lamprey paired species 
 Lampetra fluviatilis (L.) and Lampetra planeri (Bloch) as inferred from mitochondrial DNA 
variation. Mol Ecol 16:1909–1924

Fernholm B (1998) Hagfish systematics. In: Jørgensen JM, Lomholt JP, Weber RE, Malte H (eds) 
The biology of hagfishes. Chapman and Hall, London, pp 33–44

Froese R, Pauly D (eds) (2013) FishBase. http://www.fishbase.org, version 04/2013. Accessed 31 
May 2013

Fukutomi N, Nakamura T, Doi T, Takeda K, Oda N (2002) Records of Entosphenus tridentatus 
from the Naka River system, central Japan; physical characteristics of possible spawning redds 
and spawning behavior in the aquarium. Jpn J Ichthyol 49:53–58

Germain D, Sanchez S, Janvier P, Tafforeau P (2014) The presumed hagfish Myxineidus gonono-
rum from the Upper Carboniferous of Montceau-les-Mines (Saône-et-Loire, France: new data 
by means of propagation phase contrast X-ray synchroton microtomography. Ann Paléontol 
100:131–135

Gess RW, Coates MI, Rubidge BS (2006) A lamprey from the Devonian period of South Africa. 
Nature 443:981–984

Gill TN (1862) Notes on some genera of fishes of western North America. Proc Acad Natl Sci U 
S A 14:329–332

Gill TN (1893) Families and subfamilies of fishes. Mem Natl Acad Sci 6:127–138
Gill HS, Renaud CB, Chapleau F, Mayden RL, Potter IC (2003) Phylogeny of living parasitic 

lampreys (Petromyzontiformes) based on morphological data. Copeia 2003:687–703
Girard CF (1858) Fishes. General report on the zoology of the several Pacific railroad routes. 

United States Pacific Railroad Route Explorations and Surveys, vol 10, part 4, War Depart-
ment, Washington, DC, pp 400 + 21 pls

Goodman DH, Kinziger AP, Reid SB, Docker MF (2009) Morphological diagnosis of Entosphe-
nus and Lampetra ammocoetes (Petromyzontidae) in Washington, Oregon, and California. 
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 223–232

Gray JE (1851) List of the specimens of fish in the collection of the British Museum, part 1. 
 Chondropterygii. British Museum (Natural History), London, pp xi + 160 + 2 pls

Günther A (1870) Catalogue of the fishes in the British Museum, vol 8, catalogue of the 
 Physostomi, containing the families Gymnotidae, Symbranchidae, Muraenidae, Pegasidae, 
and of the  Lophobranchii, Plectognathi, Dipnoi, Ganoidei, Chondropterygii, Cyclostomata, 
Leptocardii in the British Museum. Taylor and Francis, London, pp xxv + 549

Halliday RG (1991) Marine distribution of the sea lamprey ( Petromyzon marinus) in the northwest 
Atlantic. Can J Fish Aquat Sci 48:832–842

Hardisty MW (1979) Biology of the cyclostomes. Chapman and Hall, London, pp 428
Hardisty MW (1982) Lampreys and hagfishes: analysis of cyclostome relationships. In: Hardisty 

MW, Potter IC (eds) The biology of lampreys, vol 4B. Academic Press, London, pp 165–260
Hardisty MW (1986) Lampetra fluviatilis (Linnaeus, 1758). In: Holčík J (ed) The freshwater fishes 

of Europe, vol 1, part 1, Petromyzontiformes. AULA, Wiesbaden, pp 249–278
Hardisty MW (2006) Lampreys. Life without jaws. Forrest Text, Tresaith, pp 272



692 The Taxonomy, Phylogeny, and Distribution of Lampreys

Hardisty MW, Potter IC (1971a) The behaviour, ecology and growth of larval lampreys. In:  Hardisty 
MW, Potter IC (eds) The biology of lampreys, vol 1. Academic Press, London, pp 85–125

Hardisty MW, Potter IC (1971b) The general biology of adult lampreys. In: Hardisty MW, Potter 
IC (eds) The biology of lampreys, vol 1. Academic Press, London, pp 127–206

Hardisty MW, Potter IC (1971c) Paired species. In: Hardisty MW, Potter IC (eds) The biology of 
lampreys, vol 1. Academic Press, London. pp 249–277

Hardisty MW, Potter IC, Sturge R (1970) A comparison of the metamorphosing and macrophthal-
mia stages of the lampreys Lampetra fluviatilis and L. planeri. J Zool 162:383–400

Hardisty MW, Potter IC, Hilliard RW (1989) Physiological adaptations of the living agnathans. 
Trans R Soc Edinb Earth Sci 80:241–254

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

Heimberg AM, Cowper-Sal·lari R, Sémon M, Donoghue PCJ, Peterson KJ (2010) MicroRNAs 
reveal the interrelationships of hagfish, lampreys, and gnathostomes and the nature of the 
 ancestral vertebrate. Proc Natl Acad Sci U S A 107:19379–19383

Holčík J (1986a) Determination criteria. In: Holčík J (ed) The freshwater fishes of Europe, vol 1, 
part 1, Petromyzontiformes. AULA, Wiesbaden, pp 24–32

Holčík J (1986b) Lethenteron Creaser and Hubbs, 1922. In: Holčík J (ed) The freshwater fishes of 
Europe, vol 1, part 1, Petromyzontiformes. AULA, Wiesbaden, pp 196–197

Holčík J, Šorić V (2004) Redescription of Eudontomyzon stankokaramani (Petromyzontes, 
Petromyzontidae)-a little known lamprey from the Drin River drainage, Adriatic Sea basin. 
Folia Zool 53:399–410

Holly M (1933) Cyclostomata. Das Tierreich 59:1–62
Hubbs CL (1925) The life-cycle and growth of lampreys. Pap Mich Acad Sci Arts Lett 4:587–603
Hubbs CL (1971) Lampetra ( Entosphenus) lethophaga, new species, the nonparasitic derivative of 

the Pacific lamprey. Trans S Diego Soc Natl Hist 16:125–164
Hubbs CL, Potter IC (1971) Distribution, phylogeny and taxonomy. In: Hardisty MW, Potter IC 

(eds) The biology of lampreys, vol 1. Academic Press, London, pp 1–65
Hubbs CL, Trautman MB (1937) A revision of the lamprey genus Ichthyomyzon. Misc Publ Mus 

Zool Univ Mich 35:7–109 + 2 pls
Hughes RL, Potter IC (1969) Studies on gametogenesis and fecundity in the lampreys Mordacia 

praecox and M. mordax (Petromyzonidae). Austr J Zool 17:447–464
Iwata A, Goto A, Hamada K (1985) A review of the Siberian lamprey, Lethenteron kessleri, in 

Hokkaido, Japan. Bull Fac Fish Hokkaido Univ 36:182–190
Janvier P (1981) The phylogeny of the Craniata, with particular reference to the significance of 

fossil “agnathans”. J Vert Paleontol 1:121–159
Janvier P (2010) MicroRNAs revive old views about jawless vertebrate divergence and evolution. 

Proc Natl Acad Sci U S A 107:19137–19138
Janvier P, Lund R (1983) Hardistiella montanensis n. gen. et sp. (Petromyzontida) from the lower 

Carboniferous of Montana, with remarks on the affinities of the lampreys. J Vert Paleontol 
2:407–413

Jordan DS (1885) A catalogue of the fishes known to inhabit the waters of North America, north of 
the tropic of Cancer, with notes on the species discovered in 1883 and 1884. Rep U S Comm 
Fish 13:789–973

Jordan DS (1923) A classification of fishes including families and genera as far as known. Stanford 
Univ Publ Univ Ser Biol Sci 3:77-243 + i–x

Karaman MS (1974) Eudontomyzon vladykovi stankokaramani n. ssp., a new subspecies of 
 lamprey from tributaries of the Ohrid-Drim-Skadar System in west Balkan Peninsula. Folia 
Balc 3:1–10 + 6 tables + 2 figs

Kessler K (1870) Volzhskaya minoga ( Petromyzon Wagneri n. sp.) [Volga lamprey ( Petromyzon 
Wagneri n. sp.)]. Trud St-Peterbg Obshchestva Estetvoznaniya 1:207–214

Kottelat M, Freyhof J (2009) Notes on the taxonomy and nomenclature of some European 
 freshwater fishes. Ichthyol Explor Freshw 20:75–90



70 I. C. Potter et al.

Kottelat M, Bogutskaya NG, Freyhof J (2005) On the migratory Black Sea lamprey and the 
 nomenclature of the ludoga, Peipsi and ripus whitefishes (Agnatha: Petromyzontidae; Tele-
ostei: Coregonidae). Zoosyst Rossica 14:181–186

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

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

Kuraku S, Kuratani S (2006) Time scale for cyclostome evolution inferred with a phylogenetic 
diagnosis of hagfish and lamprey cDNA sequences. Zool Sci 23:1053–1064

Kuraku S, Hoshiyama D, Katoh K, Suga H, Miyata T (1999) Monophyly of lampreys and  hagfishes 
supported by nuclear DNA-coded genes. J Mol Evol 49:729–735

Kux Z, Steiner HM (1972) Lampetra lanceolata, eine neue Neunaugenart aus dem Einzugsge-
biet des Schwarzen Meeres in der nordöstlichen Türkei. Čas Morav Mus Acta Mus Morav 
 56-57:375–384 + 10 figs

Lang NJ, Roe KJ, Renaud CB et al (2009) Novel relationships among lampreys  (Petromyzontiformes) 
revealed by a taxonomically comprehensive molecular dataset. 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 41–55

Linnaeus C (1758) Systema Naturae per regna tria naturae, secundum classes, ordines, genera, 
species, cum characteribus, differentiis, synonymis, locis, vol 1. Laurentii Salvii, Stockholm

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

Macey DJ, Potter IC (1978) Lethal temperatures of ammocoetes of the Southern Hemisphere 
 lamprey, Geotria australis Gray. Environ Biol Fish 3:241–243

Mallatt J, Sullivan J (1998) 28S and 18S rDNA sequences support the monophyly of lampreys and 
hagfishes. Mol Biol Evol 15:1706–1718

Mateus CS, Almeida PR, Quintella BR, Alves MJ (2011) MtDNA markers reveal the existence 
of allopatric evolutionary lineages in the threatened lampreys Lampetra fluviatilis (L.) and  
Lampetra planeri (Bloch) in the Iberian glacial refugium. Conserv Genet 12:1061–1074

Mateus CS, Stange M, Berner D et al (2013a) Strong genome-wide divergence between sympatric 
European river and brook lampreys. Curr Biol 23:R649–R650

Mateus CS, Alves MJ, Quintella BR, Almeida PR (2013b) Three new cryptic species of the 
 lamprey genus Lampetra Bonnaterre, 1788 (Petromyzontiformes: Petromyzontidae) from the 
Iberian Peninsula. Contrib Zool 82:37–53

McPhail JD, Lindsey CC (1970) Freshwater fishes of northwestern Canada and Alaska. Fish Res 
Board Can Bull 173:1–381

Moore JW, Mallatt JM (1980) Feeding of larval lamprey. Can J Fish Aquat Sci 37:1658–1664
Moyle, PB, Brown LR, Chase SD, Quiñones RM (2009) Status and conservation of lampreys 

in California. 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 279–292

Naseka AM, Diripasko OA (2008) A recent record of an anadromous lamprey (Agnatha: Petromy-
zontidae) from the Sea of Azov. Ichthyol Explor Freshw 19:283–287

Naseka AM, Tuniyev SB, Renaud CB (2009) Lethenteron ninae, a new nonparasitic lamprey 
 species from the north-eastern Black Sea basin (Petromyzontiformes: Petromyzontidae). Zoo-
taxa 2198:16–26

Near TJ (2009) Conflict and resolution between phylogenies inferred from molecular and 
 phenotypic data sets for hagfish, lampreys, and gnathostomes. J Exp Zool (Mol Dev Evol) 
312B:749–761

Neira FJ, Bradley JS, Potter IC, Hilliard RW (1988) Morphological variation among widely 
 dispersed larval populations of anadromous southern hemisphere lampreys (Geotriidae and 
Mordaciidae). Zool J Linn Soc 92:383–408



712 The Taxonomy, Phylogeny, and Distribution of Lampreys

Nelson JS (2006) Fishes of the world, 4th edn. Wiley, Hoboken, pp 601
Nelson JS, Crossman EJ, Espinosa-Pérez H et al (2004) Common and scientific names of fishes 

from the United States, Canada, and Mexico, 6th edn. American Fisheries Society Special 
Publication 29, Bethesda

Nursall JR, Buchwald D (1972) Life history and distribution of the Arctic lamprey ( Lethenteron 
japonicum (Martens)) of Great Slave Lake, N.W.T. Fish Res Board Can Tech Rep 304:1–28

Oliva O (1953) Příspěvek k přehledu našich mihulí (Petromyzones Berg 1940). Věstn Král Česk 
Spol Nauk 9:1-19 + 2 pls

Page LM, Espinosa-Pérez H, Findley LT et al (2013a) Common and scientific names of fishes 
from the United States, Canada, and Mexico, 7th edn. American Fisheries Society Special 
Publication 34, Bethesda

Page LM, Espinosa-Pérez H, Findley LT et al (2013b) New seventh edition of common and scien-
tific names of fishes changes include capitalization of common names. Fisheries 38:188–189

Poplin C, Sotty D, Janvier P (2001) A hagfish (Craniata, Hyperotreti) from the Late Carboniferous 
Konservat-Lagerstätte of Montceau-les-Mines (Allier, France). C R Acad Sci Earth Planet Sci 
332:345–350

Potter IC (1968) Mordacia praecox, n. sp., a nonparasitic lamprey (Petromyzonidae), from New 
South Wales, Australia. Proc Linn Soc N S W 92:254–261 + pl XIV

Potter IC (1980a) Ecology of larval and metamorphosing lampreys. Can J Fish Aquat Sci 
 37:1641–1657

Potter IC (1980b) The Petromyzoniformes with particular reference to paired species. Can J Fish 
Aquat Sci 37:1595–1615

Potter IC (1986) The distinctive characters of southern hemisphere lampreys (Geotriidae and 
 Mordaciidae). In: Uyeno T, Arai R, Taniuchi T, Matsuura K (eds) Indo-Pacific fish biology. 
Proc 2nd Int Conf Indo-Pacific Fish. Ichthyological Society of Japan, Tokyo, pp 9–19

Potter IC, Beamish FWH (1975) Lethal temperatures in ammocoetes of four species of lampreys. 
Acta Zool 56:85–91

Potter IC, Gill HS (2003) Adaptive radiation of lampreys. J Great Lakes Res 29(Suppl 1):95–112
Potter IC, Osborne TS (1975) The systematics of British larval lampreys. J Zool 176:311–329
Potter IC, Strahan R (1968) The taxonomy of the lamprey Geotria and Mordacia and their 

 distribution in Australia. Proc Linn Soc Lond 179:229–240 + 1 pl
Potter IC, Welsch U (1997) The structure of the gular pouch of mature males of the lamprey 

 Geotria australis. Acta Zool 78:97–106
Potter IC, Lanzing WJR, Strahan R (1968) Morphometric and meristic studies on populations of 

Australian lampreys of the genus Mordacia. Zool J Linn Soc 47:533–546
Potter IC, Prince PA, Croxall JP (1979) Data on the adult marine and migratory phases in the life 

cycle of the southern hemisphere lamprey, Geotria australis Gray. Environ Biol Fish 4:65–69
Potter IC, Hilliard RW, Bird DJ, Macey DJ (1983) Quantitative data on morphology and organ 

weights during the protracted spawning-run period of the Southern Hemisphere lamprey Geo-
tria australis. J Zool 200:1–20

Potter IC, Gill HS, Renaud CB (2014) Petromyzontidae: lampreys. In: Burr BM, Warren ML Jr 
(eds) North American freshwater fishes: natural history, ecology, behavior, and conservation. 
Johns Hopkins University Press, Baltimore, pp 106–139

Regan CT (1911) A synopsis of the marsipobranchs of the order Hyperoartii. Ann Mag Natl Hist 
7:193–204

Reid SB, Boguski DA, Goodman DH, Docker MF (2011) Validity of Lampetra pacifica 
 (Petromyzontiformes: Petromyzontidae), a brook lamprey described from the lower Columbia 
River basin. Zootaxa 3091:42–50

Reighard J, Cummins H (1916) Description of a new species of lamprey of the genus  Ichthyomyzon. 
Occas Pap Mus Zool Univ Mich 31:1–12 + 2 pls

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

Renaud CB (2008) Petromyzontidae, Entosphenus tridentatus: southern distribution record, Isla 
Clarión, Revillagigedo Archipelago, Mexico. Check List 4:82–85



72 I. C. Potter et al.

Renaud CB (2011) Lampreys of the world. An annotated and illustrated catalogue of lamprey 
 species known to date. FAO Species Cat Fish Purposes 5, FAO, Rome

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

Renaud CB, Economidis PS (2010) Eudontomyzon graecus, a new nonparasitic lamprey species 
from Greece (Petromyzontiformes: Petromyzontidae). Zootaxa 2477:37–48

Renaud CB, Gill HS, Potter IC (2009a) Relationships between the diets and characteristics of the 
dentition, buccal glands and velar tentacles of the adults of the parasitic species of lamprey. J 
Zool 278:231–242

Renaud CB, Docker MF, Mandrak NE (2009b) Taxonomy, distribution, and conservation of 
 lampreys in Canada. 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 293–309

Richardson J (1836) Fauna Boreali-Americana; or the zoology of the northern parts of British 
America: containing descriptions of the objects of natural history collected on the late north-
ern land expeditions under the command of Captain Sir John Franklin, R.N., part 3, the fish. 
J Murray, London, pp xv + 327 + pls 74–97

Richardson J (1846) Ichthyology of the voyage of H.M.S. Erebus & Terror. In: Richardson J, Gray 
JE (eds) The zoology of the voyage of the H.M.S. Erebus & Terror, under the command of 
Captain Sir James Clark Ross, R.N., F.R.S., during the years 1839 to 1843, vol 2. EW Janson, 
London, pp 53-74 + pls 31–44

Robins CR, Bailey RM, Bond CE et al (1980) A list of common and scientific names of fishes 
from the United States and Canada, 4th edn. American Fisheries Society Special Publication 
12, Bethesda

Robins CR, Bailey RM, Bond CE et al (1991) Common and scientific names of fishes from 
the United States and Canada, 5th edn. American Fisheries Society Special Publication 20, 
 Bethesda

Stock DW, Whitt GS (1992) Evidence from 18S ribosomal RNA sequences that lampreys and 
hagfishes form a natural group. Science 257:787–789

Takezaki N, Figueroa F, Zaleska-Rutczynska Z, Klein J (2003) Molecular phylogeny of early 
vertebrates: monophyly of the agnathans as revealed by sequences of 35 genes. Mol Biol Evol 
20:287–292

Taylor EB, Harris LN, Spice EK, Docker MF (2012) Microsatellite DNA analysis of parapatric 
lamprey ( Entosphenus spp.) populations: implications for evolution, taxonomy, and conserva-
tion of a Canadian endemic. Can J Zool 90:291–303

Tilesius von Tilenau WG (1811) Piscium camtschaticorum descriptions et icones. Mém Acad Imp 
Sci St-Pétersbg 3:225–285 + pls 8–13

Vladykov VD (1950) Larvae of eastern American lampreys (Petromyzonidae). 1. Species with two 
dorsal fins. Nat Can 77:73–95

Vladykov VD (1955) Lampetra zanandreai, a new species of lamprey from northern Italy. Copeia 
1955:215–223 + 4 pls

Vladykov VD (1972) Sous-division en trois sous-familles des lamproies de l’hémisphère-nord de 
la famille Petromyzonidae. ACFAS 39:148

Vladykov VD (1973) Lampetra pacifica, a new nonparasitic species of lamprey (Petromyzonti-
dae) from Oregon and California. J Fish Res Board Can 30:205–213 + 9 figs

Vladykov VD, Follett WI (1958) Redescription of Lampetra ayresii (Günther) of western North 
America, a species of lamprey (Petromyzontidae) distinct from Lampetra fluviatilis (Linnaeus) 
of Europe. J Fish Res Board Can 15:47–77

Vladykov VD, Follett WI (1965) Lampetra richardsoni, a new nonparasitic species of lamprey 
(Petromyzonidae) from western North America. J Fish Res Board Can 22:139–158 + 9 figs

Vladykov VD, Follett WI (1967) The teeth of lampreys (Petromyzonidae): their terminology and 
use in a key to the Holarctic genera. J Fish Res Board Can 24:1067–1075

Vladykov VD, Kott EE [sic] (1976a) The taxonomic significance of velar tentacles in Holarctic 
lampreys (Petromyzonidae). Rev Trav Inst Pêches Marit 40:787–789



732 The Taxonomy, Phylogeny, and Distribution of Lampreys

Vladykov VD, Kott E (1976b) A second nonparasitic species of Entosphenus Gill, 1862 (Petromy-
zonidae) from Klamath River system, California. Can J Zool 54:974–989

Vladykov VD, Kott E (1976c) A new nonparasitic species of lamprey of the genus Entosphe-
nus Gill, 1862, (Petromyzonidae) from south central California. Bull South Calif Acad Sci 
75:60–67

Vladykov VD, Kott E (1978) A new nonparasitic species of the holarctic lamprey genus Lethenter-
on Creaser and Hubbs, 1922, (Petromyzonidae) from northwestern North America with notes 
on other species of the same genus. Biol Pap Univ Alaska 19:1–74

Vladykov VD, Kott E (1979a) Satellite species among the holarctic lampreys (Petromyzonidae). 
Can J Zool 57:860–867

Vladykov VD, Kott E (1979b) A new parasitic species of the holarctic lamprey genus Entosphe-
nus Gill, 1862 (Petromyzonidae) from Klamath River, in California and Oregon. Can J Zool 
57:808–823

Vladykov VD, Kott E (1979c) List of northern hemisphere lampreys (Petromyzonidae) and their 
distribution. Dep Fish Ocean Misc Spec Publ 42:1–30

Vladykov VD, Kott E (1984) A second record for California and additional morphological 
 information on Entosphenus hubbsi Vladykov and Kott 1976 (Petromyzontidae). Calif Fish 
Game 70:121–127

Vladykov VD, Renaud CB, Kott E, Economidis PS (1982) A new nonparasitic species of Holarctic 
lamprey, genus Eudontomyzon Regan 1911 (Petromyzontidae), from Greece. Can J Zool 
60:2897–2915

Yamazaki Y, Goto A (1996) Genetic differentiation of Lethenteron reissneri populations, with 
 reference to the existence of discrete taxonomic entities. Ichthyol Res 43:283–299

Yamazaki Y, Goto A (1997) Morphometric and meristic characteristics of two groups of Lethen-
teron reissneri. Ichthyol Res 44:15–25

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

Yamazaki Y, Goto A, Nishida M (2003) Mitochondrial DNA sequence divergence between two 
cryptic species of Lethenteron, with reference to an improved identification technique. J Fish 
Biol 62:591–609

Yamazaki Y, Yokoyama R, Nishida M, Goto A (2006) Taxonomy and molecular phylogeny of 
Lethenteron lampreys in eastern Eurasia. J Fish Biol 68(Suppl B):251–269

Yap MR, Bowen SH (2003) Feeding by northern brook lamprey ( Ichthyomyzon fossor) on sestonic 
biofilm fragments: habitat selection results in ingestion of a higher quality diet. J Great Lakes 
Res 29(Suppl 1):15–25

Youson JH (1980) Morphology and physiology of lamprey metamorphosis. Can J Fish Aquat Sci 
37:1687–1710

Zanandrea G (1957) Esame critico e comparativo delle lamprede catturate in Italia. Arch Zool Ital 
42:249–307 + 3 pls



75

Chapter 3
The Ecology of Larval and Metamorphosing 
Lampreys

Heather A. Dawson, Bernardo R. Quintella, Pedro R. Almeida,  
Andrew J. Treble and Jeffrey C. Jolley

H. A. Dawson ()
Department of Biology, University of Michigan-Flint, 264 Murchie Science Building,
Flint, MI 48502, USA
e-mail: hdawson@umflint.edu

B. R. Quintella · P. R. Almeida
Centro de Oceanografia and Departamento de Biologia Animal, Faculdade de Ciências, 
Universidade de Lisboa, Campo Grande, 1749-016 Lisbon, Portugal
e-mail: bsquintella@fc.ul.pt

P. R. Almeida
Department of Biology, School of Sciences and Technology, University of Évora,  
Largo dos Colegiais 2, 7004-516 Évora, Portugal
e-mail: pmra@uevora.pt

A. J. Treble
Sea Lamprey Control Centre, Fisheries and Oceans Canada, 1219 Queen Street East,  
Sault Ste. Marie, ON P6A 2E5, Canada
e-mail: andrew.treble@state.co.us

Colorado Parks and Wildlife, Aquatic Research Unit, 317 West Prospect,  
Fort Collins, CO 80526, USA

J. C. Jolley
Columbia River Fisheries Program Office, U.S. Fish and Wildlife Service, 1211 Southeast 
Cardinal Court, Suite 100, Vancouver, WA 98683, USA
e-mail: jeffrey_jolley@fws.gov

Abstract The life cycle of lampreys typically begins in streams where fertilized 
eggs hatch into small, wormlike larvae (ammocoetes) which burrow into soft stream 
bottoms where they filter feed on organic matter until the onset of metamorpho-
sis. The relative importance of habitat variables can change with ammocoete size 
(and depending on the spatial scale measured), but habitat must provide adequate 
substrate for burrowing and a regular supply of the suspended organic matter upon 
which larval lampreys feed. Larval movement occurs significantly more often at 
higher densities and in warmer temperatures, and typically occurs in a downstream 
direction at night. Sex ratio of some lamprey species is often related to differences 
in larval density, with the proportion of males increasing with relative density. Lar-
val mortality is thought to be high in the egg phase, immediately following hatch-
ing, and at metamorphosis. The duration of the larval period in the life cycle of 
lampreys has been found to vary among and within species, but generally ranges 
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from 3 to 7 years. However, analyses of larval growth and duration of larval life 
have been hampered by the unreliability of age assessment methods for larval lam-
preys. Metamorphosis begins during the summer months, when water temperatures 
are the most favorable, and is completed by winter or early spring.

Keywords Age at metamorphosis · Feeding · Growth · Habitat · Larval density · 
Macrohabitat · Microhabitat · Movement · Sex ratio · Statolith

3.1  Introduction

Understanding the ecology and life history of larval and metamorphosing lam-
preys is important for the management of threatened or endangered lamprey spe-
cies, as well as for control of the invasive sea lamprey Petromyzon marinus in the 
Laurentian Great Lakes. The decline of many anadromous lamprey species (e.g., 
European river lamprey Lampetra fluviatilis, Pacific lamprey Entosphenus triden-
tatus, and sea lamprey in Europe) is often attributed to overharvest of adults and 
obstacles to their spawning migration (e.g., Almeida et al. 2002a, b; Mateus et al. 
2012), but disruptions to larval habitat (e.g., pollution, irrigation and municipal 
water diversions, and other forms of habitat degradation) have also contributed 
to the decline of several species (e.g., Almeida et al. 2000; Luzier et al. 2011; see 
Chap. 8). Identifying—and protecting—critical larval habitat is thus necessary 
for species of conservation concern, whereas identifying—and targeting—critical 
larval habitat is necessary for sea lamprey control (see Marsden and Siefkes in 
press). Effective sea lamprey control also depends on accurately predicting larval 
growth and metamorphic rates in order to kill sea lamprey larvae in their natal 
streams before they become parasitic-phase juveniles (Christie et al. 2003; Hansen 
et al. 2003). Natural mortality is thought to be highest in early life and at meta-
morphosis, and studies of these life stages provide important information for both 
conservation and control.

In this chapter, we review ecological information regarding the larval stage of 
more than 20 of the approximately 40 recognized lamprey species worldwide (see 
Chaps. 1, 2 and 8). Following metamorphosis, 18 species are parasitic (in the ocean 
or in rivers or lakes) and the remaining species (the “brook lampreys”) are non-
parasitic (i.e., they do not feed at all following metamorphosis and become sexually 
mature, in their natal streams, within 6–10 months of metamorphosis; see Dock-
er 2009). The ecology of the larval life stage, in contrast, seems more consistent 
among species.

A review of the ecology of the larval and metamorphosing stages of lampreys 
was provided by Hardisty and Potter (1971a, b), and subsequently updated by 
Potter (1980a). In recent years, however, targeted sampling for lampreys with 
improved electrofishing gear (especially in concert with efforts to monitor larval 
sea lamprey populations in the Great Lakes), statolith aging techniques, and the 
use of molecular markers have led to advances in our knowledge regarding larval 
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abundance, distribution, habitat requirements, feeding, growth rates, duration of 
larval life, and possible compensatory mechanisms affecting growth, survival, 
and recruitment dynamics. This chapter therefore provides an updated synthesis 
of the ecology of the largely sedentary, stream-resident stage of the life cycle ter-
minating with the outmigration of juveniles. The process of metamorphosis (e.g., 
the morphological and physiological changes that occur during metamorphosis, 
and the intrinsic and extrinsic factors triggering it) is covered in depth in another 
chapter (see Chap. 4). In our discussion, we will refer to larval lampreys (begin-
ning after hatching and ending prior to metamorphosis) as larvae or ammocoetes. 
Lampreys that are in the process of metamorphosis are referred to as transform-
ers, while lampreys that have completed metamorphosis but are not yet sexually 
mature will be referred to as juveniles. Lampreys that have reached sexual matu-
rity will be referred to as adults. The chapter will focus on what we have learned 
about the ecology of larval and metamorphosing lampreys since 1980, including 
recently emerging topics and techniques which have advanced our knowledge.

3.2  Habitat

Although it has long been possible for “an experienced observer” to predict “with 
some accuracy” the location of larval lamprey populations within a river system 
(Hardisty and Potter 1971a), considerable efforts continue to be made to charac-
terize, in precise physico-chemical terms, the essential features of larval lamprey 
habitat. The international control program for the invasive sea lamprey in the 
Laurentian Great Lakes ranks streams for lampricide treatment in part on elec-
trofishing catches in the best available lamprey habitat; thus, the ability to define 
larval lamprey habitat is critical for successful sea lamprey control (Jones 2007). 
The need for conservation of many other lamprey species has resulted in calls 
for status assessment using standardized sampling methods, with the first step 
in assessing ammocoete abundance being the classification and quantification of 
habitat within the study area (Kirchhofer 1995; Harvey and Cowx 2003; Moser 
and Close 2003).

Larval lamprey distribution and abundance has long been studied at the micro-
habitat scale, and recent studies further quantify these factors and test the generality 
of previous observations in a range of lamprey species. These small-scale studies of 
larval lamprey habitat have been useful for developing a general understanding of 
the biology of lampreys. However, since the conservation and management of lam-
prey populations requires the ability to predict spatial patterns in larval abundance 
at several scales (Torgersen and Close 2004), other recent studies are evaluating 
lamprey abundance at multiple scales. Furthermore, examining how abundance is 
affected by factors on only one scale ignores the modifying effects of factors operat-
ing on other scales (Goodwin et al. 2008). Therefore, both microenvironmental and 
macroenvironmental factors are discussed below.
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3.2.1  Microenvironmental Factors as Indicators  
of Ammocoete Habitat

Lamprey larvae generally occur in soft, burrowable substrates of fine sands, low 
current velocity, and some amount of organic detritus (e.g., Applegate 1950; Hard-
isty and Potter 1971a), and these qualitative observations form the basis of the habi-
tat type classification used by sea lamprey control personnel and other lamprey 
biologists: Type I (preferred) habitat is located primarily in depositional zones and 
consists primarily of a mixture of sand and fine organic matter; Type II habitat 
(which is sometimes inhabited by larvae but at much lower densities) generally 
consists of shifting sand that may contain some gravel; and Type III (unacceptable) 
habitat consists of such substrates as hard packed gravel, hardpan clay, and bedrock 
(Slade et al. 2003). Mullett (1997) found that 93 % of sea lamprey larvae in Great 
Lakes tributaries were found in Type I habitat, and this qualitative classification 
system has become an effective tool in the assessment of larval lamprey habitat 
(e.g., Torgersen and Close 2004; Zerrenner and Marsden 2005; Neeson et al. 2007). 
Research continues, however, to quantify the microhabitat factors affecting lamprey 
distribution and abundance. Although multiple factors affect lamprey distribution 
and abundance in concert, those deemed to be most important are reviewed individ-
ually below. Water depth, water chemistry, and thermal and oxygen requirements 
are reviewed with macroenvironmental factors (Sect. 3.2.2).

3.2.1.1  Substrate Size and Depth

The availability of optimal substrate particle size is one of the most important fac-
tors limiting the distribution of larval lampreys (Hardisty 1979; Kainua and Val-
tonen 1980; Malmqvist 1980; Morman et al. 1980; Potter 1980a; Lee 1989; Young 
et al. 1990a, b; Todd and Kelso 1993; Beamish and Jebbink 1994; Ojutkangas et al. 
1995; Beamish and Lowartz 1996; Sugiyama and Goto 2002; Goodwin et al. 2008; 
Table 3.1). As reviewed by Potter (1980a), Manion and McLain (1971) found sea 
lamprey larvae to be most abundant where 90 % of the substrate consisted of sand 
particles less than 0.5 mm in diameter. In the European brook lamprey Lampe-
tra planeri, Malmqvist (1980) likewise observed only a small number of larvae 
where particle diameter exceeded 0.5 mm. More recent studies, in other species, 
have made similar observations. Potter et al. (1986) found density of larval pouched 
lamprey Geotria australis to be greatest in medium sand (0.2–0.6 mm diameter); 
in American brook lamprey Lethenteron appendix, larval density was related to 
the presence of medium-fine sand (0.15–0.25 mm: Beamish and Lowartz 1996). 
Beamish and Jebbink (1994) reported that abundance of southern brook lamprey 
Ichthyomyzon gagei was greatest when particles smaller than 0.15 and 1.0–2.0 mm 
in diameter represented at least 40 and 8 % dry weight of the substrate, respectively, 
and was lowest when the small particles represented less than 10 % dry weight of the 
substrate. Taverny et al. (2012) reported that sea lamprey and European river/brook 



793 The Ecology of Larval and Metamorphosing Lampreys

lamprey larvae were found most frequently in fine/medium sand (0.05–0.6 mm di-
ameter) and medium/coarse sand (0.2–2 mm diameter), respectively. In their study, 
95 % of all ammocoetes (of both species) were collected in sandy substrate, and silt 
was generally absent or very low at these locations. In a laboratory study, larval 
least brook lamprey Lampetra aepyptera were given a choice of six equally-avail-
able substrate types; they selected fine sand (0.125–0.5 mm diameter) 52.2 % of the 
time (i.e., disproportionately to its availability; Smith et al. 2011). Although there 
may be subtle differences in preferred substrate particle size among species—for 
example, Goodwin et al. (2008) and Taverny et al. (2012) suggested that European 
river and brook lamprey larvae might be associated with somewhat coarser sands 
than other species—substrate requirements appear similar among species and, in 
fact, multiple species are often found at the same sites (Hardisty and Potter 1971a; 
Dawson and Jones 2009).

An appropriate river substrate is an essential environmental characteristic for the 
development of larval lampreys, not only because it allows burrow construction, but 
also because it helps to maintain a vital water flux. The detritivorous larvae depend 
on a unidirectional flow of water through their branchial chamber for the provision 
of food and exchange of respiratory gases and metabolic wastes (Hardisty and Pot-
ter 1971a). Fine sand (or the combination of particle sizes observed by Beamish 
and Jebbink 1994) appears to be optimal for burrow construction and water flow. 
Finer particles (e.g., clay and silt) are more compact and difficult to burrow into, 
and could potentially smother existing burrows or clog the gill lamellae of the am-
mocoetes. In contrast, large particles (e.g., coarse sand or gravel) could be too heavy 
for larvae to move or too large to be adequately held together by mucous secretions 
(Beamish and Jebbink 1994; Beamish and Lowartz 1996; Smith et al. 2011).

Protection from predators will also depend on the speed with which ammocoetes 
can burrow and on burrow depth, which will be affected by substrate composition 
and depth. Smith et al. (2012) demonstrated, in experimental trials, that depredation 
by yellow bullhead Ameiurus natalis was lowest where least brook lamprey larvae 
were able to burrow into fine sand; survival in fine sand averaged 80 % whereas sur-
vival averaged 58 % in coarse sand and only 4 % in silt/clay. Ammocoetes showed 
the slowest burrowing times in the silt/clay substrate and were observed swimming 
outside their burrows when provided only with this substrate. Burrowing times in 
larval sea and least brook lampreys are faster in fine sand compared to coarse sand 
(Quintella et al. 2007; Smith et al. 2012). Deeper burrows would also be expected 
to offer greater protection from predators, and the depth to which ammocoetes can 
burrow might be limited in silt/clay or coarse sand substrates and will, of course, 
be limited in more shallow substrates. European river and brook lamprey larvae in 
Northern Ireland were more abundant when sediment depth was > 11.5 cm (Good-
win et al. 2008). Sugiyama and Goto (2002) found that Far Eastern brook lamprey 
larvae Lethenteron reissneri were more likely to be found where substrate depth 
was > 2 cm, but noted in an experimental trial that only large larvae showed a sig-
nificant preference for deeper substrate (see Sect. 3.2.3). Presumably, larger ammo-
coetes require deeper burrows to completely hide from predators.
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3.2.1.2  Water Velocity

In most studies that have defined optimal ammocoete habitat on small spatial scales, 
substrate grain size and water velocity were the most important indicators of larval 
lamprey abundance (Malmqvist 1980; Beamish and Jebbink 1994; Beamish and 
Lowartz 1996; Almeida and Quintella 2002; Sugiyama and Goto 2002; Table 3.1), 
and the two factors, of course, are interrelated. The size of substrate particles that 
are eroded, transported, or deposited at a specific location depends upon local hy-
draulic conditions, primarily boundary shear stress (Allen 1984). Typical ammo-
coete habitat is an area protected from major fluctuations in water levels or stream 
flow, and where current velocity is usually slow. Such conditions are commonly 
found in eddies, backwaters, or at bends in a river, where accumulations of silt and 
sand provide suitable substrate for burrowing ammocoetes.

Areas of high abundances of pouched and landlocked sea lamprey larvae are 
normally found in regions of the river where current velocity is less than 0.03 m/s 
(Thomas 1962; Potter et al. 1986), and Thomas (1962) concluded that flow rates of 
0.6–0.8 m/s represented an upper limit for sea lamprey larvae. The maximum near-
bottom velocity where anadromous sea lamprey larvae occurred in the Gironde-
Dordogne River basin did not exceed 0.3 m/s (Taverny et al. 2012). Optimal veloc-
ity for Lampetra larvae (i.e., European river or brook lamprey larvae) in the same 
river system was up to 0.05 m/s, but larvae occurred in sites where velocity was as 
high as 0.5 m/s (Taverny et al. 2012). These rates of flow are highly consistent with 
those from previous studies of European river lamprey in Finland, where larval 
habitat was characterized by water velocities ranging from 0.01–0.05 m/s to about 
0.5 m/s (Kainua and Valtonen 1980). Small larvae were proportionally more numer-
ous in habitats where the flow was rapid and, where larvae were found in shallow 
water, the rate of flow was almost constantly below 0.1 m/s (Kainua and Valtonen 
1980). Stone and Barndt (2005) reported optimal velocities of 0–0.1 m/s for Pacific 
lamprey ammocoetes in a Washington stream. Torgersen and Close (2004) indicated 
that larval Pacific lamprey require habitat containing adequate flow that is suffi-
cient to provide a stable food supply, but slow enough to allow sediment deposition 
required for burrowing. Habitats that supported larval Arctic lamprey Lethenteron 
camtschaticum were characterized as having predominantly silt or sand substrates 
with woody debris and slow flow (0.0–0.1 m/s) (Trent M. Sutton, University of 
Alaska, Fairbanks, AK, personal communication, 2011). Far Eastern brook lamprey 
larvae were positively associated with areas where water velocity was less than 
0.1 m/s (Sugiyama and Goto 2002).

3.2.1.3  Organic Matter in the Sediment

Whereas substrate particle size and water velocity are consistently considered two 
of the most important fine-scale predictors of larval lamprey abundance, the impor-
tance of organic matter in the sediment is less clear. Organic detritus is generally 
deposited in areas of slow flow where accumulations of silt and sand provide suit-
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Species Variables Study type Reference
Entosphenus tridenta-

tus, Pacific lamprey
Water depth/open riparian canopy/

current (slow), pool habitats/
substrate type

Field study Torgersen and 
Close (2004)

Entosphenus tridentatus Large scale: conductivity/dissolved 
oxygen/gradient

Small scale: wetted width/percent 
fine sediment/canopy density/
water velocity 

Field study Stone and Barndt 
(2005)

Entosphenus tridentatus Substrate (fine-medium)/riparian 
shade

Field study Claire et al. (2007)

Entosphenus macros-
tomus, Vancouver 
lamprey

Substrate (fine sediment on top of 
fine sand and small gravel, where 
overlaying silt < 10 cm)

Field study Beamish and Wade 
(2008)a

Geotria australis, 
pouched lamprey

Substrate (particle size, depth)/
organic material/chlorophyll α/
shade/macrophyte roots/eddies, 
water velocity

Field study Potter et al. (1986)

Geotria australis Substrate/water depth Field study Kelso and Todd 
(1993)

Geotria australis Substrate (fine sand)/shade/run 
habitat

Field study Jellyman and 
Glova (2002)

Ichthyomyzon fossor, 
northern brook 
lamprey

Substrate (silt-sand)/current (slow) Field study Reighard and 
Cummins 
(1916)

Ichthyomyzon fossor Substrate (fine sand)/organic debris Field study Leach (1940)
Ichthyomyzon fossor Organic sediment Field study Yap and Bowen 

(2003)
Ichthyomyzon gagei, 

southern brook 
lamprey

Organic debris Field study Dendy and Scott 
(1953)

Ichthyomyzon gagei Substrate (medium-fine sand) Field study Beamish and Jeb-
bink (1994)

Lampetra aepyptera, 
least brook lamprey

Clay/silt/fine sand Field study Seversmith (1953)

Lampetra aepyptera Substrate (fine sand) Lab 
experiment

Smith et al. (2011)

Lampetra 
fluviatilis/Lampetra 
planeri, European 
river and brook 
lampreys

Substrate (coarse sand)/pH (≥ 8.2) Field study Goodwin et al. 
(2008)

Lampetra 
fluviatilis/Lampetra 
planeri

Substrate (coarse-medium sand)/
water depth/current (slow)/mac-
rophyte roots

Field study Taverny et al. 
(2012)

Lampetra 
fluviatilis/Lampetra 
planeri

Altitude (< 170 m)/distance to coast 
(< 150 km)/substrate (> 70 % 
sand)/ maximum temperature of 
warmest month/precipitation of 
driest month

Field study Ferreira et al. 
(2013)

Table 3.1  Summary of past research on larval lamprey habitat selection. Variables listed are those 
considered more important for adequate larval lamprey habitat at different spatial scales. (Adapted 
from Smith 2009)
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able substrate for burrowing ammocoetes and, in several studies (e.g., Shirakawa 
et al. 2009), larval abundance is related to substrate composition, water velocity, 
and dissolved organic material as predicted. Certainly, the presence of fine organ-
ic matter is one of the attributes of Type I (preferred) larval lamprey habitat (see 
Sect. 3.2.1). Potter et al. (1986) likewise found the presence of organic material in 

Species Variables Study type Reference
Lampetra planeri Current (slow)/water depth (low)/

substrate/chlorophyll α content 
(low)

Field study Malmqvist (1980)

Larval lampreys in 
general

Stream gradient/substrate (silt-
sand)/current (slow)/organic 
debris

Review Hardisty and Pot-
ter (1971a)

Larval lampreys in 
general

Current (0.4–0.5 m/s)/substrate (silt 
and sand)

Field study Hardisty (1979)

Lethenteron appendix, 
American brook 
lamprey

Substrate 
(medium-fine sand/organic 
content)

Field study Beamish and 
Lowartz (1996)

Lethenteron appendix Substrate
    (medium-fine sand)

Lab 
experiment

Lee (1989)

Lethenteron appendix Substrate/distance from alluvial 
fans (close)/thermocline (above)/
water depth (low)

Field study Lee and Weise 
(1989)a

Lethenteron appendix Substrate (medium-fine sand) Field study Mundahl et al. 
(2006)

Lethenteron camtschati-
cum, Arctic lamprey

50–150 mm TL: substrate hardness/
DOM

10–50 mm TL: soft substrate/
velocity

Field study Shirakawa et al. 
(2009)

Lethenteron reissneri, 
Far Eastern brook 
lamprey

Substrate (fine sand-silt)/current 
(slow)/depth (shallow)

Field study, lab 
experiment

Sugiyama and 
Goto (2002)

Lethenteron reissneri Substrate (medium-fine sand) Field study Yamazaki (2007)
Petromyzon marinus, 

sea lamprey
Substrate
    (medium-fine sand)

Lab 
experiment

Lee (1989)

Petromyzon marinus Substrate (sand) Field study Young et al. 
(1990a)

Petromyzon marinus Substrate (silt-sand) Field study Young et al. 
(1990b)

Petromyzon marinus Substrate (sand) Field study Almeida and 
Quintella (2002)

Petromyzon marinus Substrate/distance from stream 
mouth/slope of the lake

Field study Fodale et al. 
(2003)a

Petromyzon marinus Substrate (sand/fine organic matter) Field study Slade et al. (2003)
Petromyzon marinus Geomorphic features (river slope, 

radius of curvature)
Field study Neeson et al. 

(2007)
Petromyzon marinus Substrate (fine-medium sand)/water 

depth (> 2 m)/current (slow)/
macrophyte roots

Field study Taverny et al. 
(2012)

a lentic habitat

Table 3.1 (continued)
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the substrate to be an important environmental variable predicting the density of 
larval pouched lamprey in three of their four seasonal models (i.e., in all seasons 
but winter). In their habitat selection study, Smith et al. (2011) found that—after 
their preference for fine sand—least brook lamprey larvae exhibited a secondary 
preference for an organic substrate (consisting of approximately 70 % decomposing 
leaves/stems and organic sediment particles and 30 % silt/fine sand). In contrast, 
Malmqvist (1980) found that water current, water depth, substrate size, and chloro-
phyll α content explained a large part of the variation in distribution of larval Euro-
pean brook lamprey, but found that organic content in the sediment did not improve 
his discriminant model. Organic content was not even correlated with larval density 
when simple linear regression was applied. Malmqvist (1980) thus suggested that 
the presence of organic material in the sediment is not a prerequisite for the larvae 
since they can ingest their food directly from the water column above the sediment. 
Sugiyama and Goto (2002) likewise found that habitat use by Far Eastern brook 
lamprey larvae was not influenced by the amount of fallen leaves. Rather than inter-
preting these findings to mean, however, that the presence of organic material in the 
sediment is not a prerequisite for larval lampreys, these authors suggested that the 
amount consumed by larvae is low relative to the amount generally present in larval 
streams (i.e., that organic detritus may exceed the necessary threshold to sustain 
larval growth in all but the most oligotrophic streams; see Sects. 3.2.1.4 and 3.3).

Although less well studied, there is also a lack of consensus on the relation-
ship between chlorophyll α content of the sediment and larval abundance. Potter 
et al. (1986) found that substrate chlorophyll α content (presumably reflecting the 
relative amounts of diatoms and other microalgae in the sediment) contributed to 
their model in a positive manner in spring, summer, and autumn. This finding was 
not surprising to these authors, as diatoms and other microalgae form an impor-
tant component of the diet of larval lampreys (see Sect. 3.3). In contrast, however, 
Malmqvist (1980) found a negative correlation between chlorophyll α content and 
larval abundance, and suggested that sites where chlorophyll α content is high may 
be subject to lowered oxygen levels at night as the result of increased algal respira-
tion.

3.2.1.4  Patchiness at Small Spatial Scales

As expected, given the patchy distribution of the above features within and among 
river systems, ammocoetes are patchily distributed at both small and large spatial 
scales. At a small spatial scale, for example, Torgersen and Close (2004) found con-
siderable variation in the occurrence of Pacific lamprey larvae among 1-m2 quad-
rat samples distributed throughout a 55-km section of the Middle Fork John Day 
River, Oregon. At this scale, patchiness was associated with low water velocity and 
substrate type, as expected, and with channel morphology. Larval abundance was 
heterogenous across the stream channel, with over 80 % of the larvae being found 
along the stream margins. Several other studies have also reported ammocoetes 
aggregated at stream margin areas of fine silt and detritus (Farlinger and Beamish 
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1984; Brown and Moyle 1993; Roni 2002; Torgersen and Close 2004; Gunckel 
et al. 2009).

Patchiness at even finer scales has also been reported within habitat types. As 
expected, northern brook lamprey Ichthyomyzon fossor larvae in three oligotrophic 
Great Lakes tributaries were more abundant in Type I than Type II habitats (see 
Sect. 3.2.1), but they also showed a high degree of aggregation within habitat types 
(Yap and Bowen 2003). Within Type I habitats, larvae were generally aggregated 
at sites where obstacles to flow (e.g., stones or woody debris) caused localized ac-
cumulation of flocculent material (Yap and Bowen 2003); the authors referred to 
these sites as “Type Ia” habitat. These authors found that assimilation efficiency for 
organic matter and amino acids was higher in Type Ia habitat and that these larvae 
have higher condition factors (weight per length). Although the benefit of Type Ia 
habitats may not be as great in eutrophic streams (Yap and Bowen 2003), potential 
differences in habitat quality at such a fine scale are very interesting.

3.2.2  Macroenvironmental Factors as Indicators  
of Ammocoete Habitat

Patchiness is also evident at larger scales. Sea lamprey larvae, for example, have 
been detected in only 449 of the 5,747 (less than 8 %) Great Lakes tributaries 
(Morman et al. 1980; Heinrich et al. 2003; Larson et al. 2003; Lavis et al. 2003; 
Morse et al. 2003; Sullivan 2003), despite the widespread distribution of adults 
throughout the Great Lakes. In Portugal, Ferreira et al. (2013) found Lampetra sp. 
larvae in 8 of the 15 basins (53 %) and 60/401 sites (15 %) surveyed. Lamprey dis-
tribution is ultimately influenced, of course, by the interaction between small-scale 
and large-scale habitat variables, and more studies are beginning to examine the 
effect of such variables over a range of spatial scales. The existence of suitable mi-
crohabitats for ammocoete colonization is dependent on larger-scale processes (e.g., 
stream gradients determine the overall velocity of the current, the type of substrate 
particles that are deposited, and the accumulation of organic debris; Hardisty and 
Potter 1971a). Climatic factors (e.g., temperature) may limit lamprey distribution 
in some cases (particularly at the northern or southern limit of the species’ distribu-
tion). Other variables such as water depth, proximity to adult spawning areas, and 
riparian canopy can also be important indicators of larval lamprey abundance on 
moderate to large spatial scales (Almeida and Quintella 2002; Torgersen and Close 
2004).

3.2.2.1  Gradient and Other Geomorphic Variables

Broad-scale distribution patterns of larval lampreys have long been attributed to 
variation in channel gradient within and among streams (e.g., Baxter 1957), and 
Young et al. (1990a) suggested that gradient could serve as a useful “surrogate 
variable” for the suite of environmental factors that describe optimal larval habitat. 
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However, whereas measurements of substrate particle size and water velocity 
seem to be rather consistent among studies (see Sects. 3.2.1.1 and 3.2.1.2), stream 
gradients reported for different lamprey streams and species appear more variable. 
For example, stream gradient for sea lamprey streams in England was found to 
range between 5.0 and 14.5 m/km, which allowed for good spawning habitat in the 
upper reaches and depositional areas for larval habitats downstream (Baxter 1954). 
Stream gradients measured by Dawson and Jones (2009) in four sea lamprey-pro-
ducing Great Lakes tributaries were found to fall within this range. Similarly, Hard-
isty (1986) reported average stream gradients of 17.7 and 8.3 m/km, respectively, 
for European brook lamprey in the upper reaches of the Jeziorka River in Poland 
and Ukrainian brook lamprey Eudontomyzon mariae in the lower reaches. How-
ever, there are also many reports of lampreys occurring in lower-gradient streams. 
For example, Lampetra larvae have been found in streams in Finland with average 
gradients of about 2 m/km (Hardisty 1986), and European brook lamprey in the 
River Yeo in England occur where the stream gradient is 1.9–3.8 m/km (Hardisty 
1961a). In a western Washington stream, Stone and Barndt (2005) found that Pa-
cific lamprey abundance per reach was negatively associated with stream gradient. 
There may, of course, be differences among species—Gunckel et al. (2009), for 
example, found that Pacific lamprey were more likely to occur in relatively wider, 
lower-elevation streams than were western brook lamprey Lampetra richardsoni—
and it is becoming clear that the relationship between stream gradient and lamprey 
distribution will depend on the scale at which gradient is measured (Torgersen and 
Close 2004).

Neeson et al. (2007) attempted to predict the distribution of suitable larval sea 
lamprey habitat at several spatial scales using water surface slope (as measured in 
the field) and GIS-derived geomorphic values within the East Branch of the Cha-
grin River, Ohio. Of the five geomorphic variables tested, field-measured slope 
and GIS-derived radius of curvature influenced the probability that a stream seg-
ment would contain suitable ammocoete habitat (i.e., Type I or Type II habitat; see 
Sect. 3.2.1) at a stream segment length of 50 m. Organic content was significantly 
higher in low-slope (≥ 0.005 or 5 m/km) areas compared to high-slope (> 0.005) 
areas. GIS-estimated slopes were not sufficiently accurate at this scale, so the final 
model included only radius of curvature (to allow habitat categorization using only 
GIS). At longer stream segment lengths (100, 200, 300 m), however, no relation-
ships between geomorphic variables and presence of ammocoete habitat were ob-
served (Neeson et al. 2007). Fine sediments accumulate immediately downstream 
of sharp bends, which is consistent with radius of curvature affecting habitat char-
acteristics only on a local scale. In terms of slope, Neeson et al. (2007) suggested 
that, at coarse scales, alternating channel units of varying slope (e.g., pools and 
riffles) would obscure a finer-scale association between slope and habitat. In con-
trast, Torgersen and Close (2004) suggested that the relative influence of channel 
gradient as a predictor of Pacific lamprey larval abundance might increase at larger 
spatial scales because of changes in bedform morphology at the stream segment or 
network scale. These authors found that channel gradient corresponded with large-
scale larval abundance patterns, but was not an important predictor of adundance 
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after accounting for water depth and extent of the riparian canopy (see Sects. 3.2.2.1 
and 3.2.2.3).

Ferreira et al. (2013) likewise found that GIS-derived slope did not improve the 
performance of their model predicting the distribution of European river and brook 
lamprey larvae in Portugal at a macrospatial scale. However, in this study, altitude 
was the strongest predictor of larval distribution, and altitude is generally corre-
lated with gradient or slope. Predicted occurrence of larvae peaked at low altitudes 
(< 170 m), before tailing off at higher elevations. The two other geomorphological 
variables that explained most of the variation in the distribution of these species 
was distance to coast and percentage of sand (at a resolution of 1 km2). The distance 
upriver at which larval abundance peaked varied, depending on the size of the river 
basins, but was within 150 km from the coast. Microhabitat characteristics that 
are favorable for larval lampreys (e.g., low current velocity, preferred substrate) 
are more prevalent in the downstream reaches of the rivers. Neeson et al. (2012a) 
similarly found that distance to the river mouth was an important geomorphic pre-
dictor of the prevalence of preferred substrate habitat of Great Lakes sea lamprey 
in the Lower Peninsula of Michigan. In most cases, distance to the river mouth was 
negatively related to preferred substrate habitat, reflecting the increasing gradient 
in particle size from a river’s mouth to its headwaters. These authors also found 
that distance to the nearest upstream dam or lake was likewise negatively related to 
preferred subtrate habitat, reflecting the general lack of fine sediments found below 
impounded lakes and, to a lesser degree, natural lakes (Neeson et al. 2012a).

Barriers to migration are also more prevalent with increasing distance from the 
river mouth. Goodwin et al. (2008) found that abundance of European river and 
brook lamprey larvae was inversely related to the distance upstream and the num-
ber of potential barriers, at least at the catchment level. At smaller (microhabitat) 
scales, larval abundance was most associated with substrate particle size and depth 
and, at the larger (regional) scale, abundance was associated with stream pH (see 
Sect. 3.2.2.4).

3.2.2.2  Water Depth

The association between water depth and larval abundance may also differ depend-
ing on the spatial scale considered. Previous studies suggest that the most favor-
able habitat conditions are usually found in shallow water near the edge of the river 
(Hardisty and Potter 1971a; Malmqvist 1980). Several recent studies likewise report 
maximum larval abundance or occupancy in shallower waters: Sugiyama and Goto 
(2002), for example, found more Far Eastern brook lamprey larvae where water 
depth was < 30 cm; Stone and Barndt (2005) generally found Pacific lamprey am-
mocoetes in areas where water depth was 70 cm deep; and Taverny et al. (2012) 
found that European river and/or European brook lamprey larvae preferentially used 
shallow waters (< 50 cm deep) and were rarely found above a depth of 150 cm. At 
a larger scale, however, Torgersen and Close (2004) found that larval abundance 
increased with water depth, likely because reaches containing large numbers of deep 
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pools were structurally complex and more likely to protect larvae from scouring and 
other forms of flow-induced stress. In addition to possible differences due to scale, 
other discrepancies may be related to larval size (e.g., with larger larvae being found 
in deeper waters; see Sect. 3.2.3) or species. Taverny et al. (2012), for example, 
found maximal occurrence of sea lamprey larvae in the Gironde-Dordogne River ba-
sin at depths > 2 m, whereas Lampetra larvae generally occurred at much shallower 
depths. There may also be seasonal effects; Potter et al. (1986) found that pouched 
lamprey larval density was greater in shallower waters in the summer, but was great-
er in deeper waters in the winter. These authors explained this anomaly by suggesting 
that the geomorphology of this stream (which lacked a flood plain and was instead 
contained within a steep-sided U-shaped gutter) resulted in desirable substrate being 
deposited in deeper water in the winter when water levels and flow rates are high. 
Notably though, the water depth in the winter (2–71 cm) was still relatively shallow.

Furthermore, although larvae are most frequently captured in shallow (“wade-
able”) waters, they have also been found in relatively deep water. Sea lamprey am-
mocoetes have been documented in deepwater habitats in tributaries of the Great 
Lakes and in proximity to river mouths (Hansen and Hayne 1962; Wagner and 
Stauffer 1962; Lee and Weise 1989; Bergstedt and Genovese 1994). In Lake Supe-
rior, for example, it is thought that periodic floods scour the lower portions of the 
tributaries and flush sea lamprey larvae into the lake (Fodale et al. 2003). Although 
the majority of larvae located in lentic environments are likely due to downstream 
drift, Vancouver lamprey Entosphenus macrostomus (and occasionally other spe-
cies) have been observed spawning in these environments (R. J. Beamish 1982; 
Russell et al. 1987; see Chap. 6). Use of deepwater sampling equipment such as suc-
tion dredges (e.g., Beamish and Youson 1987; Taverny et al. 2012) and deepwater 
electrofishers (e.g., Bergstedt and Genovese 1994; Jolley et al. 2012) are increas-
ingly detecting larval and metamorphosing lampreys in deep water in large river 
systems as well. Metamorphosing North American river lamprey Lampetra ayresii 
are frequently recovered during dredging operations in the Fraser River, British Co-
lumbia (Beamish and Youson 1987), and, as noted above, sea lamprey larvae have 
been captured in the Gironde-Dordogne River basin in France at depths > 2 m (Tav-
erny et al. 2012). Recent studies of occupancy and habitat use by Pacific lamprey 
and Lampetra spp. in deepwater areas of the mainstem Willamette and Columbia 
rivers of the Pacific Northwest, found larval lampreys were widespread in a variety 
of habitats in depths up to 16 m (Silver et al. 2008; Jolley et al. 2012, 2013). Larvae 
were of a variety of sizes, suggesting multiple age classes and the ability of am-
mocoetes to disperse considerable distances. Other anecdotal observations exist re-
garding larval Pacific lamprey occurrence in large river mainstem habitats, mainly 
at hydropower facilities or in downstream juvenile bypass reaches (Moursund et al. 
2003; Columbia River Inter-Tribal Fish Commission 2008), impinged on juvenile 
bypass screens, or through observation during dewatering events (Hammond 1979; 
Moursund et al. 2003; Dauble et al. 2006; Columbia River Inter-Tribal Fish Com-
mission 2008). Occurrences of larvae at hydropower facilities are generally thought 
to be associated with their downstream movement (see Sect. 3.5). References to 
other species occurring in deepwater or lacustrine habitats are scarce but examples 
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may include the silver lamprey Ichthyomyzon unicuspis (Cochran and Lyons 2004) 
and Miller Lake lamprey Entosphenus minimus (Lorion et al. 2000).

As the collecting effectiveness of backpack electrofishing gear significantly de-
clines as water depth increases (Steeves et al. 2003), estimates of larval popula-
tions in deepwater and lentic areas have been made using deepwater electroshock-
ers equipped with a pump to move emerging larvae to the surface for collection 
(Bergstedt and Genovese 1994). For lampreys of conservation concern, a deepwater 
electroshocker was developed by Mueller et al. (2012) to reduce handling of larvae 
while determining their presence-absence with an optical camera in habitats up to 
8 m deep. A remote seabed classification device has been used to identify potential 
larval sea lamprey habitat in a deepwater lentic area of Batchawana Bay, Ontario, 
which was then sampled with a deepwater electrofisher (Fodale et al. 2003). The 
authors found that, in this lentic environment, the presence of larvae was signifi-
cantly related to substrate type, distance from the stream mouth, and slope of the 
lake bottom (Fodale et al. 2003). Ammocoetes were not found at depths greater than 
15 m, however, and this absence was not explained by either substrate particle size 
distribution or thermal acclimation (Lee and Weise 1989). Lee and Weise (1989) 
therefore suggested that gross lentic habitat selection revolves around the nearshore 
distribution of food particles and the interdiction of the thermocline. Preliminary 
data collected on Great Lakes larval sea lamprey inhabiting three lentic areas indi-
cate that growth and transformation rates of larvae in lentic areas are comparable 
to stream resident larvae (Nicholas S. Johnson, U.S. Geological Survey, Hammond 
Bay Biological Station, Millersburg, MI, personal communication, 2014). Given 
the potential importance of deepwater and lacustrine larval rearing habitat in some 
systems, the dredging of large rivers and river mouths for navigation may repre-
sent a significant but underappreciated loss of larval lamprey habitat for species 
of conservation concern (see Chap. 8) whereas in the invasive sea lamprey, these 
areas may contribute substantially to the production of parasitic juveniles (Fodale 
et al. 2003). The relative importance of these deepwater habitats should be studied 
further.

3.2.2.3  Riparian Canopy

The importance of riparian canopy as an indicator of larval lamprey abundance 
may also vary depending on the spatial scale examined (Almeida and Quintella 
2002; Torgersen and Close 2004). At smaller spatial scales, larval abundance ap-
pears to increase with the presence of riparian cover. Removal of riparian vegeta-
tion is thought to have contributed to the declines observed in some lamprey spe-
cies (e.g., northern brook lamprey; Fortin et al. 2007). This may be due to a loss 
of shade, since evidence suggests that ammocoetes are photophobic (Potter and 
Rogers 1972). Although Malmqvist (1980) did not find a significant relationship 
between amount of shade and abundance of European brook lamprey, Potter et al. 
(1986) found significant relationships between the density of larval pouched lam-
prey and the degree of low-angle shading (positive) and light intensity (negative) 
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in at least two of their seasonal models. Where burrowable habitat is found, often 
partially shaded by trees, diatoms may also form an incrustation on the interface 
between the silt and the water, probably contributing to the stability of larval mi-
croenvironments (Hardisty 1979). At larger spatial scales, Neeson et al. (2012a) 
found the amount of preferred sea lamprey habitat to be positively associated with 
the amount of forest in the riparian corridor. A negative correlation is expected 
between the amount of preferred larval substrate habitat and the sediment transport 
rate (Neeson et al. 2012a), and empirical studies describe the negative correlation 
between forested landscapes and sediment transport rates (Milliman et al. 1987). 
However, Torgersen and Close (2004) found that larval Pacific lamprey abundance 
was positively associated with an open riparian canopy. They observed exception-
ally high larval density (> 100 larvae/m2) in the most exposed sites. Qualitative ob-
servations by Kan (1975) also indicated a negative association between abundance 
of this species and a closed riparian canopy, and suggested that this effect might be 
related to decreased primary productivity. Autumnal thinning of the riparian canopy 
was concluded to be the cause of increased primary algal productivity observed by 
Sutton and Bowen (1994), which coincided with a September peak in diet ash-free 
dry mass, and in assimilation efficiency for both ash-free dry mass and amino acids 
for northern brook lamprey in three oligotrophic Great Lakes streams. However, 
Arctic lamprey feeding on fallen leaf material had greater increases in mass than 
those on a diet of algae (Shirakawa et al. 2009), and the relative importance of such 
nutrient input from the canopy is not known.

3.2.2.4  Water Chemistry

Relatively few studies have found that water chemistry (e.g., conductivity, pH) is 
important in limiting larval lamprey distribution (Hardisty and Potter 1971a) al-
though, as pointed out by these authors, this does not imply that such factors are not 
important, but only that they likely do not reach limiting values within the type of 
habitats where ammocoetes generally occur (i.e., where other factors are favorable). 
More recently, Goodwin et al. (2008) found that European river lamprey and Euro-
pean brook lamprey ammocoete abundance at a regional scale (i.e., across Northern 
Ireland), was associated with pH (Goodwin et al. 2008); sites with pH > 8.16 yielded 
more ammocoetes (9.5 per site) compared to those with lower pH (2.6 ammocoetes 
per site). These authors caution, however, that this relationship may be partly the 
result of differences in climate, bedrock type, land use, and watershed capacity, 
which in turn may influence pH. Nevertheless, water chemistry has been observed 
to affect larval growth. Young et al. (1990a) found that streams with higher conduc-
tivity (i.e., hardwater streams) were associated with larger sea lamprey larvae at age 
2+ and found that conductivity was correlated with total phosphorus and alkalinity. 
Hardwater streams generally have greater productivity than softwater streams, and 
presumably provide a greater amount of food to larval lampreys (see Sect. 3.3). 
Interestingly, water chemistry differences among streams or sets of streams (i.e., in 
the elemental composition of the water) may provide stream- or watershed-specific 
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statolith signatures that allow stream of origin to be determined in Great Lakes sea 
or other lampreys (see Sect. 3.2.4).

3.2.2.5  Thermal Requirements

On a global scale, temperature is the environmental variable that best explains lam-
prey distribution (Ferreira et al. 2013). Lampreys are generally found north and 
south of the 20° isotherm, with average lethal temperatures around 28 °C (Potter 
1980a). In their study evaluating the influence of 11 macrohabitat variables on the 
distribution of European river and brook lampreys in Portugal, Ferreira et al. (2013) 
found that lampreys were found in areas where the average maximum temperature 
of the warmest month did not exceed 30 °C. Morman et al. (1980) reported that high 
water temperatures may be responsible for the absence of lamprey ammocoetes 
from the lower sections of Lake Ontario streams during the late summer.

Temperature is not usually identified as an important factor affecting lamprey 
distribution at small spatial scales, but likely also has some localized effects. Where 
sea lamprey larvae are present in Great Lakes tributaries characterized by high sum-
mer temperatures, they are often limited to areas of groundwater inflow (Morman 
et al. 1980). Conversely, ammocoetes in cooler streams have been noted to avoid 
habitats influenced by cold springs and seeps (Applegate 1950).

These findings correspond with experimental studies on the temperature pref-
erenda of lampreys. In a laboratory experiment, the preferred thermal niche of sea 
lamprey larvae was 20.8 °C, with maximum scope of activity occurring at approxi-
mately 19 °C (Holmes and Lin 1994). Rodríguez-Muñoz et al. (2003) assessed the 
influence of thermal regime on the development, survival rates, and early growth 
of embryos of sea lamprey incubated at five constant temperatures (7, 11, 15, 19 
and 23 °C). Survival from fertilization to hatching was 61, 89, 91 and 89 % at 11, 
15, 19 and 23 °C, decreasing to 58, 70 and 70 % from hatching to burrowing at 15, 
19 and 23 °C, respectively. The authors also observed body length at the burrowing 
stage was longest for embryos incubated at 19 °C, but body mass increased in the 
interval 15–23 °C. Meeuwig et al. (2005) assessed the influence of thermal regime 
on development and survival rates of Pacific lamprey and western brook lamprey 
incubated at four temperatures (10, 14, 18 and 22 °C). Survival was greatest at 10, 
14, and 18 °C, while survival at 22 °C was significantly lower than at other tempera-
tures. An increased incidence of developmental abnormalities was also observed at 
22 °C. The incipient lethal temperature of pouched lamprey is 28.3 °C, which almost 
certainly accounts for the restriction of this species to the southernmost rivers in 
Western Australia (Macey and Potter 1978).

3.2.2.6  Oxygen Requirements

Ammocoetes are sensitive to low oxygen tensions and unable to survive in very 
low concentrations (Potter et al. 1970). However, the rate of oxygen consumption, 



913 The Ecology of Larval and Metamorphosing Lampreys

and, thus the oxygen requirements of ammocoetes of the mountain brook lamprey 
Ichthyomyzon greeleyi is lower than the values given by Winberg (1956) for several 
teleost fishes of similar weight (Hill and Potter 1970). Ammocoetes can tolerate, 
for at least 4 days, oxygen tensions as low as 7–10 mmHg at 5 °C, 12–16 mmHg 
at 15.5 °C, and 13–21 mmHg at 22.5 °C (Potter et al. 1970). The very low oxygen 
consumption of ammocoetes may well be a major factor in enabling the animals 
to colonize the silt banks in slow-flowing areas where oxygen tensions must often 
be low (Hill and Potter 1970). In contrast, metamorphosing lampreys are gener-
ally found in water with higher dissolved oxygen content (Richards and Beamish 
1981; see Sect. 3.2.3), consistent with their higher rate of oxygen consumption 
(see Chap. 4). Interestingly, oxygen levels in the streambed have been found to 
be significantly increased by the burrowing and feeding activities of ammocoetes 
(Shirakawa et al. 2013).

3.2.2.7  Proximity to Spawning Habitat

As demonstrated above, larval abundance is directly linked to environmental vari-
ables, but the spatial context of biological factors, such as the spawning distribution 
of adults, also plays an important role in larval distribution (Torgersen and Close 
2004). The distribution of sea lamprey ammocoetes along the river is strongly as-
sociated with the spawning areas, with larval density being inversely related to the 
distance downstream from the spawning areas (Morman et al. 1980; Almeida and 
Quintella 2002; Quintella et al. 2003). Dawson and Jones (2009) studied four Great 
Lakes streams, and found that streams with higher sea lamprey survival-to-age-1 
had distributions of spawning and larval habitats that were most favorable to ammo-
coete production (i.e., the largest amount of spawning habitat in the upper reaches 
and the largest amount of preferred larval habitat in the lower reaches). Distribution 
of ammocoetes of migratory species (e.g., European river lamprey and sea lamprey) 
is also related to adult access to spawning habitats from their feeding grounds, with 
distance from a large water body (e.g., sea, estuary, or lake) and presence of poten-
tial migration barriers influencing ammocoete abundance (Goodwin et al. 2008; 
Ferreira et al. 2013).

Furthermore, given that adult lampreys during the migratory season increase their 
upstream movements and are attracted to a pheromone cue released by larvae in the 
system (Yun et al. 2011; Meckley et al. 2012; see Chap. 5), Neeson et al. (2011, 
2012b) suggest that there will be feedback loops between the number and distribu-
tion of spawners and the number and distribution of ammocoetes. These feedback 
loops will be influenced by the river’s network structure (i.e., its branching pattern), 
since the downstream propagation of pheromone will be affected by the river’s 
discharge and the number and size of confluent tributaries. In addition, each larval 
cohort will in turn contribute to the river’s “pheromonal landscape,” thus creat-
ing interannual feedback between adult migration and larval habitation. In streams 
where trapping has proven effective, catch rates of adults are often low or variable 
in years following removal of the larval population with lampricide treatments in 
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the Great Lakes basin (Moore and Schleen 1980). Thus, there is evidence that lam-
pricide treatments in the Great Lakes basin alter the feedback between adults and 
larvae and affects subsequent patterns of larval habitation, regardless of the small- 
and large-scale environmental factors discussed in previous sections.

3.2.3  Habitat Preferences Related to Larval Size  
and Metamorphosis

The relative importance of habitat variables can change with ammocoete size 
(Young et al. 1990a; Almeida and Quintella 2002; Sugiyama and Goto 2002). 
Several studies, for example, have demonstrated that larger larvae appear to show 
preference toward larger particle sizes. In the anadromous sea lamprey, smaller 
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ammocoetes (20–60 mm total length) preferred silty-sand substrates (i.e., sediments 
with a comparatively higher percentage of sand), but also with a relatively large 
portion of silt (Almeida and Quintella 2002; Fig. 3.1). Medium-size ammocoetes 
(60–140 mm) were mainly found in gravel-silty-sand substrate, where gravel and 
silt seem to have an identical contribution to the composition of this more het-
erogeneous sediment. Larger ammocoetes (140–200 mm) preferred coarse-grained 
sediments (gravelly-sand and sand; Almeida and Quintella 2002). In the landlocked 
sea lamprey, Sullivan (2003) likewise showed that as larvae grow, their preference 
shifts toward larger particle sizes, although even large larvae (> 120 mm) are rarely 
found in coarse substrates such as gravel, cobble, or rubble (Jones 2007). Lampreys 
going through the process of metamorphosis have also been observed in coarser 
substrates (see below).

Differences in habitat preference with body size may be related to burrowing 
abilities. In a laboratory experiment, smaller sea lamprey ammocoetes had lower 
burrowing performance than larger individuals across all substrate types tested 
(i.e., gravel, coarse sand, medium sand, and fine sand), but the differences were 
greater in coarser substrates (Quintella et al. 2007; Fig. 3.2). Additionally, coarser 
sediment particles increased the time spent on burrowing regardless of larval size, 
which is likely related to fatigue (Quintella et al. 2007). These authors suggested 
that smaller ammocoetes are usually associated with fine-grained sediments, be-
cause these softer sediments allow younger larvae, with a reduced swimming ca-
pacity, to propel the head and branchial region below the surface (Quintella et al. 
2007). Larger ammocoetes, on the contrary, may colonize a wider range of sedi-
ment types because their burrowing capacities are considerably higher (Quintella 
et al. 2007). Since the selection of the burrowing sediment is a size-dependent char-
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acteristic, the differences observed in the preferences for distinct sediment types 
within the same age group probably resulted from a reorganization of the ammo-
coete distribution pattern at the end of each annual growing season. This behavior 
could be a strategy developed by this species to avoid high densities in the areas 
colonized by younger individuals, and therefore reduce intraspecific competition 
for space and food (Almeida and Quintella 2002).

A similar preference by smaller larvae for smaller substrate particle sizes (and 
a narrower range of preferred particle size) has been identified in other lamprey 
species. Small (≤ 50 mm total length) Far Eastern brook lamprey larvae preferen-
tially selected substrate in the 0.125–1 mm diameter range, whereas larger larvae 
(> 50 mm) selected all three substrate size classes (< 0.125 mm, 0.125–1 mm, and 
1–2 mm diameter) equally (Sugiyama and Goto 2002). In the least brook lam-
prey, small ammocoetes (< 50 mm) had a stronger preference (54.7 %) for fine sand 
compared to large ammocoetes (100–150 mm; 49.7 %), and a moderate number of 
large ammocoetes (17.7 %) also selected coarse sand habitat (Smith et al. 2011; see 
Sect. 3.2.1.1). However, not all studies are in consensus regarding different habitat 
preferences of ammocoetes of different length classes. Optimal particle size and 
abundance for American brook lamprey did not change with larval length (Beamish 
and Lowartz 1996), and Goodwin et al. (2008) similarly found no relationship be-
tween particle size and ammocoete length in the Ballinderry River in Northern 
Ireland.

In the study by Sugiyama and Goto (2002), large Far Eastern brook lamprey 
larvae also showed a greater preference for deeper substrate and occupied a wider 
range of water depths (0–38 cm) than the small larvae (0–24 cm). In an extensively 
sampled river in northern Wisconsin, no difference was detected in density of larger 
sea lamprey larvae (> 51 mm TL) between deep (> 0.8 m) and shallow (< 0.8 m) 
water; however, small larval sea lamprey (< 51 mm TL) showed a greater preference 
for shallower water (Treble unpublished data). Earlier studies also suggested that 
larger sea lamprey ammocoetes are found more commonly in deep water (Wagner 
and Stauffer 1962; Manion and McLain 1971; Manion and Smith 1978). These re-
sults suggest that larvae change habitats as they grow, and size segregation among 
different habitats has also been found in pouched lamprey ammocoetes in New 
Zealand streams (Kelso and Todd 1993), and with sea lamprey in Portuguese rivers 
(Almeida and Quintella 2002).

Spatial segregation may be even more pronounced between larvae and trans-
formers. It has been observed in several different species that as larvae approach 
metamorphosis, there is a tendency for some to move to coarser substrates (Potter 
1970). Richards and Beamish (1981), for example, reported that metamorphos-
ing Pacific lamprey typically occurred in coarser substrate with better oxygenated 
water than did ammocoetes, and Kelso and Todd (1993) similarly found meta-
morphosing pouched lamprey in downstream reaches where substrate was coarser 
and flows were higher. Potter and Brown (1975) suggested that European river 
lamprey move into faster-flowing areas with more oxygenated sediments some-
time during metamorphosis, whereas the non-migratory non-parasitic European 
brook lamprey may remain in silted areas typical of the larvae until just prior 
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to spawning. Differences in the ecology of these two species are likely related 
to differences in their oxygen requirements during and after metamorphosis (see 
Sect. 3.2.2.6; see Chap. 4). Other studies likewise report transformers in nursery 
habitat alongside ammocoetes of varying year classes (Potter et al. 1980; Quintella 
et al. 2003). Not all brook lampreys, however, remain in the ammocoete beds dur-
ing metamorphosis. Although Beamish and Medland (1988a) reported that “it was 
not unusual” to find adult and ammocoete mountain brook lamprey in the same ar-
eas, as metamorphosis progressed, this species tended to shift to coarser substrates 
and higher water flows.

Differences in whether or not ammocoetes and transformers are spatially 
segregated may be related to other features of the habitat. Streams with a high 
gradient, for example, may show more downstream movement of larvae, espe-
cially during periods of flooding, so that age and size of larvae increases with 
distance from the spawning grounds. Streams with a lower profile may show 
less movement and less sorting by age and size (Hardisty 1986). Kelso and Todd 
(1993) suggested that downstream movement of pouched lamprey with age is 
significant in New Zealand streams since stream gradients are high and flooding 
is frequent.

During the initial stages of metamorphosis, transformers are more sedentary in 
comparison to ammocoetes (Quintella et al. 2005). Later on, juveniles burrow less 
frequently and are found hiding between pebbles, under aquatic vegetation, rocks 
and other structures (Almeida unpublished data).

3.2.4  Macroenvironmental Statolith Signature

The elemental composition of the habitat in which lampreys are found is reflected 
in their statoliths. Statoliths are structures in lampreys that are analogous to oto-
liths in teleost fishes, and the analysis of statolith microchemistry could possibly 
be used as a means of providing gross population structure of sea lamprey in the 
Great Lakes (Brothers and Thresher 2004). Previous Great Lakes otolith micro-
chemistry studies have successfully discriminated among local spawning loca-
tions in yellow perch Perca flavescens (Brazner et al. 2004; Ludsin et al. 2006). 
The elemental composition of larval sea lamprey statoliths was found to reflect the 
ambient elemental concentrations of the river systems from which the lampreys 
originated (Brothers and Thresher 2004). These authors indicated that strontium 
(Sr) and rubidium (Rb) differences alone were sufficient to correctly assign most 
larval sea lamprey to their natal rivers, and almost perfectly distinguished between 
specimens from the St. Marys River (connecting lakes Superior and Huron) and 
those from the drainages of Michigan’s Lower Peninsula, with Sr and Rb differ-
ences likely due to the regional differences in the geochemistry of the Canadian 
Shield and the Michigan basin. Hand et al. (2008) quantified elemental concentra-
tion in larval sea lamprey statoliths, and were able to discriminate among larvae 
from 13 streams located in lakes Michigan, Huron, and Superior with 82 % clas-
sification accuracy. However, several streams carried a common signature, and the 
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ability to discriminate among lakes (when all streams within a lake were grouped 
into a single category) was only about 60 %. This demonstrates that stream-specif-
ic signatures differ within each of these systems, and that local geology, watershed 
runoff, and pollutant sources may overwhelm regional, basin-wide geology (Hand 
et al. 2008).

Statolith elemental signatures within river systems are relatively stable over 
time and are affected only slightly by year-class variability (Brothers and Thresher 
2004). However, it appears that statolith elemental signatures may not be stable 
during the course of the lamprey life cycle. Recent research has found that in newly 
metamorphosed sea lamprey, the portion of the statolith deposited during the lar-
val stage was enriched in rubidium (Rb), which suggests a chemical reworking of 
statoliths during metamorphosis (Lochet et al. 2013). Since discriminating among 
sea lamprey from different streams mostly relies on premetamorphic levels of Rb, 
strategies for the use of statoliths to identify the natal origin of juvenile and adult 
sea lamprey should take into account the chemical changes associated with meta-
morphosis (Lochet et al. 2013).

3.3  Feeding

Ammocoetes feed by trapping small, water-borne particles in mucus within the 
pharynx (Mallatt 1981), and larval habitats provide a regular supply of the sus-
pended organic matter upon which larval lampreys feed (Sutton and Bowen 1994; 
Yap and Bowen 2003). Allowing for the effect of other environmental variables, 
an increase in the amount of organic material often—but not always—corre-
sponds to an increase in larval density (see Sect. 3.2.1.3). Habitat type selected 
by larval northern brook lamprey had relatively minor consequences for organic 
matter and amino acids in the diet, but had major consequences for assimilation 
efficiency for both nutrients, with highest efficiencies occurring in depositional 
areas where larvae aggregated at low densities (Yap and Bowen 2003). Whereas 
most suspension feeders meet their food requirement by moving dilute suspen-
sions rapidly across their feeding structures, ammocoetes meet nutrient needs by 
slowly processing concentrated suspensions (Mallatt 1983). A slow rate of water 
flow through the pharynx, necessitated by the high resistance of the substrate in-
habited and the design of the pharyngeal pump, confines ammocoetes to environ-
ments where food suspensions are concentrated (Mallatt 1983). Since the burrow-
ing habit that limits flow rate is necessary for protecting lampreys from predation 
during the larval stage (Morman et al. 1980), the requirement for concentrated 
suspensions seems basic to the animal’s biology (Mallatt 1983).

The larval lamprey diet consists of a mixture of algae (primarily diatoms), or-
ganic detritus, and bacteria (Sutton and Bowen 1994), with the detrital fraction 
serving as the primary food source (Moore and Beamish 1973; Moore and Potter 
1976a, b; Sutton and Bowen 1994; Mundahl et al. 2005). Sutton and Bowen (2009) 
found that diets of larval northern brook lamprey were dominated by detritus, which 
ranged from 94 to 99 % of the organic fraction of the gut contents. The remainder 
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of the contents in the digestive tract was composed of algae and bacteria, which in 
sum contributed less than 6 % of the total diet ash-free dry mass (Sutton and Bowen 
2009). Similar observations of organic detritus-dominated diets have been reported 
for sea lamprey and American brook lamprey during the summer months (Sutton 
and Bowen 1994; Mundahl et al. 2005). Specific physiological attributes, such as 
efficient digestion and assimilation and a low metabolic rate, have been identified 
as adaptations that allow larval lampreys to effectively use this food source (Moore 
and Beamish 1973; Moore and Mallatt 1980; Sutton and Bowen 1994; Yap and 
Bowen 2003; Mundahl et al. 2005). Shirakawa et al. (2009) experimentally found 
positive growth of sub-yearling Arctic lamprey ammocoetes given a diet of fallen 
leaves and negative growth of those given algae, although comparison to wild am-
mocoetes suggested a varied diet that may contain leaves and algae. In contrast, 
another experimental study indicated that larval Pacific lamprey grew more when 
given diets of algae or salmon carcass analogs and had negative growth when given 
diets of leaves (Jolley unpublished data). In this latter study, the presence of the 
unique stable isotope signatures in each of the food items confirmed consumption. 
Bacteria and organic substances dissolved in water are also likely significant as a 
food source for larval lampreys (Moore and Potter 1976b). Analysis of sea lamprey 
larvae gut contents found that microalgae belonging to the class Bacillariophyceae 
were the major constituents of the algal portion of the diet of ammocoetes (Quintel-
la 2000). Among the diatoms found, the genera Melosira and Navicula were the two 
most important algal food items, occurring in more than 95 % of the observed gut 
contents, and corresponding to 86 % of the total identified microalgae. The genera 
Cyclotella, Cymbella, Nytzschia, Cocconeis, Bacillaria, Synedra and Rhizosolenia 
were also classified as preferred algal food items (Fig. 3.3). During the spring and 
summer periods, as expected, the diversity of microalgae present in the analyzed 
gut contents was much higher than during autumn and winter (Fig. 3.3). The di-
versity of algal food items was low throughout the year mainly due to the almost 
absolute dominance of the genera Melosira and Navicula.

In British populations of European brook lamprey, Moore and Potter (1976b) 
found that feeding rate was most intense in early spring (as water temperatures rose 
from 5 to 12 °C), which was about two months before the spring algal bloom. Rates 
remained relatively constant throughout the summer, and declined in October, al-
though temperatures (10 °C) were still similar to those observed in spring. Maximal 
rates of feeding in the spring and summer are, not surprisingly, consistent with high 
summer growth rates (see Sect. 3.7.2).

No consistent pattern of change in the size of ingested material with length of 
larvae has been observed. Composition of gut contents among larval individuals of 
landlocked sea lamprey, anadromous sea lamprey, and American brook lamprey for 
a given season and river did not change greatly, irrespective of body length (Moore 
and Beamish 1973). Further, the authors found no consistent pattern of change in 
size of ingested algae with length of larvae. However, by the end of the larval stage, 
lampreys must have accumulated sufficiently large lipid reserves to act as an energy 
source during the subsequent long non-trophic period of metamorphosis (Moore 
and Potter 1976b), as no lamprey species has been found to feed during the meta-
morphic period (Hardisty and Potter 1971a; see Chap. 4).
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3.4  Lamprey Demographics

3.4.1  Density

As with the effect of various environmental factors on larval distribution and 
abundance, larval density will depend on the spatial scale at which it is measured. 
Malmqvist (1983) reviewed several previous studies, and reported that maximum 
densities in optimal habitats (i.e., on a fine scale) can number hundreds to thou-
sands of individuals per m2 (e.g., up to 126, 113, and 2,000 larvae/m2 in northern 
brook, European brook, and European river lampreys, respectively; Churchill 1945; 
Malmqvist 1980; Tuunainen et al. 1980). Nursall and Buchwald (1972) reported as 
many as 284 Arctic lamprey burrows per m2, and more recent studies in other spe-
cies also show high maximum densities (e.g., as many as 104 pouched lamprey lar-
vae and more than 100 Pacific lamprey larvae/m2; Kelso and Todd 1993; Torgersen 
and Close 2004). Presumably, there is a negative relationship between larval size 
and density; the 40–2,000 European river lamprey reported per square meter were 
for young-of-the-year larvae (8–36 mm) in spawning areas (Tuunainen et al. 1980).

Mean densities over larger areas of suitable habitat will be much lower. The 
earlier studies reviewed by Malmqvist (1983) show average densities to range 
from < 1 to about 20 larvae/m2 (e.g., Hansen and Hayne 1962; Kainua and Valton-
en 1980; Malmqvist 1980), and more recent studies show similar ranges over this 
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Fig. 3.3  Seasonal evaluation of the microalgal food items found in the diet of sea lamprey larvae 
in the River Mondego, Portugal, showing numerical frequency ( Fi) and frequency of occurrence 
( FO) of the preferential food organisms. In each of the graphics, the width of the bars is propor-
tional to the FO indicated between brackets. (Figure adapted from Quintella 2000)
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scale. Beamish and Youson (1987) estimated larval North American river lam-
prey densities in the Fraser River, British Columbia, to range from 2.8 to 64.3/
m2, with an average of 26–28 larvae/m2. Mundahl et al. (2006) examined densi-
ties and age structures of American brook lamprey larvae in several streams in 
southeastern Minnesota, where they found that mean densities of lamprey larvae 
varied from 0.33 to 5.78 larvae/m2 in the best habitats available. During a survey 
to characterize microhabitat preferences of European brook and river lampreys 
in two Portuguese watersheds, Almeida et al. (2011) found a mean (± standard 
deviation, SD) density of 3.97 ± 4.41 larvae/m2 ranging from 0.44 to 24.50 lar-
vae/m2. In a study of nine river basins in the Galicia region of northwest Spain 
during the summer period between 2007 and 2009, the density of sea lamprey 
ammocoetes captured with electrofishing was on average 4.9 larvae/m2, with a 
mean value per river basin ranging from 0.7 to 13.4 larvae/m2 (Gradín 2010). 
In Northern Ireland, Goodwin et al. (2008) found the density of European river 
and brook lamprey ammocoetes to range from 0.1 to 2.4/m2 (average 0.79/m2). 
In the Gironde-Dordogne River basin in France, Taverny et al. (2012) recovered 
as many as 9 and 19 sea and Lampetra larvae per square meter (averages 3.4 and 
7 larvae/m2, respectively).

In the Laurentian Great Lakes, the Great Lakes Fishery Commission and its 
agents have successfully reduced sea lamprey populations by approximately 90 % 
from peak levels (Marsden and Siefkes in press). A moderate to high density of 
larval sea lamprey in the Great Lakes is now considered to be > 5/m2 (Steeves 
et al. 2003). Slade et al. (2003) estimated mean larval catch in 15-m2 plots of 
Type I habitat from 214 infested stream reaches in 1996–1998 and calculated 
mean density to be 1.16 larvae/m2. In 51 stream reaches in the Lake Superior and 
Michigan basins, mean density in Type I habitat ranged from 0.01 to 8.45 larvae/
m2 (Lake Superior) and 0.04–10.4 larvae/m2 (Lake Michigan). Using data from 
26 Great Lakes tributaries surveyed between 1991 and 1995, Slade et al. (2003) 
estimated that sea lamprey density in Type II habitat was approximately 10 % of 
that in Type I habitats. However, these authors suggested that more recent data 
estimated density in Type II habitat to be 27.5 % that of Type I habitat; this lat-
ter value is similar to the relative densities observed by Zerrenner and Marsden 
(2005) in Type I and II habitats. In Lewis Creek, Vermont, in the Lake Champlain 
basin (which has been subject to lampricide treatments since 1990), Zerrenner 
and Marsden (2005) estimated mean sea lamprey densities in 1999 and 2000 to 
be 5.02–6.96/m2 and 1.93–3.30/m2 in Type I and Type II habitats, respectively. 
These numbers included larvae and transformers, with transformers making up 
2.4–5.8 % of the total number.

Based on the above studies, it is becoming clear that natural densities of lam-
preys are often much lower than those used in laboratory and in-stream studies, 
which have shown negative effects of larval density on growth rates and survival 
(see Sects. 3.6.1 and 3.7.2). Many of these studies use experimental densities that 
are more in line with maximum observed densities and even the “low-density” 
treatments are often high relative to naturally observed densities.
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3.4.2  Abundance

Over moderate to large scales, the abundance of spawning-run lampreys is more 
readily measured than that of the stream-resident stages, but counts of downstream-
migrating juveniles are now being made as well (e.g., as they pass through dams, 
salmon smolt traps, or other counting structures; Fish Passage Center 2013) and 
abundance estimates for even the cryptic larval and metamorphosing stages are also 
emerging.

The earliest known attempt to estimate total larval abundance within an entire 
stream system was made by Hansen and Hayne (1962). In the Ogontz River, a 
small tributary to Lake Michigan, they estimated the total larval lamprey popula-
tion in a 15-km reach at 136,800. In Ogontz Bay, an estimated 30,100 sea lamprey 
and 2,900 American brook lamprey larvae were present. These estimates were 
made in 1959 and 1958, respectively, and Hansen and Hayne (1962) felt that these 
numbers were not substantially affected by an electromechanical barrier first op-
erated in 1958. For more recent estimates, we used the data provided in Table 3 
of Slade et al. (2003) to calculate the total abundance of sea lamprey larvae (age 
1+) in 24 and 27 stream reaches in the Lake Superior and Lake Michigan basins, 
respectively (but note that infested length in this table should be in m, not km; Jef-
frey W. Slade, U.S. Fish and Wildlife Service, Ludington, MI, personal communi-
cation, 2014). In the Lake Superior basin, total estimated abundance ranged from 
136 in a 7.6-km infested reach of the Black Sturgeon River to 311,032 in a 66-km 
reach of the Goulais River. In the Lake Michigan basin, estimated total abundance 
ranged from 18 in Arthur Bay (where the infested reach was only 0.16 km long) to 
almost 1.4 million in a 14.6-km infested reach in the Platte River. Total abundance 
from these 24 Lake Superior and 27 Lake Michigan stream reaches totaled almost 
800,000 and over 2.2 million larvae, respectively. Total larval abundance in a 9.4-
km infested reach of Lewis Creek, Vermont, was estimated at 30,089–116,762 be-
tween 1990 and 2000 (Zerrenner and Marsden 2005). The streams in these recent 
estimates, of course, have been subject to periodic lampricide treatments. In a por-
tion of the Black Sturgeon River currently not exposed to lampricide application 
(i.e., above a barrier), Sea Lamprey Control Centre personnel in 2006 estimated 
that the total abundance of Ichthyomyzon ammocoetes (presumably northern brook 
lamprey since newly metamorphosed individuals of this species were also cap-
tured during sampling) to be more than 14.7 million (Mike Steeves, Fisheries and 
Oceans Canada, Sea Lamprey Control Centre, Sault Ste. Marie, ON, personal com-
munication, 2014).

Abundance estimates have also been made for metamorphosing lampreys. In 
the case of the Great Lakes sea lamprey, sea lamprey control efforts aim to kill the 
larvae before they metamorphose; control agents, therefore, attempt to predict in 
advance (rather than measure after the fact) the production of transformers in Great 
Lakes tributaries (Marsden and Siefkes in press). Slade et al. (2003) estimated the 
potential production of metamorphosed sea lamprey from 57 Lake Superior and 
58 Lake Michigan tributaries at 0–82,497 (average 4,318) and 0–103,027 (average 
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3,566), respectively. In the Black Sturgeon River study mentioned above, it was 
predicted that 115,066 northern brook lamprey would metamorphose that year (Tre-
ble unpublished data).

Counts of downstream-migrating juveniles are available for some species. 
Beamish and Youson (1987), for example, calculated that as many as 6.5 million 
juvenile North American river lamprey left the Fraser River in British Columbia 
in 1979. Beamish and Levings (1991) estimated that, per year, 19,000–176,000 
Pacific lamprey juveniles migrated out of one Fraser River tributary, the Nicola 
River, in 1984–1985 and 1987–1988. For more recent time periods, counts of 
juvenile lamprey (Pacific lamprey and/or western brook lamprey) as they pass 
through the mainstem hydrosystem in the Columbia River basin are recorded and 
are available at the Fish Passage Center (Columbia Basin Fishery Agencies and 
Tribes 2014).

The above studies are a valuable start to permitting a more thorough appreciation 
for total lamprey numbers in river systems but, particularly in species other than sea 
lamprey in the Great Lakes, there is still a need for standardized measurements to be 
made over time. Detection probability models are currently being used to determine 
occurrence of Pacific lamprey in the Columbia River basin, which may provide a 
baseline for comparison with future studies (Jolley et al. 2012; Dunham et al. 2013). 
In many species of conservation concern, there is evidence of population declines 
(mostly from the number of upstream migrants or harvest rates; see Chap. 8), but 
temporal trends in larval and metamorphosing stages are, in general, still poorly 
documented.

3.4.3  Sex Ratios

A small but variable excess of males has long been observed in spawning-phase 
lampreys (e.g., Dean and Sumner 1898; Young and Cole 1900; Wigley 1959; 
Zanandrea 1961). Skewed larval sex ratios have also been reported, and there is 
some evidence to suggest that sex ratios may be related to larval density. As sea 
lamprey numbers in the upper Great Lakes were drastically reduced following 
the initiation of sea lamprey control, the proportion of males correspondingly 
declined and a preponderance of female larvae (and adults) was soon observed 
(Smith 1971; Purvis 1979; Torblaa and Westman 1980). Sex ratio variations were 
also observed among least brook lamprey populations in Maryland, Delaware, 
Kentucky, Tennessee, and Alabama (which have not been subjected to lampricide 
treatment), and differences were related to larval density; the proportion of males 
increased significantly with relative density (Docker and Beamish 1994). In this 
study, larval sex ratio was not significantly related to water hardness, pH, annual 
thermal units, or latitude. It has thus been suggested that sex determination in 
larval lampreys is density dependent (Purvis 1979; Docker and Beamish 1994), 
occurring during a prolonged period (1–3 years) of sexual indeterminacy (see 
Docker et al. in press). Beamish (1993) also presented evidence for the existence 
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of environmental sex determination in the southern brook lamprey. He noted 
that when conditions for larval growth were favorable, increased occurrence of 
males was positively correlated with larval density. He found that under poor 
growth conditions, higher densities were associated with fewer males. Torblaa 
and Westman (1980) found highly variable sex ratios of larval sea lamprey pres-
ent in Great Lakes streams with divergent physical and chemical characteristics, 
which lends credibility to the view that environmental factors may play an im-
portant role in sexual differentiation of the ammocoete. However, approximately 
equal proportions of male and female larvae in other species (i.e., European river 
and brook lampreys) led Hardisty (1960) to rule out an environmental effect on 
sex differentiation. In a more recent study examining sea lamprey sex ratios in 
the Great Lakes, Wicks et al. (1998) were likewise unable to detect an effect of 
larval density on sex ratio, although this may be because larval densities in Great 
Lakes streams now remain low due to the control program (Jones et al. 2003). 
In an experimental study, Docker (1992) also found no significant relationship 
between rearing density and sea lamprey sex ratio but, in this case, it appears that 
all experimental densities were high (between 57 and 470 larvae/m2) compared to 
natural densities (see Sect. 3.4.1).

The possible adaptive significance of environmental sex determination in lam-
prey could be compensation for changes in density to favor an equilibrium popu-
lation. However, only experimental studies at more natural densities can verify a 
causal relationship between density and sex ratio, and further experimental and 
field studies may shed some light on density-related differences between the sexes 
(Docker and Beamish 1994).

Other possible explanations for unequal sex ratios in larval lampreys (i.e., 
other than environmental sex determination) include sex-specific differences in 
mortality during the larval stage or differential rates of metamorphosis. In the 
least brook lamprey, however, sex ratio variations were not likely the result of 
differential mortality between the sexes since sex ratios varied among streams 
from the time of gonadal differentiation, and remained relatively constant there-
after (Docker and Beamish 1994). Furthermore, among sea lamprey larvae main-
tained at various densities for over 3 years, there was no evidence of sex-specific 
mortality (Docker 1992). There is also no evidence that lampricides applied to 
Great Lakes streams are selectively toxic to male lamprey (Purvis 1979). There 
is evidence of sex-specific differences in age at metamorphosis (i.e., that females 
metamorphose at an older age than males, particularly in non-parasitic species; 
Purvis 1970; Docker and Beamish 1994; Docker 2009; see Chap. 4) but, since 
the sex ratio variations observed in the least brook lamprey were established at 
the time of gonadal differentiation, Docker and Beamish (1994) asserted that dif-
ferential recruitment to the adult stock was not responsible for the differences in 
larval sex ratios.

The demographic effects of skewed larval sex ratios (e.g., on overall rates of 
recruitment and mortality) are unknown, and will probably vary greatly between 
resident and anadromous species (see Sect. 3.10).
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3.5  Movement

Data show that the ammocoete life stage is not entirely at the mercy of the environ-
ment. Although dispersal is largely determined by changes in current velocity or 
water levels, with floods and spring thaw events regarded as a major factor in their 
redistribution (Hardisty and Potter 1971a), the possibility that ammocoetes may 
actively seek out more favorable areas for colonization is supported by numer-
ous studies. For example, multiple studies suggest high drift or movement rates 
soon after sea lamprey larval emergence. The initial migration from the spawning 
site appears to be a result of a mass emergence from the nest substrate caused by 
sudden changes in the larvae at the critical stage of yolk absorption (Applegate 
1950). Manion and McLain (1971) suggested that age-0 sea lamprey larvae ini-
tially remained close to spawning areas and by age 1 had only moved a few hun-
dred meters; they reported a more widespread distribution of larvae by age 2. A 
more recent study of this species by Derosier et al. (2007), based both on field 
observations and genetic data (i.e., which allowed the researchers to use distance 
separating full sibling larvae as a proxy of dispersal distance), does not support 
this previous observation. According to these authors, age-0 larvae did not cluster 
near the spawning nests, but dispersed widely soon after emergence, and were 
equally likely to be found in habitats greater than 150 m from the nest as within 
50 m. Genetic data showed that age-0 siblings were found up to 0.9 km from each 
other within 3 months of emergence (Derosier et al. 2007). Age-1 larvae showed 
even greater dispersal after a single year; larvae were frequently found greater 
than 1 km downstream (Derosier et al. 2007). Kelso and Todd (1993), based on the 
downstream distribution of age-0 pouched lamprey larvae, likewise suggested a 
more rapid downstream colonization in this species. In addition, age-0 Pacific and 
western brook lampreys (< 30 mm TL) were locally abundant in tributary mouth 
depositional areas of the Columbia River and likely originated some distance  
upstream (Jolley unpublished data).

Various biotic and abiotic factors have been found to affect the movement of 
larval sea lamprey. Larval movement was observed to occur significantly more of-
ten at higher densities and significantly less often at temperatures below 18.5 °C 
in the laboratory (Derosier et al. 2007). Relatively high movement rates were ob-
served during warmer temperatures, with 20–30 % of larvae emerging from the 
sediment and drifting during a single night (Derosier et al. 2007). Derosier et al. 
(2007) hypothesized that the risk of movement for sea lamprey larvae into less suit-
able habitats in the fall (when temperatures below 18.5 °C are more likely to occur) 
outweighs the benefits of seeking habitats with lower densities.

Although earlier authors have suggested that larval movement is largely pas-
sive (e.g., Applegate 1950), Potter (1980a) countered this argument, citing the tag-
ging studies of Smith and McLain (1962) and Manion (1969) that showed that sea 
lamprey larvae may occasionally move a short distance upstream. More recently, 
Quintella et al. (2005), monitoring sea lamprey ammocoetes marked with passive 
integrated transponders (PIT) tags, similarly observed a considerable proportion of 
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short movements in an upstream direction. As expected, however, observations dur-
ing laboratory experiments revealed that ammocoetes spent most of the time mo-
tionless and, when active, downstream movements were more frequent and longer 
compared to upstream movements (Quintella et al. 2005).

Furthermore, although ammocoetes spend most of their time burrowed, they 
are adept at performing and recovering from vigorous anaerobic exercise. Such 
attributes could be important when these animals are vigorously swimming or 
burrowing as they evade predators or forage (Wilkie et al. 2001). Laboratory 
experiments conducted by Sutphin and Hueth (2010) to measure the swimming 
performance of Pacific lamprey ammocoetes suggest relatively high swimming 
capacities of larval lampreys. According to these authors, ammocoetes are able to 
swim considerable periods of time at a prolonged-sustained level, ranging from 
43.0 min when exposed to a low velocity of 0.1 m/s, to 0.4 min when exposed 
to 0.5 m/s water velocity. The burst swimming speeds of larval Pacific lamprey 
tended to increase with size of the individuals tested, ranging from 0.3 to 0.8 m/s 
(Sutphin and Hueth 2010).

As reviewed by Potter (1980a), the downstream movement of larval lampreys 
occurs mainly at night; this is evident in many species. Abundant nighttime catches 
of larval Pacific lamprey in drift nets were noted in the Deschutes River in the Co-
lumbia River basin (Gadomski and Barfoot 1998), and White and Harvey (2003) 
found larval drift in this species to occur almost exclusively at night. For European 
river lamprey larvae in the main channel of the Derwent River in England, night-
time catches were eight times higher than daytime catches; for transformers, night-
time catches were 24 times higher (Bracken and Lucas 2013). Ammocoetes are, 
in general, more active at night (Almeida et al. 2005), and nocturnal downstream 
movement likely makes them less vulnerable to predation (Naesje et al. 1986; Har-
vey 1991). More recent studies also support previous observations that downstream 
movement is highly seasonal. For example, peak catches of European river lamprey 
larvae and transformers in the Derwent River occurred in mid-winter and Decem-
ber–April, respectively, and may be coupled with higher winter flows (Bracken 
and Lucas 2013; see Sect. 3.9.1). White and Harvey (2003) found larger Pacific 
lamprey ammocoetes to drift almost exclusively during higher flows in spring, and 
smaller (presumably newly hatched) larvae drifted during the summer.

In several different species, studies have revealed that as larvae approach meta-
morphosis, they have a tendency to move further downstream into coarser substrates 
where the water velocity and dissolved oxygen content is higher (see Sect. 3.2.3). In 
Arctic lamprey, larger (presumably older) individuals have been found in the down-
stream reaches, closer to river mouths (Heard 1966; Nursall and Buchwald 1972; 
Bradford et al. 2008). Likewise, as sea lamprey larvae increase in size, movement 
towards the mouth of streams and lentic areas has been noted (Quintella et al. 2003; 
Jones 2007), although the rate of movement and the habitats occupied during this 
migration are unknown (Jones 2007). Kelso and Todd (1993) found that the size of 
pouched lamprey larvae in two New Zealand streams was greatest at downstream 
sites, the range in size was greatest downstream, and transformers were typically 
found in the downstream reaches. Although very small (presumably age-0) Pacific 
lamprey ammocoetes have also been found close to or in the mouths of rivers that 
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meet the Columbia River mainstem, the results suggests that these habitats are pri-
marily inhabitated by larger larvae.

3.6  Mortality

Mortality during the larval life stage is an important demographic parameter about 
which we presently have very limited information (Jones et al. 2009). Sea lamprey 
mortality is thought to be high in the egg phase and immediately following hatching 
when ammocoetes disperse from nest sites to suitable larval habitats (Potter 1980a). 
Available evidence suggests that ammocoetes older than age-0 experience relatively 
low and uniform mortality throughout the remainder of the larval stage; their pro-
pensity to burrow in sediments presumably allows them to avoid predators (Potter 
1980a). Metamorphosis, however, may represent a second critical stage in lamprey 
development (Hardisty and Potter 1971a).

3.6.1  Mortality Factors in Different Life Stages

Available estimates of egg viability suggest reasonably high (but variable) survival 
in the absence of predation. When sampled shortly before hatch (at approximately 
8–13 days after fertilization), 0–90 % (average 43.4 %) and 57.8–100 % (average 
84.4 %) of the eggs in sea and Pacific lamprey nests, respectively, were found to be 
viable (Bergstedt et al. 2003; Ward et al. 2012). Under optimal laboratory condi-
tions (i.e., at 18.4 °C), Piavis (1961) found 78 % survival to the burrowing stage 
(17–33 days after fertilization). However, lamprey eggs appear to be preyed upon 
by a number of fish species, including speckled dace Rhinichthys osculus (Brumo 
2006) and hornyhead chub Nocomis biguttatus (Cochran 2009). Eggs dislodged 
from the nest seem to be particularly vulnerable. Using an experimental hatching 
system, Smith and Marsden (2009) found that a high proportion (85 %) of sea lam-
prey eggs was washed out of the nest, and predation rates on eggs outside the nest 
were high. Brumo (2006), however, found that egg predation did not have a signifi-
cant effect on the relative survival of Pacific lamprey ammocoete cohorts. Large 
parasitic lampreys have high fecundity (averaging approximately 45,000–79,000 
and 98,000–238,000 eggs per female for landlocked sea and Pacific lampreys, re-
spectively; see Docker et al. in press) and highly variable recruitment (Jones et al. 
2003), leading to the potential for offspring to exceed the capacity of early rearing 
environments to support them (Derosier et al. 2007). Fecundity in small, non-para-
sitic lamprey species, however, rarely exceeds 2,000 eggs per female (Docker et al. 
in press); the effect of egg predation on these species is unknown.

As mentioned above, mortality throughout the remainder of the larval stage is 
thought to be relatively low and uniform. Actual larval survival rates are highly un-
certain, but some estimates are available. In the pouched lamprey, Kelso and Todd 
(1993) calculated annual larval survival rates to be approximately 47 % for age 0 
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and 1 larvae and 77 % for age 1 and 2 larvae. Weise and Pajos (1998) estimated an-
nual survival of one age class of sea lamprey larvae to be 61 % (see below). A recent 
study, in which sea lamprey larvae > 60 mm total length were tagged, released into 
six Great Lakes tributaries following lampricide treatment, and later recaptured, 
provided survival rate estimates of 56.8–57.6 % (Johnson et al. 2014). These es-
timates are somewhat higher than the values (39.5–51.8 %) used in sea lamprey 
population model simulations (Jones et al. 2009; Irwin et al. 2012), but are gener-
ally lower than those (52–96 %) reported by Morman (1987) from cage studies in 
which predators would have been excluded.

Larval lampreys are eaten by a variety of fishes, amphibians, reptiles, birds, and 
mammals, and predation on lampreys is known in both marine and freshwater habi-
tats (Cochran 2009). However, predation is thought to be a more important source of 
mortality in migrating (including downstream-migrating juveniles, see below) and 
spawning lampreys than in larval lampreys (Cochran 2009). Teleost predators of 
larval lampreys include species of minnows (Cyprinidae), sticklebacks (Gasteroste-
idae), eels (Anguillidae), sculpins (Cottidae), walleye and perch (Percidae), salmon 
and trout (Salmonidae), burbot (Lotidae), pike (Esocidae), and bullheads or cat-
fishes (Ictaluridae) (Hardisty 1961a, b; Heard 1966; Manion 1968; Tuunainen et al. 
1980; Maitland 2003; Nakamoto and Harvey 2003; Cochran 2009). Birds known 
to eat larval lampreys include herons (Ardeidae), gulls ( Larus spp.), mergansers 
( Mergus spp.), cormorants (Phalacrocoracidae), and terns (e.g., Forster’s tern Sterna 
forsteri) (Poe et al. 1991; Maitland 2003; Antolos et al. 2005; Cochran 2009).

The burrowing habits of larval lampreys appear to protect them from predation. 
According to a laboratory experiment performed by Smith et al. (2012), the avail-
ability of fine sand habitat may influence the predation risk of ammocoetes, since 
survival from predation was found to be highest in fine sand and lower in other 
substrates (see Sect. 3.2.1.1).

The substrate largely protects larval lampreys from predators, but their burrow-
ing habit does make them vulnerable to large-scale anthropogenic disturbances of 
the sediment, particularly dredging (e.g., for mining or channel maintenance for 
flood control and navigation; see Chap. 8). Not only does dredging remove desir-
able substrate (see Sect. 3.2.1.1), it likely also results in the removal of the ammo-
coetes themselves. Unlike more mobile fishes that might quickly move from the 
site of a disturbance, ammocoetes often emerge from the sediment long after opera-
tions cease and they are not salvaged. Although poorly studied, these losses may 
be substantial (e.g., O’Connor 2004, 2006). Channelization also reduces habitat 
heterogeneity, eliminating or reducing the flow refugia important to larval lampreys 
(see Sect. 3.2.1).

Larval mortality due to disease is not well-studied (see Chap. 8). Research has 
largely focused on the impact of potential lamprey pathogens on human health or 
their potential transmission to commercially-important fishes. One recent study 
(Kurath et al. 2013), however, showed that Pacific lamprey ammocoetes exposed 
to common fish rhabdovirus pathogens—infectious hematopoietic necrosis virus 
(IHNV) and viral haemorrhagic septicaemia virus (VHSV)—showed no evidence 
of viral infection, replication, or persistence.
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Larval density in the stream bed appears to be an important factor determining 
survival to metamorphosis (Manion and Smith 1978; Malmqvist 1983). Morman 
(1987) placed sea lamprey in cages in five Michigan streams at two densities (25 
and 75 larvae/m2), and monitored growth for 4½ years. Total mortality of larvae 
from ages 1 to 5 in the low and high density cages ranged from 4 to 8 % and 32 
to 48 %, respectively. Weise and Pajos (1998) measured growth and density using 
length-frequency data between year classes of sea lamprey during recolonization 
of a Great Lakes tributary following a lampricide treatment in August 1989. They 
identified intraspecific competition, found no significant change in density of the 
1990 year class during the study, and measured annual mortality of the 1991 year-
class (interpreted as intraspecific mortality) as 39 %.

Survival of ammocoetes is also related to temperature, which is reflected in their 
geographical distribution (see Sect. 3.2.2.5). Van de Wetering and Ewing (1999) 
found lethal temperatures for larval Pacific lamprey beginning at 28 °C, which is 
similar to that found in earlier studies for other species: Potter and Beamish (1975) 
recorded incipient lethal temperatures ranging from 28 to 30.5 °C for northern brook, 
sea, European brook, and American brook lampreys; and Macey and Potter (1978) 
determined the incipient lethal temperature of pouched lamprey to be 28.3 °C. 
Meeuwig et al. (2005), however, reported decreasing survival of Pacific lamprey 
and western brook lamprey larvae as temperatures reached as little as 22 °C. Accli-
mation (i.e., to higher temperatures) appears to have little effect on incipient lethal 
temperature in lampreys. In teleosts, a rise of 3 °C in acclimation temperature gener-
ally results in a 1 °C increase in incipient lethal temperature; however, this trend was 
not observed in larval lampreys (Macey and Potter 1978). In fact, incipient lethal 
temperature in pouched lamprey acclimated at 5 and 25 °C was 27.3 and 28.2 °C, 
respectively (Macey and Potter 1978). This small (0.9 °C) rise over a 20 °C range 
in acclimation temperature is typical of other larval lampreys (Potter and Beamish 
1975), and may be related to the low metabolic rate of ammocoetes (Hill and Potter 
1970; Potter and Rogers 1972).

Mortality rates are thought to increase again at metamorphosis. Extensive mor-
phological and physiological changes are occurring during this non-trophic period, 
including dramatic changes to the respiratory system (see Chap. 4) that are as-
sumed to produce a “partial asphyxiation” (Hardisty and Potter 1971a). In addition, 
dams and other engineering works may represent significant sources of mortality 
in those species that undergo downstream migration following metamorphosis (see 
Chap. 8). Lampreys appear to swim lower in the water column than fishes with 
swim bladders and may thus pass beneath turbine bypass screens designed for juve-
nile salmonids (Long 1968; Moursund et al. 2003). In addition, those lampreys that 
encounter salmonid bypass screens may become impinged, leading to elevated mor-
tality rates (Hammond 1979; Moursund et al. 2003; Dauble et al. 2006; Columbia 
River Inter-Tribal Fish Commission 2008). However, juvenile lampreys that pass 
through dam turbines may survive relatively better than other fishes. A recent study 
found no mortality or injury to juvenile Pacific lamprey exposed to a rapid de-
crease in pressure similar to what would occur during turbine passage; mortality 
or injury would be expected in 97.5 % of juvenile Chinook salmon Oncorhynchus 
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tshawytscha similarly exposed (Colotelo et al. 2012). Nevertheless, lampreys that 
survive passage through dams may become disorientated and suffer increased pre-
dation rates. Predatory fishes have been observed to congregate downstream of tur-
bine outflows (Lucas and Baras 2001).

3.6.2  Mortality Ascribed to Pollution and Water Quality

Pollution can affect survival of lampreys. Occassional mortalities have been as-
cribed to pollution, and significant levels of pollution can eliminate whole popu-
lations of lampreys from rivers. Sea lamprey and European river lamprey disap-
peared from the polluted Thames and Clyde rivers in the United Kingdom (see 
Chap. 8) and, in Portugal, industrial pollution is thought to be mainly responsible 
for the extirpation of sea lamprey in the Ave River basin (Quintella 2006). Ac-
cording to Almeida et al. (2008), industrial pollution was also the primary factor 
responsible for the extremely low density of sea lamprey larvae found in the lower 
reaches of River Cávado in Portugal. Embryos and larvae using toxic sediments are 
likely more at risk than are juvenile and adult lampreys migrating through polluted 
waters (see Chap. 8); given that the larvae remain burrowed in river sediments for 
years, they may be particularly at risk. Pacific lamprey ammocoetes in the Trinity 
River, California, contained mercury concentrations (legacy mining contaminants) 
12–25 times higher than freshwater mussels from the same site, and were well 
above concentrations considered to be detrimental in other fishes (Bettaso and 
Goodman 2010). Pacific lamprey larvae were found to be particularly sensitive to 
pentachlorophenol, one of the pollutants found in the Portland Superfund area of 
the Willamette River (Andersen et al. 2010). Morman et al. (1980) observed that 
streams affected by domestic, industrial, or agricultural pollution usually have no 
larvae or only small, discrete populations. However, Young et al. (1996) found that 
peaks in abundance of larval sea lamprey in the St. Marys River in 1971 and 1983 
were both before and after reported declines in sediment contamination which 
could have influenced larval populations.

Few studies are available that concern the water quality requirements of lam-
preys (Maitland 2003). In comparison with the information on teleost fishes, for 
example, very little is known about the effects on lampreys of acid water and its 
associated environmental changes. Those studies available, however, suggest there 
is cause for concern. According to Myllynen et al. (1997), hatching success of Euro-
pean river lamprey and the survival of newly hatched larvae are clearly reduced by 
the prevailing water quality of the river. It appears that high iron concentration es-
pecially, together with acidic pH, reduces the hatchability of the eggs and increases 
the mortality of newly hatched larvae (Myllynen et al. 1997). These authors also 
observed that changes in water quality affected European river lamprey populations 
in Finnish rivers, as larval populations diminished in areas that otherwise should 
have been suitable for larval growth.
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3.7  Duration of Larval Life and Growth Rates

3.7.1  Duration of Larval Life

The duration of the larval period in the life cycle of lampreys has been found to 
vary among species and within species (Potter 1980a; Youson 2003; Table 3.2). In 
general, non-parasitic species appear to persist longer in the larval phase and attain 
greater lengths at metamorphosis than parasitic species, at least when comparing 
“paired” (i.e., closely-related) parasitic and non-parasitic lampreys (Potter 1980b; 
Docker 2009). For example, average duration of the larval period in the European 
river lamprey in the River Teme has been estimated to be 4¼ years, whereas aver-
age length of larval life in the European brook lamprey is approximately 6¼ years 
(Potter 1980a). However, some earlier studies (Knowles 1941; Hardisty 1944) sug-
gest a much shorter larval phase in the latter species (see Table 3.2). Furthermore, 
this trend is less apparent when comparing across taxa, and considerable variation 
in age at metamorphosis has been observed among parasitic species. Some species 
(e.g., pouched lamprey, European river lamprey, and short-headed lamprey Mor-
dacia mordax) initiate metamorphosis at relatively young ages (3¼–4¼ years; Pot-
ter 1980a) whereas duration of the larval period for the anadromous sea lamprey 
was estimated at 6–8 years in Canadian rivers (Beamish and Potter 1975) and at 
approximately 5 years for British populations (Hardisty 1979). The age at meta-
morphosis of Pacific lamprey has been estimated at 4–8 years, with the majority of 
transformers being ages 5–7 (Russell 1986; Beamish and Northcote 1989).

For sea lamprey in the Great Lakes watershed, larvae generally range between 
2 and 7 years of age at the time they enter metamorphosis (Potter 1980a; Morkert 
et al. 1998), although metamorphosis in as few as 2 years is unusual. The Chippewa 
River in Michigan, where many sea lamprey were found to undergo metamorpho-
sis as early as age 2, is a highly productive stream (Morkert et al. 1998). In the 
Big Garlic River in Michigan, which is a relatively cold, unproductive stream, a 
known-age population of ammocoetes were not yet undergoing metamorphosis by 
age 6 (Dawson unpublished data). Higher productivity associated with higher water 
temperatures may enhance feeding efficiency and growth, resulting in an earlier 
age-at-metamorphosis (Morman 1987). Relative to more northerly situated river 
basins, anadromous sea lamprey ammocoetes from the Portuguese River Mondego 
presented a shorter larval stage duration of 4 years (Quintella et al. 2003; Fig. 3.4). 
The relationship between age-at-metamorphosis and ammocoete growth rate is dis-
cussed further below (Sect. 3.7.2); size at metamorphosis is discussed in Sect. 3.8.1.

3.7.2  Growth Rate of Ammocoetes

The growth rate of ammocoetes is correlated with factors important to the dura-
tion of larval life (such as water temperatures) and can vary considerably between 
geographic regions with different climatic regimes (Potter 1980a). Landlocked sea 
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lamprey in the lower Great Lakes (lakes Erie and Ontario) are known to achieve 
larger sizes more quickly than sea lamprey in the upper lakes (lakes Superior, 
Michigan, and Huron; Potter 1980a; Hansen et al. 2003; Slade et al. 2003; Hansen 
and Jones 2009). More favorable climatic conditions are likely to induce higher 
growth rates. The majority (96 %) of known-age sea lamprey larvae in a warm, high 
alkalinity Lake Huron tributary (Ogemaw Creek) achieved lengths of 120 mm or 
more by late summer at age 5, and some ammocoetes were observed undergoing 
metamorphosis. However, none of the known-age larvae in a cold, low alkalinity 
Lake Superior tributary (Big Garlic River) achieved a length of 120 mm by late 
summer at age 6 (Fig. 3.5). Quintella et al. (2003) used length-frequency analyses 
and statolith readings to measure growth and larval stage duration of the sea lam-

Table 3.2  Summary of past research on the determination of lamprey larval stage duration. The 
methods listed are those used to determine age/growth
Species Larval stage 

(years)
Method Author

Geotria australis, pouched lamprey 4.25 Length–frequency Potter and Hilliard 
(1986)

Geotria australis 3.5 Length–frequency Todd and Kelso (1993)
Ichthyomyzon gagei, southern 

brook lamprey
3.25–4.25 Length–frequency F. W. H. Beamish 

(1982)
Ichthyomyzon greeleyi, mountain 

brook lamprey
5.2–6.2 Length–frequency Beamish and Austin 

(1985)
Ichthyomyzon greeleyi 5.25–6.25 Length–frequency Potter and Bailey 

(1972)
Lampetra aepyptera, least brook 

lamprey
4–5 Length–frequency/

statolith
Docker and Beamish 

(1994)
Lampetra fluviatilis, European river 

lamprey
4.5 Length–frequency Hardisty and Huggins 

(1970)
Lampetra planeri, European brook 

lamprey
2–3 Length–frequency Knowles (1941)

Lampetra planeri 3.5–4 Length–frequency Hardisty (1944)
Lampetra planeri 6.25 Length–frequency Hardisty (1961b)
Lethenteron camtschaticum, Arctic 

lamprey
4 Length–frequency/

statolith
Kucheryavyi et al. 

(2007)
Mordacia mordax, short-headed 

lamprey
3.5 Length–frequency Potter (1970)

Petromyzon marinus, sea lamprey 3.4–3.9 Length–frequency Applegate (1950)
Petromyzon marinus 5 Length–frequency Hardisty (1969)
Petromyzon marinus 6 Length–frequency Lowe et al. (1973)
Petromyzon marinus 6–8 Length–frequency Beamish and Potter 

(1975)
Petromyzon marinus 5 Length–frequency Hardisty (1979)
Petromyzon marinus 5 Cage Morman (1987)
Petromyzon marinus 2 Length–frequency/

statolith
Morkert et al. (1998)

Petromyzon marinus 3–4 Statolith Griffiths et al. (2001)
Petromyzon marinus 4 Length–frequency/

statolith
Quintella et al. (2003)
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prey in the River Mondego in Portugal. The theoretical growth model based on 
length-frequency distribution of sea lamprey larvae from this system, confirmed 
by the number of annuli identified on statoliths, suggested approximately 4 years 
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Fig. 3.4  Graphic expression of the seasonal von Bertalanffy growth formula estimated for sea 
lamprey ammocoetes in the River Mondego, Portugal. Also represented is the mean total length 
(mm ± SD) of lamprey (●) for each age group assigned with statoliths readings. (This figure was 
originally published in Quintella et al. (2003) and reproduced with permission of John Wiley & 
Sons, Inc.)

 

Fig. 3.5  Length at known age for natural populations of sea lamprey in two Michigan streams. 
Ogemaw Creek is a warm, high alkalinity tributary of Lake Huron, while the Big Garlic River is a 
cold, low alkalinity tributary of Lake Superior (Dawson unpublished data)
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of larval life (Fig. 3.4). The seasonal von Bertalanffy growth formula, calculated 
using the length-frequency distribution of the sea lamprey ammocoetes sampled in 
River Mondego on a monthly basis and during a 3-year period, displayed a marked 
seasonal pattern of growth throughout the year with a relatively short period of slow 
growth (± 1.2 months), apparently taking place between January and February, the 
cooler period of the year (Fig. 3.4). On average, ammocoetes attained 36.7 % of the 
theoretical maximum length (TL∞) in the first year (i.e., 72 mm), 68.6 % at the end 
of the second year (i.e., 136 mm), 84.4 % at the end of the third year (i.e., 168 mm), 
and 92.3 % of the TL∞ at the end of the fourth year (i.e., 183 mm; Fig. 3.4). In the 
Quintella et al. (2003) study, the ages assigned from the number of annuli were con-
sistent with ages derived from the theoretical growth model (Fig. 3.4).

Hansen et al. (2003) found that sea lamprey growth varied significantly among 
Great Lakes streams and years. This observation is consistent with other studies 
that indicate variability in larval growth likely derives from watershed character-
istics, which define the productivity of each stream and contribute to the variation 
in growth among streams (Manion and Smith 1978; Purvis 1979; Potter 1980a; 
Holmes 1990; Young et al. 1990a; Morkert et al. 1998; Rodríguez-Muñoz et al. 
2001). Within streams, annual environmental characteristics, such as temperature 
and precipitation, contribute to variability in growth (Manion and McLain 1971; 
Young et al. 1990b). Lamprey feed slowly but efficiently on organic detritus in 
streams, accumulating most of their energy during summer when temperatures are 
warm and food quality is high (Sutton and Bowen 1994; Yap and Bowen 2003; see 
Sect. 3.3). This is consistent with previous observations by Lowe et al. (1973) that 
increases in length of larval sea lamprey in Shelter Valley Creek, a small tributary to 
Lake Ontario, were almost entirely restricted to the warmest months.

Lowe et al. (1973) also observed that further increases in length did not take 
place during the final year of larval life. This so-called “arrested growth phase” 
or “rest period” prior to metamorphosis is not due to environmental conditions, 
but rather suggests that metabolism prior to metamorphosis is focused more on 
lipidogenesis than somatic growth (O’Boyle and Beamish 1977; Potter 1980a; Bird 
and Potter 1981; Treble 2006; see Chap. 4). It is not known, however, whether all 
lamprey larvae undergo a pre-metamorphic arrested growth phase. Such informa-
tion is critical for predicting rates of metamorphosis and potential recruitment of sea 
lamprey to the Great Lakes based on the size structure of larval populations (Slade 
et al. 2003).

Laboratory studies have shown negative effects of larval density on growth rates 
in lampreys, both in single species (Mallatt 1983; Malmqvist 1983; Murdoch et al. 
1992) and multispecies (Murdoch et al. 1991) experiments. Growth of sea lam-
prey ammocoetes was observed to decrease significantly with increasing density 
(Murdoch et al. 1992). Over an 8-month period, the authors recorded changes in 
length (mean ± standard error) of 17.3 ± 3.0, 4.3 ± 4.5, and − 1.4 ± 1.0 mm at larval 
densities of approximately 34, 172, and 345 per m2, respectively. Rodríguez-Muñoz 
et al. (2003) assessed the role of population density and waterborne-mediated 
interference on the growth rate of sea lamprey larvae in two laboratory experiments. 
The effects of these factors were evaluated by comparing growth of larvae reared 
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at three different densities (27, 75, and 128 individuals/m2) or in preconditioned 
water (i.e., water taken from aquaria containing sea lamprey larvae at the same three 
densities). The authors found that water conditioning had a negative but weaker 
effect on growth than larval density, with larvae reared in water preconditioned at 
the two higher densities having shown a lower mass increase than those growing in 
water preconditioned at the lowest density. These results suggest that chemical or 
biological agents released into the surrounding water by conspecifics may influence 
growth in larval sea lamprey (Rodríguez-Muñoz et al. 2003).

The effect of density on larval growth rate has also been measured in situ through 
the use of cages (Malmqvist 1983; Morman 1987; Zerrenner 2004). Morman (1987) 
observed in his long-term cage experiments that sea lamprey ammocoete lengths 
were significantly greater in the low-density cages (25 larvae/m2) by the end of the 
study than in the high density cages (75 larvae/m2). He also found that some larvae 
had entered metamorphosis in the low-density cages (presumably as the result of at-
taining a larger size), while no metamorphosing animals were observed in the high 
density cages. Zerrenner (2004), however, found growth of sea lamprey larvae held 
in circular cages (0.16 m2) in streams for a period of 1 year was not significantly 
affected by density (25, 50, 100, 150, and 200/m2).

The experimental densities used in the above studies are generally much higher 
than average larval densities observed in nature (see Sect. 3.4.1). Nevertheless, 
comparisons within and among streams have also suggested that larval density in-
fluences growth rate at natural densities (Manion and Smith 1978; Morman 1987; 
Jones et al. 2003). Overall, most evidence supports a general reduction in growth 
rate of larvae with increasing density.

Negative growth must be experienced by lampreys during the non-trophic meta-
morphic period, although reductions in weight are often relatively modest (espe-
cially compared to reductions observed during the non-trophic upstream spawning 
migration of some species; see Chap. 5) and changes in length are often compli-
cated by morphological changes associated with metamorphosis (e.g., elongation 
of the snout and development of the oral disc in parasitic species; Hardisty and Pot-
ter 1971b). In metamorphosing landlocked sea lamprey observed between October 
and early March, Wigley (1959) observed that weight decreased by about 11 % but 
that length increased by 5 %. Over a similar time period in metamorphosing Euro-
pean river lamprey, Hardisty (1970) observed that weight decreased by about 8 % 
but length stayed the same. In non-parasitic species, completion of metamorpho-
sis overlaps with gonadal maturation, further complicating comparisons (Hardisty 
et al. 1970; Hardisty and Potter 1971b). Earlier studies (e.g., in northern brook 
lamprey; Leach 1940) showed overall reductions in length and weight between 
transformation and sexual maturity, but Beamish and Medland (1988a) showed that 
neither length nor weight of mountain brook lamprey males or females changed 
significantly between metamorphic stages 1 and 7. In the latter study, condition 
factor increased significantly between stages 1 and 2, and did not change signifi-
cantly after stage 2. Only at sexual maturity (stage 8) in females did weight change 
significantly, but it also increased. Beamish and Medland (1988a) concluded that 
lipid reserves used during the 3.3–4.7 months required to complete metamorphosis 



114 H. A. Dawson et al.

were replaced by water so that total length and body weight did not change. More 
research is required to determine the energetic costs of metamorphosis.

3.7.3  Reliable Aging Methods Required to Estimate Duration  
of Larval Life and Growth

Analyses that require age-composition data, such as growth and duration of the 
larval life stage, have been generally avoided due to the unreliability of age-as-
sessment methods for larval lampreys. For a review of past research on larval 
stage duration, see Sect. 3.7.1 and Table 3.2. Historically, sea lamprey ammocoetes 
have been assigned ages using visual assessment of length-frequency distributions 
(Hardisty and Potter 1971a; Beamish and Medland 1988b). Determining age based 
on length-frequency distributions is subjective because of heterogeneity in larval 
growth rates within and across streams, and the resulting overlap in lengths between 
age classes introduces uncertainty into the estimates of population age composition 
(Potter 1980a). The great individual variability in growth rates of ammocoetes and 
the consequent wide scatter of lengths within the same age class have frequently 
made it difficult to identify with certainty the individuals belonging to the older age 
groups in the length-frequency distribution (Hardisty and Potter 1971a; Hardisty 
1979). Even the age at transformation of a re-established population of ammocoetes 
(e.g., after lampricide treatment) is difficult to determine if residual larvae are also 
present in the stream (Purvis 1979). Only a small percentage of a year class may 
transform during the year metamorphosis begins, and it is often impossible to sepa-
rate these animals from the small residual population when the length frequencies 
of the two groups overlap (Purvis 1979).

Statoliths, the only calcareous structure in lampreys, have been used as an al-
ternative technique to age ammocoetes (e.g., Volk 1986; Beamish and Medland 
1988b; Hollett 1998). Statoliths display alternating narrow opaque bands, which 
represent prolonged slow growth during winter, with the translucent band deposited 
during rapid growth periods associated with increased temperatures and feeding 
(Beamish and Medland 1988b; Barker et al. 1997; Fig. 3.6). When determining 
age using statoliths, each opaque band or annulus is counted as representing 1 year 

Fig. 3.6  Photograph of a 
statolith from a larval sea 
lamprey. (Photo: Nuno 
Andrade)
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(Volk 1986). Most studies provided similar age estimates when comparing ages 
determined from statoliths and length-frequency distribution (Volk 1986; Beamish 
and Medland 1988b; Docker and Beamish 1994; Barker et al. 1997; Morkert et al. 
1998; Griffiths et al. 2001; Quintella et al. 2003). Meeuwig and Bayer (2005) did 
report some modal separation for western brook lamprey from Washington, but 
more year classes were observed by aging statoliths than were apparent from the 
length-frequency histogram. However, the reliability of the use of statoliths to accu-
rately assess the age of ammocoetes is not consensual among lamprey researchers.

To use statoliths as a method of assessing age of larval sea lamprey, the struc-
tures must be validated so that the banding pattern can be repeatedly visualized 
by a reader and represents the true age of the ammocoete over multiple years in 
contrasting streams (Jones 2007). Most studies using statoliths to estimate larval 
lamprey population age composition measure the precision (the deviation of each 
age assignment from the mean age assigned by readers) as an assessment of error 
and not the accuracy (deviation of age assignment from the true age; Dawson et al. 
2009). Recently, Dawson et al. (2009) established known-age populations of sea 
lamprey in two contrasting Great Lakes streams and assessed the precision and ac-
curacy of statolith aging over multiple years. The authors found that the precision 
average percent error (APE) ranged from 12.6 to 19.7 %, and was smaller than the 
accuracy APE (bias) that ranged from 24.3 to 36.2 %. These results indicate a lack 
of accuracy in age assessments using statoliths (Fig. 3.7). Accurate estimates of age 
composition are better obtained by combining length-frequency information with 
a small sample of bias-corrected statolith annuli counts in a statistical model of 
growth of lamprey ammocoetes (Dawson et al. 2009). However, the bias in annuli 
counts by readers is variable by stream and by age. Additional research combining 
length-frequency information with statolith size data from the population did not 
improve estimates of age composition (Dawson unpublished data). Thus, the use of 
statoliths as a tool to reliably age lampreys is in question.

3.8  Onset of Metamorphosis

The microphagous period of the larval life stage and the parasitic juvenile stage 
(or, in the case of non-parasitic species, the non-trophic adult period) are separated 
in all lampreys by a non-feeding period (the duration of which varies within and 
among species) and a radical transformation (Potter et al. 1980). The transformation 
of larval lampreys represents one of the few “true” vertebrate metamorphoses, as 
most organ systems undergo some sort of reorganization to facilitate the impending 
change in lifestyle (see Chap. 4). In some ways, however, lamprey metamorphosis 
in anadromous species is similar to the smolting period of salmonids, in which 
juvenile animals prepare for life in a marine environment after hatching and rear-
ing in fresh water, by developing silvery coloration, large eyes, and the ability to 
osmoregulate in a marine environment (Potter and Huggins 1973).

The precise onset of metamorphosis is difficult to detect in larval lampreys be-
cause many internal changes may be occurring before it is externally apparent. As a 
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result, older studies of lamprey metamorphosis may not have recognized the earliest 
stages and thus there is a great deal of variability in the estimated duration of the 
metamorphic period for some species (Potter 1980b). However, two components are 
required before lampreys can enter into metamorphosis: a suitable water tempera-
ture regime prior to the onset of metamorphosis and sufficient size/lipid reserves to 
provide enough energy to support all of the developmental changes that occur while 
the animal ceases to feed (Youson et al. 1993). The process of metamorphosis is de-
scribed in detail in Manzon et al. (see Chap. 4), but aspects relevant to the ecology 
of the stream-resident stage of the lamprey life cycle are discussed below.

3.8.1  Size of Metamorphosing Lampreys

Metamorphosis generally occurs at lengths ranging from approximately 90 to 
170 mm (Potter 1980a; Docker 2009; see Chap. 4). However, there is considerable 
variability in ammocoete length and weight at the time of metamorphosis between 

Fig. 3.7  Age bias plots constructed from sea lamprey statoliths evaluated from two “known-age” 
populations that were aged by two readers. Panels (a) and (b) compare the average age coded by 
each reader to the true age when evaluating the slow-growing Big Garlic River population. Panels 
(c) and (d) compare the average age coded by each reader to the true age when evaluating the fast-
growing Ogemaw Creek population. Error bars indicate 95 % confidence intervals surrounding 
the average age assigned by each reader. This figure was originally published in Dawson et al. 
(2009) and reproduced with permission of Taylor & Francis Ltd. (http://www.tandf.co.uk/journals)
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different lamprey species, as well as within a single species. Temperature and stream 
productivity influence growth rates of larval populations (see Sect. 3.7.2), adding 
inter- and intra-annual variation in lamprey size at metamorphosis (Holmes 1990; 
Young et al. 1990a). Population density (both conspecifics and heterospecifics) in-
fluences the size at which larval lampreys initiate metamorphosis as competition 
for available food resources may negatively influence larval growth rate (Murdoch 
et al. 1992; Rodríguez-Muńoz et al. 2003). This is evident in the Great Lakes basin, 
where transforming lamprey that are residuals from a lampricide treatment (and 
thus are at lower density) are routinely observed to be larger than those observed 
during the lampricide treatment a year or two prior (Purvis 1980). Further, the land-
locked variety of sea lamprey found in the Great Lakes enters metamorphosis at a 
larger size than the anadromous form from which it is derived (Potter et al. 1978).

As mentioned above (Sect. 3.7.2), an arrested growth phase, whereby there is an 
increase in weight and lipid content—but not length—has been observed in some 
lamprey species prior to metamorphosis. Consequently, lampreys preparing for 
metamorphosis are presumably “fatter” for a given length than are other larvae. 
A condition factor criterion (combined with length and weight criteria) has thus 
been used to identify presumptive metamorphosing sea lamprey larvae (Holmes and 
Youson 1994, 1997, 1998; see Chap. 4). However, condition factor has performed 
well in predicting metamorphosis in close proximity to the event (Youson 2003), 
but not many months in advance of its onset (Treble et al. 2008). Using a mark-
recapture technique, Treble et al. (2008) determined that the factors most likely to 
predict onset of metamorphosis of larval Great Lakes sea lamprey in eight streams 
were weight, age, larval density, stream temperature, and geographic location.

A general trend across the lamprey genera suggests that parasitic species meta-
morphose at a smaller length and/or weight than closely-related non-parasitic spe-
cies (Vladykov and Kott 1979; Docker 2009; see Chap. 4). This may be related 
to the fact that while parasitic species feed for a few months to several years after 
metamorphosis before their gonads ripen, non-parasitic lampreys become sexually 
mature shortly after metamorphosis, without any further intake of food. Although 
not as fecund as parasitic species, this would still represent a significant increase in 
energy requirements (see Sect. 3.7.1). However, the ability to distinguish between 
species of ammocoetes from the same genus is often difficult and thus usually limits 
comparisons to allopatric populations (Docker 2009), where paired parasitic and 
non-parasitic species may be subject to different environmental conditions. Further-
more, the trend observed between paired species should not necessarily be taken to 
mean that parasitic species in general metamorphose at a smaller size than non-par-
asitic species. As with age at metamorphosis (see Sect. 3.7.1), considerable varia-
tion in size at metamorphosis has been observed among parasitic species. Pouched 
lamprey, for example, metamorphose at a relatively small size (c. 90 mm; Potter 
1980b), whereas anadromous and landlocked sea lamprey metamorphose at much 
larger sizes (c. 130 and 140 mm, respectively; see Chap. 4). Likewise, even within 
a population, there can be differences among individuals in size at metamorphosis; 
in the non-parasitic species at least, there is evidence that females metamorphose at 
a larger size than males (see Docker 2009).
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3.8.2  Seasonal Incidence and Duration of Metamorphosis

A generally accepted fact is that the onset of metamorphosis is highly synchro-
nous in a given species within a particular river system (within 3–4 weeks), despite 
the variability observed inter-annually (Potter 1980a). This is related to latitude, as 
well as local environmental conditions (Potter et al. 1978; Youson et al. 1993; see 
Chap. 4). In both Northern and Southern hemispheres, transformation begins dur-
ing the spring or summer months, when water temperatures are the most favorable, 
and is generally completed by winter or early the following spring (e.g., Richards 
and Beamish 1981; Potter et al. 1982; Potter and Hilliard 1986; Holmes and Lin 
1994; Quintella et al. 2003; McGree et al. 2008). Beamish and Medland (1988a) 
compared timing of metamorphosis in six Northern Hemisphere lamprey species, 
and observed that those occurring at lower latitudes tend to enter metamorphosis 
later than those at higher latitudes (Beamish and Medland 1988a). Southern brook 
lamprey, for example, were found to enter metamorphosis as late as early Septem-
ber (Beamish and Thomas 1984), whereas more northerly species such as Arctic 
lamprey, Pacific lamprey, and European river lamprey generally initiate metamor-
phosis in July (Beamish and Medland 1988a; Youson et al. 1993; Kucheryavyi et al. 
2007; McGree et al. 2008). There is also variability in the timing of metamorphosis 
between conspecifics at the latitudinal extremes of their ranges. Tennessee popula-
tions of American brook lamprey start metamorphosis around mid-August (Seagel 
and Nagel 1982), whereas populations of the same species in the more northerly 
Great Lakes basin are found to start metamorphosis as early as late June (Holmes 
et al. 1999). For sea lamprey, initiation of metamorphosis typically occurs in mid-
summer (August/September) in Portugal (Quintella et al. 2003), and early to mid-
July at more northerly latitudes (Potter 1980b; Youson et al. 1993). However, there 
do appear to be exceptions to this pattern. For example, the Mexican lamprey Tet-
rapleurodon spadiceus and Mexican brook lamprey T. geminis enter metamorpho-
sis in April (Cochran et al. 1996), and the precocious or Australian brook lamprey 
Mordacia praecox initiates metamorphosis in October or November, the equivalent 
of spring in the Northern Hemisphere (Potter 1970); all three species occur at low 
latitudes (20° N, 20° N, and 35–44° S, respectively).

Lamprey metamorphosis generally lasts 3–4 months, but can be variable among 
species. Comparisons among studies, however, may be complicated by differences 
in defining the exact point of completion of metamorphosis. Although metamorpho-
sis was initially divided into five (Manion and Stauffer 1970) and later seven (Bird 
and Potter 1979; Youson and Potter 1979) stages based on the sequential changes 
of five key morphological features (see Chap. 4), some studies report instead when 
initiation of downstream migration and commencement of parasitic feeding occurs; 
these ecological transitions may occur sometime after the morphological comple-
tion of metamorphosis (see Sect. 3.9). Furthermore, they are not applicable to non-
parasitic species. The duration of the metamorphic phase does not appear to be 
related to latitude, temperature, or whether the animal follows a parasitic or non-
parasitic life history. Duration of metamorphosis may be as short as 3–3.5 months in 
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Siberian brook lamprey Lethenteron kessleri (Poltorykhina 1971), European river 
lamprey (Bird and Potter 1979), and anadromous sea lamprey (Reis-Santos et al. 
2008), or as long as 7–8.2 months in European brook lamprey (Bird and Potter 
1979) and 9 months in North American river lamprey (Beamish and Youson 1987).

3.9  Downstream Migration

After metamorphosis is complete, some species (e.g., European brook lamprey) 
remain burrowed in the substrate until ready to spawn, whereas others (e.g., sea 
lamprey, European river lamprey, short-headed lamprey) burrow less often, instead 
preferring to hide under logs and rocks during the day (generally in areas with ap-
preciable water flow) and moving at night (Potter 1970; Potter and Huggins 1973). 
In Pacific lamprey in the Fraser River, British Columbia, 99 % of all downstream 
migrants were captured at night (Beamish and Levings 1991). The downstream 
migration of newly metamorphosed lampreys applies almost exclusively to para-
sitic species migrating to feeding grounds, although presumably a small number 
of brook lampreys migrate downstream to colonize new tributaries in landlocked 
populations. Anadromous parasitic lampreys migrate to the marine environment, 
although several species that are typically anadromous also appear to exist as fresh-
water-resident populations or individuals. The best known example, of course, is 
the Great Lakes sea lamprey, but other examples include populations of Arctic and 
European river lampreys that feed in other large lakes (e.g., Heard 1966; Nursall 
and Buchwald 1972; Adams et al. 2008; see Docker and Potter in press). Although 
poorly studied, these and other freshwater-resident parasitic lampreys undergo more 
limited downstream migrations than most anadromous lampreys. This, presumably, 
is particularly true of those species that feed predominantly in river rather than lake 
systems (e.g., chestnut lamprey Ichthyomyzon castaneus, Ohio lamprey Ichthyomy-
zon bdellium, Carpathian lamprey Eudontomyzon danfordi; Renaud 2011). The fol-
lowing sections, therefore, deal only with anadromous species and the well-studied 
Great Lakes sea lamprey.

3.9.1  Environmental Triggers and Timing  
of Downstream Migration

Unlike the onset of metamorphosis, which is highly synchronized within a popula-
tion, the timing of downstream migration can be quite variable (Potter et al. 1982), 
and evidence suggests that it is triggered by environmental cues. The most sig-
nificant environmental trigger appears to be increases in river flow resulting from 
freshet events (Bird et al. 1994; Quintella et al. 2005; Columbia River Inter-Tribal 
Fish Commission 2011). Downstream migration of European river lamprey ju-
veniles in Germany shows a peak in the spring (Thiel and Salewski 2003). In a 
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tributary of the River Mondego, Portugal, a significant increase in the proportion 
of downstream movements of transformers followed rainfall episodes (Quintella 
et al. 2005; Fig. 3.8). Downstream movement of juvenile North American river 
(Beamish and Youson 1987) and Pacific (Beamish and Levings 1991) lampreys 
likewise appears to coincide with increased discharge. Beamish and Youson (1987), 
in fact, suggested that the prolonged period of metamorphosis observed in the North 
American river lamprey (see Sect. 3.8.2) may have evolved in response to the pat-
tern of discharge in the Fraser River (i.e., that this species delays completion of 
metamorphosis until flow increases in the spring). In Pacific lamprey in the Fraser 
River, downstream migration started in late September, with the largest number of 
migrants captured in mid-March to mid-May (Beamish and Levings 1991). Counts 
of juvenile lamprey (presumably mostly Pacific lamprey) as they pass through the 
mainstem dams and upriver salmon smolt traps in the Columbia River basin like-
wise show spring peaks of migration that coincide with periods of increased flow 
(Columbia Basin Fishery Agencies and Tribes 2014). There may be other peaks in 
winter as large pulses of juvenile lamprey have been observed in salmon smolt traps 
on the Umatilla River, a Columbia River tributary (Mary L. Moser, Northwest Fish-
eries Science Center, National Oceanic and Atmospheric Administration, Seattle 
WA, personal communication, 2014).

Although increases in stream discharge appear to be the primary trigger for the 
initiation of downstream migration, water temperature is also an important cue 
(Potter and Huggins 1973). The downstream migration of newly-transformed ju-
venile sea lamprey is monitored annually on the St. Marys River, which connects 
Lake Superior and Lake Huron. As water levels on this river are controlled, tem-
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perature is the primary cue for downstream migrants, with the timing of the peak 
of the run varying from year to year, but generally occurring after water tempera-
tures fall below 8 °C in any given year  (Treble unpublished data). Applegate (1950) 
observed that downstream migration of metamorphosed Great Lakes sea lamprey 
peaked in the fall (around November) and again in spring (around April). Those that 
enter the lakes in the fall can start the parasitic feeding phase 3–7 months earlier 
than the spring outmigrants, which overwinter in the stream substrate without feed-
ing (Swink 1995). A recent study by Swink and Johnson (2014), however, found 
no significant differences in survival or growth over the entire feeding phase (i.e., 
between downstream migration and spawning) in fall versus spring migrants (see 
Chap. 4).

3.9.2  Salinity Tolerance

Because all lamprey species spend the majority of their life as ammocoetes bur-
rowed in the sediments of freshwater streams, the ability to tolerate brackish and 
salt water is a critical developmental phase in the life cycle of anadromous species. 
The process of marine osmoregulation consists of swallowing sea water, uptake of 
water and ions across the gut wall, and excretion of excess ions through the gills 
and opisthonephros (kidney) (Bartels and Potter 2004). Some of the developmental 
characteristics that allow this include the opening of the foregut and development 
of numerous lateral folds, as well as the presence of numerous mitochondrial-rich 
cells (also known as chloride cells) containing Na+/K+-ATPase transporting enzyme 
in the gill filaments (Potter and Huggins 1973; Richards and Beamish 1981; 
Reis-Santos et al. 2008).

Osmoregulatory efficiency correlates well with the expression of branchial Na+/
K+-ATPase and chloride cell proliferation, which all increase during metamorphosis 
(Bartels and Potter 2004; Reis-Santos et al. 2008). Several studies have demonstrat-
ed that larval lampreys are generally unable to osmoregulate in water with salinities 
higher than 10 practical salinity units (psu) or ‰ (e.g., Hardisty 1956; Beamish 
et al. 1978; Morris 1980; Reis-Santos et al. 2008), which corresponds to c. 28 % full 
strength sea water. Pacific lamprey larvae have been found to tolerate salinities up 
to 10 psu for 14 days, although Pacific and western brook lamprey larvae have been 
observed in tidally influenced areas experiencing up to 15 psu (Gregory S. Silver, 
U.S. Fish and Wildlife Service, Vancouver, WA, personal communication, 2014). 
Salinity tolerance (in anadromous species at least, see below) develops during meta-
morphosis. In anadromous sea lamprey, early transformers (stages 3–5) were al-
ready capable of tolerating transfer to water salinity of 25 psu or 70 % full strength 
sea water, although these early transformers did not survive at full strength sea 
water and, even at 25 psu, they were inactive during the first two days (Reis-Santos 
et al. 2008). All later staged transformers (stage 6) in this study survived in full 
strength sea water. In Pacific lamprey, Richards and Beamish (1981) reported that 
individuals in stage 5 of metamorphosis were able to survive salinities > 13.4 psu 
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(> 38 % full strength sea water), and those in stage 6 survived a direct transfer to 
30 psu (85 % sea water). Thus, it appears that the ability to acclimate to full strength 
sea water is developed around metamorphic stage 6 (see Chap. 4), which coincides 
with the formation of the foregut in these two species (Richards and Beamish 1981; 
Reis-Santos et al. 2008). Once metamorphosis is complete (i.e., at stage 7), survival 
rates are high with either acclimated (Potter et al. 1980; Beamish et al.1978; Clarke 
and Beamish 1988; Reis-Santos et al. 2008) or direct (Potter and Beamish 1977) 
transfer to full strength sea water. Similar results were observed in young adults of 
European river and pouched lampreys (Potter and Huggins 1973; Potter et al. 1980).

Freshwater-resident populations of normally anadromous species (see Docker 
and Potter in press) likely retain some ability to osmoregulate in salt water. You-
son and Freeman (1979) demonstrated that feeding adults of the landlocked sea 
lamprey still contained well developed chloride cells in their gills. Tolerance to 
salt water, however, appears to be related to body size; only when landlocked sea 
lamprey juveniles reached almost 280 mm in length did they survive direct transfer 
to full seawater for periods of approximately 2 weeks (Mathers and Beamish 1974). 
Non-parasitic lampreys, which remain in fresh water throughout their lives, ap-
pear to be less tolerant of salinity than parasitic (and certainly anadromous) species 
(e.g., European brook versus European river lamprey; Hardisty 1956). However, 
some non-parasitic lampreys (those that are, presumably, recently derived from 
anadromous parasitic ancestors) still retain well developed chloride cells in their 
gills (e.g., American brook lamprey; Bartels et al. 2011) and may be capable of 
limited osmoregulation in sea water. This might enable transformers of these spe-
cies, if swept downstream into estuaries, to survive and swim back into rivers. As 
discussed above (Sects. 3.2.3 and 3.5), metamorphosed individuals typically occur 
in the downstream reaches of rivers; in streams where high flow events are frequent, 
they may be vulnerable to being swept out of the stream altogether.

3.10  Potential Compensatory Effects  
of Sea Lamprey Control

Compensatory mechanisms refer to processes that increase birth rates or decrease 
death rates when population density decreases. Thus, there is concern that the suc-
cesses achieved in sea lamprey control in the Great Lakes may, in part, be coun-
teracted by compensatory mechanisms (Jones et al. 2003). For example, increased 
growth as the result of lampricide-induced decreases in density could, in turn, result 
in higher survival or earlier age at metamorphosis. The consequences to the sea 
lamprey control program of the former are clear, and shortening the duration of the 
larval period would necessitate more frequent lampricide applications per stream. 
However, there is little evidence of a strong, repeatable influence of density-de-
pendent compensatory mechanisms in Great Lakes sea lamprey populations. Some 
studies have suggested accelerated growth and time to metamorphosis as a result 
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of lower densities following lampricide application (e.g., Purvis 1979; Weise and 
Pajos 1998; Morkert et al. 1998). Purvis (1979), for example, noted that metamor-
phosing lamprey were consistently larger (longer) in post-treatment populations 
than in pre-treatment populations in the same stream, suggesting that growth rates 
were accelerated following treatment. However, since there is no age-composition 
data on these larvae, it is impossible to determine whether the increased size is 
indicative of size- or age-dependent differences in treatment mortality or potential 
changes in the duration of the larval stage (Jones et al. 2003). In the Lake Cham-
plain basin, Zerrenner and Marsden (2006) reported that transformation occurred at 
a smaller size (131 mm vs. 143 mm) and at a younger age (100 % age 4 vs. 100 % 
age 5; larvae were aged using statoliths) in a tributary following lampricide treat-
ment (albeit where densities were still high) relative to a tributary that had never 
been chemically treated. These authors suggested that this may be due to selection 
for early transformation in larvae due to exposure to lampricide treatments.

Other studies, however, do not suggest compensatory effects. Jones et al. (2003) 
compared the average sizes reached by successive sea lamprey cohorts following 
treatment of a stream with lampricide to evaluate whether lower density would lead 
to mean lengths of ammocoetes in the first cohort being greater than in later cohorts. 
These authors found that lengths of age-0 and age-1 ammocoetes were not consis-
tently greater in the first year following treatment. Griffiths et al. (2001) similarly 
found that the daily growth of larvae in lampricide-treated streams was similar to 
that in populations that were never exposed to lampricides. Johnson et al. (2014), 
who monitored tagged sea lamprey larvae released into six Great Lakes tributaries 
following lampricide treatment, found that survival and size at metamorphosis of 
these residual larvae were very similar to those of untreated populations. These 
results suggest that other factors that vary from year to year in the natural environ-
ment, such as weather and timing of hatching, may be at least as important as am-
mocoete density in controlling cohort mean lengths (Jones et al. 2003).

A large shift in sex ratios of both adult and larval Great Lakes sea lamprey 
was observed in all three of the upper Great Lakes and a Lake Champlain stream 
(Zerrenner and Marsden 2005) after the implementation of sea lamprey control 
(Purvis 1979; Heinrich et al. 1980). This shift is presumably a demographic re-
sponse of the lamprey populations to reductions in their overall abundance (Jones 
et al. 2003; see Sect. 3.4.3). Prior to control, adult lamprey populations in all three 
lakes were predominantly (54–70 %) male (Smith 1971). After the control program 
had successfully reduced the lamprey populations in these lakes to far below their 
pre-treatment levels (e.g., estimated reductions of 76–92 % in Lake Superior; Smith 
and Tibbles 1980), sex ratios shifted sharply to a predominance of females (with 
males comprising only 21–44 %; Purvis 1979). The most pronounced shifts in sex 
ratios of sea lamprey larvae and transformers have been toward an increased pro-
portion of females occurring predominantly in high-density streams supporting dis-
proportionate numbers of males during original treatments (Torblaa and Westman 
1980). Sex compositions in streams where relatively low densities of larvae existed 
during original treatments remained remarkably stable since the advent of chemi-
cal control (Torblaa and Westman 1980). If the supply of eggs (number of females) 
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is correlated with the production of larvae and the supply of males does not limit 
recruitment, then a shift from a preponderance of males to a preponderance of fe-
males should, all else being equal, tend to compensate for a reduction in overall 
numbers of adults (Jones et al. 2003). Whether this is indeed the case, however, will 
depend on the mating system of sea lamprey (see Chap. 6).

 3.11 Conclusions

Remarkable similarities exist across lamprey species with respect to the larval stage 
of their life cycle and the process of metamorphosis; thus, ecological requirements 
of this group are also similar. Habitat variables corresponding to larval lamprey 
abundance are different depending on the spatial scale examined and the size of the 
ammocoete. On the river-basin scale, the existence of suitable conditions for ammo-
coete colonization is dependent on stream gradients, which will, in turn, determine 
the overall velocity of the current and, consequently, the type of substrate particles 
that are deposited (Hardisty and Potter 1971a). Recent studies have also indicated 
that the spatial context of biological factors, such as the spawning distribution of 
adults, also plays an important role in larval distribution. Evidence exists that fresh-
et events, larval density, and temperature can affect movement of larval lampreys, 
with movements occurring primarily in a downstream direction, as evidenced by 
tagging studies and the accumulation of larger larvae in lentic areas near the mouths 
of streams (Jones 2007). Nevertheless, it is misleading to regard ammocoetes as 
entirely at the mercy of their environment in terms of dispersal or foraging, as they 
are capable of moving short distances in the upstream direction against slow cur-
rents (Quintella et al. 2005). Environmental characteristics such as temperature, 
precipitation, and water chemistry contribute to variability of larval growth within 
streams (Manion and McLain 1971; Young et al. 1990b), as do other factors such as 
larval density (Mallatt 1983; Malmqvist 1983; Murdoch et al. 1992). Estimation of 
the growth rate and duration of the larval stage of lampreys is complicated by the 
unreliability of age-assessment methods for larval lampreys.

All species of lampreys go through a true vertebrate metamorphosis to change 
from the larval to the adult form (Youson 2003; see Chap. 4). The start of meta-
morphosis is highly synchronous (within 3 to 4 weeks) within a population and 
is related, in large part, to the latitude of the population in question, as well as by 
local environmental conditions (Potter et al. 1978; Youson et al. 1993). There is 
evidence that the synchronous nature of the downstream migration of anadromous 
species is triggered by environmental cues, namely increases in river flow resulting 
from heavy rain and/or spring thaw events (Bird et al. 1994; Quintella et al. 2005). 
Unlike the timing of metamorphosis, the duration of the metamorphic phase does 
not appear to be related to latitude, temperature, or whether the animal follows a 
parasitic or non-parasitic life history, with the duration of metamorphosis recorded 
as occurring in as little as 3 months and as long as 9 months in different species. 
Considerable variability also exists in ammocoete length, weight, and age at the 
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onset of metamorphosis, both between and within species. Large lipid reserves are 
required to undergo the process of metamorphosis, although the temporal pattern 
of lipid deposition varies between ammocoetes of different species (Bird and Pot-
ter 1981). It is following metamorphosis that the ecology (and hence physiology) 
of species with different adult life history types diverge; in anadromous species, it 
appears that the ability to acclimate to full strength sea water develops around meta-
morphic stage 6 (see Chap. 4). Evidence exists of environmental sex determination 
in lampreys (Docker and Beamish 1994). A large shift in sex ratios of both adult and 
larval Great Lakes sea lamprey was observed in all three of the upper Great Lakes 
after the implementation of the sea lamprey control program during the 1960s (Pur-
vis 1979; Heinrich et al. 1980), which likely resulted from a demographic response 
of the lamprey populations to reductions in their overall abundance (Jones et al. 
2003). Understanding the ecology of larval and metamorphosing lampreys has been 
critical for control of the invasive sea lamprey in the Great Lakes, and is becoming 
increasingly more important for the management of many threatened and endan-
gered lamprey species worldwide.
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Abstract Among vertebrates, true metamorphosis is restricted to amphibians, two 
groups of bony fishes, and lampreys. This chapter provides a comprehensive review 
of the ecology, morphology, physiology, and molecular biology of lamprey meta-
morphosis. The lamprey life cycle includes an embryonic period, a larval period 
ending with metamorphosis, a parasitic or non-parasitic juvenile period, and an 
adult reproductive period. Lamprey metamorphosis is influenced by endogenous 
and exogenous factors, most significantly a rise in spring water temperature, the 
accumulation of sufficient lipid reserves for the non-trophic metamorphic phase, 
and thyroid hormones. In lampreys, thyroid hormones appear to have a dual role, 
whereby high levels promote larval growth and a subsequent sharp decline is 
important for development and metamorphosis. As with other true metamorphoses, 
dramatic biochemical, cellular, and morphological changes occur during lamprey 
metamorphosis. The external changes are striking and include the development of 
an oral (suctorial) disc and eyes, restructuring of the branchial region, and changes 
in the fins and body coloration. Internal changes include major modifications to the 
digestive system (new esophagus, remodeled intestine, and loss of hepatic biliary 
tree and gall bladder). The larval kidneys regress while the definitive juvenile kid-
ney develops de novo. Numerous changes are also observed in the respiratory and 
skeletal systems in preparation for the juvenile and spawning periods.
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4.1  Introduction

The jawless fishes (the so-called agnathans) are represented by two extant orders: 
the Myxiniformes (class Myxini, the hagfishes) and the Petromyzontiformes (class 
Petromyzontida, the lampreys; Nelson 2006). As the oldest living members of the 
subphylum Craniata or Vertebrata, hagfishes and lampreys represent great models 
for understanding vertebrate evolution (see Chap. 1; Lee and McCauley in press) 
and the phylogenetic relationships between these agnathans and other vertebrates 
has been, and continues to be, of great interest (e.g., Forey and Janvier 1993, 1994; 
Delarbre et al. 2002). Most recent molecular data suggest that hagfishes and lam-
preys form a monophyletic group (Heimberg et al. 2010; Janvier 2010); however, 
they differ markedly in their life history strategies. Hagfishes are direct developers 
that reside exclusively in a marine environment. In contrast, there are both freshwa-
ter and anadromous lamprey species (see Chap. 2; Docker and Potter in press), all 
of which are indirect developers that undergo a true metamorphosis prior to sexual 
maturation. Dawson et al. (see Chap. 3) discussed the ecology of metamorphosing 
lampreys; the present chapter provides a review of the process of metamorpho-
sis, specifically the morphology, physiology, and molecular and cellular biology 
of lamprey metamorphosis, with a focus on research that has occurred following 
the first comprehensive reviews of the topic (Potter 1980; Youson 1980). There are 
several recent reviews on various aspects of lamprey metamorphosis (e.g., Youson 
2003; Youson and Manzon 2012) and this chapter consolidates and supplements 
this information. Given the breadth of the topic and volume of information, this 
chapter will provide summaries of topics covered in depth elsewhere and the reader 
is referred to other reviews on specific aspects of metamorphosis.

4.2  The Significance of Metamorphosis

Indirect development (i.e., with a “true” or first metamorphosis between the dra-
matically different larval and adult phases; Youson 1988) is relatively rare among 
vertebrates (but see Laudet 2011). Although it is a developmental strategy seen in 
a wide variety of invertebrates and one of the two non-vertebrate chordate lineages 
(i.e., tunicates), in vertebrates, only the life cycles of some amphibians and fishes 
include a metamorphosis. At least 70 % of the more than 6,000 extant amphibian 
species show indirect development (Pough et al. 2013), but relatively few of the ap-
proximately 28,000 described species of fish (Nelson 2006) undergo metamorpho-
sis (Youson 1988, 2004). Apart from lampreys, only two other groups of fishes in-
clude a true metamorphosis as part of their life history: the approximately 860 spe-
cies in the actinopterygian subdivision Elopomorpha (tarpons, ten pounders, true 
eels) and all 680 species (approximately) in the order Pleuronectiformes (flatfishes) 
of the subdivision Euteleostei (see Youson 1988; Manzon 2011). However, despite 
its relative paucity, indirect development is an effective developmental strategy for 
those vertebrates that employ it as part of their life history. This effectiveness is 
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demonstrated by the lampreys which are thought to have undergone little change 
over the past 350 million years (Forey and Janvier 1994; Gess et al. 2006).

4.2.1  Life Cycle and Life History Types

The lamprey life cycle consists of an embryonic period, a larval period which ends 
with a true metamorphosis, a juvenile period, and an adult (i.e., sexually mature) 
period. Adult lampreys spawn in freshwater streams where eggs are laid and ex-
ternally fertilized in nests that the adults make by moving rocks with their oral 
discs (see Chap. 6). Embryonic development is rapid, with prolarvae hatching and 
burrowing in the soft sand and silt of the stream bed at 15–17 days post-fertil-
ization (PF). By approximately day 33 PF, exogenous feeding on algae, detritus, 
diatoms, and desmids begins as the yolk sac is depleted (Piavis 1961; Richardson 
et al. 2010). Larvae are relatively sedentary within their burrows, but do undergo 
periodic movements in their natal stream (see Chap. 3). As larvae cannot survive 
even dilute salt water, they remain outside any tidal influences or brackish water 
(Beamish et al. 1978; Beamish 1980). However, larvae which reside in streams that 
empty into freshwater lakes are often found at the mouth and, on occasion, even 
burrowed in the lake sediments. The length of the larval period varies both between 
and within species, generally ranging from 2 to 7 years, but can last longer than 12 
years (Potter 1980; see Chap. 3). When the appropriate conditions have been met 
(see Sect. 4.4.2.1), the metamorphic phase of the larval period begins in early to 
mid-summer (i.e., July–August in Northern Hemisphere species and January–Feb-
ruary in Southern Hemisphere species; Potter et al. 1978; Youson 2003). However, 
timing tends to vary to some extent with temperature and latitude (see Sect. 4.4.1); 
lampreys at higher latitudes generally begin metamorphosis earlier than those in 
more southern regions (Beamish and Medland 1988). Metamorphosis is highly syn-
chronized within a population and lasts approximately 4 months (Hardisty 2006; 
see Chap. 3).

The completion of metamorphosis marks the onset of the juvenile period. Juve-
nile lampreys use one of two general life history strategies, parasitic or non-para-
sitic. Of the 41–44 recognized species of lampreys, 23–26 are non-parasitic and 18 
are parasitic (see Chaps. 2 and 8). In many instances, parasitic and non-parasitic 
species are so morphologically and genetically similar that they are grouped as 
paired species (e.g., European brook and river lampreys, Lampetra planeri and L. 
fluviatilis, respectively; see Chap. 2; Docker and Potter in press). In these cases, an 
ancestral parasitic species is thought to have given rise to the morphotype with the 
non-parasitic life history (see Youson 2004; Docker 2009).

Non-parasitic lampreys do not feed as juveniles or adults and begin sexual matu-
ration almost immediately after metamorphosis (Docker 2009). In the spring fol-
lowing metamorphosis, non-parasitic lampreys undergo a short migration to the 
upstream spawning grounds where they spawn and then die (see Chap. 5). Parasitic 
lampreys, in contrast, undergo a period of feeding on blood, body fluids and/or tis-
sue of a host fish prior to sexual maturation and spawning (see Renaud and Cochran 
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in press). Parasitic feeding can take place in the natal stream or a large body of water 
and generally lasts 1–2 years. In the case of anadromous species (e.g., sea lamprey 
Petromyzon marinus and pouched lamprey Geotria australis), parasitic juveniles 
migrate downstream to the ocean to feed where they can travel great distances prior 
to returning to fresh water for upstream migration, sexual maturation, and spawn-
ing. As is the case with non-parasitic lampreys, parasitic lampreys die shortly after 
spawning. The duration and distance of the spawning migration is species-depen-
dent and varies with life history. The spawning migration can be either very short 
(1–2 km; e.g., non-parasitic European brook lamprey or American brook lamprey 
Lethenteron appendix) or quite long (1,000–2,000 km; e.g., pouched lamprey; Arc-
tic lamprey Lethenteron camtschaticum, and Caspian lamprey Caspiomyzon wag-
neri; see Chap. 5).

4.2.2  Significance of Metamorphosis in Relation to Reproduction 
and Evolution

When considering animals that undergo an indirect development, one often ques-
tions what might have been the selective advantage that led to the evolution of 
this life history strategy. This question is particularly relevant when considering 
the fact that organisms are highly vulnerable during the metamorphic phase of their 
life cycle (see Chap. 3). In most instances, indirect development likely offers a 
range of selective advantages rather than a single easily defined advantage. Indirect 
development offers individuals the opportunity to exploit different environments 
(e.g., aquatic versus terrestrial, pelagic versus benthic) in different ways (e.g., filter 
versus parasitic feeding). Plasticity in developmental timing also appears to be a 
significant advantage of indirect development, enabling individuals to continue to 
exploit the larval ecological niche when conditions are favorable or metamorphose 
early when conditions are poor (Youson 2004). Extreme examples of such a shift in 
the relative duration of larval and adult phases are seen in some amphibians, either 
neoteny or paedomorphosis where individuals reach sexual maturity without un-
dergoing metamorphosis (see Denver et al. 2002; Johnson and Voss 2013) or direct 
development where the free-living larval stage has been omitted (see Callery et al. 
2001).

No lamprey species show direct development. However, the observed neoteny 
in amphibians raises the question of whether metamorphosis is required for sexual 
maturation in lampreys, especially in the non-parasitic species (i.e., those that do 
not feed post-metamorphosis). In short, the answer is yes. Paedomorphosis has 
been reported in two different species of lampreys, the Po brook lamprey Lampetra 
zanandreai and least brook lamprey Lampetra aepyptera (Zanandrea 1957; Walsh 
and Burr 1981). However, these claims have been thoroughly reviewed and it was 
concluded that these authors were either examining a disrupted asynchronous meta-
morphosis or post-metamorphic juveniles (Vladykov 1985; Youson 2003), and that 
paedomorphosis is not a life history strategy used by lampreys. Moreover, despite 
efforts with an array of hormone treatments, scientists have not been able to initiate 
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precocious sexual maturation in larval lampreys (Hardisty 2006). Finally, if one 
considers the biology, behavior, and ecology of larval versus juvenile and adult lam-
preys, it is clear that larvae are not physically suited for spawning (Hardisty 2006). 
For instance, the sedentary larvae with a modest metabolism, limited swimming 
abilities, and small heart would not be capable of withstanding migration through 
the fast-moving headwaters to the spawning grounds (see Chap. 5). This migration 
would be particularly difficult without a suctorial oral disc to anchor itself in the 
fast-moving waters. Likewise, adults use the oral disc in nest building and mate 
pairing during fertilization (see Chap. 6). It is perhaps for the aforementioned rea-
sons that non-parasitic lampreys, which are considered to have evolved from an an-
cestral parasitic species (Docker 2009), have never dispensed with metamorphosis 
or the characteristic oral disc.

An extensive discussion of the evolution of non-parasitic lampreys is beyond 
the scope of this chapter, and thus readers are referred to Docker and Potter (in 
press), as well as other discussions of the topic (Hardisty and Potter 1971a; Hubbs 
and Potter 1971; Beamish 1985; Youson 2004; Docker 2009). However, the ideas 
of developmental plasticity and heterochrony are worth discussing briefly as they 
may be important factors in the evolution of lamprey metamorphosis and of the 
non-parasitic life history. There are various uses of the term heterochrony; for the 
purposes of this discussion, it is defined as a change in relative developmental tim-
ing (whether due to an environmental perturbation, experimental induction, or a 
genetic mutation) that results in the potential for new traits to evolve. The appear-
ance of a non-parasitic life history may be the result of a prolonged larval period and 
delayed metamorphosis (i.e., plasticity in developmental timing or heterochrony) 
that produces larger larvae which become sexually mature immediately follow-
ing metamorphosis (Youson 2004; Hardisty 2006; Docker 2009). This viewpoint 
is consistent with the idea that over the course of lamprey evolution, the larval 
period has been extended (Hardisty 1979) and observations that the total life span 
of the parasitic and non-parasitic individuals in paired species is similar in duration. 
Thus, whereas parasitic species spend 1–2 years feeding post-metamorphosis, non-
parasitic species may spend an additional 1–2 years filter feeding as larvae prior to 
metamorphosis (see Docker 2009).

A particularly interesting case where heterochrony may have led to polymor-
phism in life history type is that of Lampetra richardsoni var. marifuga of Mor-
rison Creek, British Columbia, Canada (hereafter called “marifuga” since varieties 
published after 1960 are not recognized in zoological nomenclature; see Renaud 
et al. 2009). So named due to its inability to survive in sea water, “marifuga” is a 
potentially parasitic morph of the non-parasitic western brook lamprey L. richard-
soni which is distributed throughout western North America (Beamish 1985, 1987). 
The anadromous North American or western river lamprey L. ayresii is the widely 
distributed parasitic, paired species of L. richardsoni and is morphologically and 
physiologically distinct from “marifuga” (Beamish 1987). Whether “marifuga” rep-
resents a genetic polymorphism or is simply a phenotypic polymorphism remains to 
be determined. Youson (2004) proposed five different scenarios to describe the pos-
sible relationships between these three lampreys within the context of life history 
evolution, including one in which individuals in this population alter the timing and 
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rate of metamorphosis and sexual maturation in response to environmental signals, 
ultimately affecting adult life history type.

Heterochrony likely played a role in the first appearance of metamorphosis in 
lamprey ancestors. In an earlier essay, Youson (2004) proposed that ancestral lam-
preys were marine and capable of reproduction in a larval-like form. Invasion of 
iodine-poor fresh water was facilitated in part by the endostyle’s ability to efficient-
ly concentrate the iodide that is required for thyroid hormone (TH) synthesis (see 
Sect. 4.4.2.2) and was a factor in the evolution of metamorphosis. With the delay of 
sexual maturation, metamorphosis evolved giving rise to a sedentary benthic adult 
(Youson 2004). The interaction between the thyroid and reproductive endocrine 
axes is still present in modern day lampreys (Youson and Sower 2001; Sower et al. 
2009; see Chap. 7). Given the interconnectedness of the thyroid and reproductive 
axes, it is possible that some environmental cue triggered another delay in sexual 
maturation and the appearance of the free swimming, parasitic juvenile. Although 
all evidence suggests that, among modern lampreys, the non-parasitic life history is 
more derived, this recent “re-evolution” of non-parasitism appears to have involved 
a heterochronic shift in the timing of metamorphosis relative to sexual maturation, 
either through a prolongation of the larval period (see Docker 2009) or as a re-
sult of precocious sexual maturation during metamorphosis and the juvenile period 
(Youson 2004).

4.3  External Morphology and Staging

Lamprey metamorphosis lasts 3–4 months and is divided into seven stages (1, the 
earliest and 7, the latest) based on the sequential changes of several key external 
morphological features (Figs. 4.1 and 4.2). Five stages of metamorphosis were orig-
inally described for the landlocked sea lamprey (Manion and Stauffer 1970), but 
the seven stages subsequently described for the European river and brook lampreys 
(Bird and Potter 1979) and the sea lamprey (Youson and Potter 1979; Figs. 4.1 and 
4.2) have now been universally adopted (Potter et al. 1982). These seven stages 
have been used to describe the metamorphosis of a variety of species including the 
southern brook lamprey Ichthyomyzon gagei (Beamish and Thomas 1984), the Far 
Eastern brook lamprey Lethenteron reissneri (Tsuneki and Ouji 1984), the mountain 
brook lamprey Ichthyomyzon greeleyi (Beamish and Austin 1985), the American 
brook lamprey (Holmes et al. 1999), and the Pacific lamprey Entosphenus triden-
tatus (McGree et al. 2008). What follows is a brief overview (summarized from 
Youson and Potter 1979) of the main external features used to identify the seven 
stages of metamorphosis in sea lamprey; the criteria in use prior to 1979 have been 
reviewed elsewhere (Youson 1980; Potter et al. 1982).

Staging of lamprey metamorphosis is based on the sequential changes of five key 
morphological features: (1) changes in the appearance, shape, and size of the eye; 
(2) remodeling of the larval buccal funnel (oral hood) and prebranchial region into 
the adult oral disc and snout; (3) growth and differentiation of the fins; (4) changes 
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Stage 3 Stage 6

Juvenile

Juvenile

Stage 1

Stage 2

Stage 3

Stage 5

Stage 6
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Larva Stage 4
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Fig. 4.1  Lateral view of the anterior region of larval, metamorphic ( stages 1 through 7), and post-
metamorphic ( juvenile) sea lamprey Petromyzon marinus (a–i). For comparison, lateral views of 
metamorphic stage 3 (j) and 6 (k) and post-metamorphic ( juvenile) southern brook lamprey Ich-
thyomyzon gagei are also shown. The sea lamprey figure was originally published in Youson and 
Potter (1979) © 2008 Canadian Science Publishing or its licensors. Reproduced with permission. 
The southern brook lamprey images were originally published in Beamish and Thomas (1984) and 
reproduced with permission of Allen Press. B branchiopore, F furrow, L lateral lip of oral hood, P 
pupil, T transverse lip of oral hood
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i Juvenile
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Fig. 4.2  Ventral view of the anterior region of larval, metamorphic ( stages 1 through 7), and post-
metamorphic ( juvenile) sea lamprey (a–i). For comparison, lateral views of metamorphic stage 
3 (j) and 6 (k) and post-metamorphic ( juvenile) southern brook lamprey are also shown. The sea 
lamprey figure was originally published in Youson and Potter (1979) © 2008 Canadian Science 
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in body coloration; and (5) changes in the shape of the branchiopores and branchial 
region as a whole (Potter et al. 1982; Figs. 4.1 and 4.2). As noted below, the earliest 
stages are best defined by the changes in the eye and buccal funnel.

Larval lampreys possess a U-shaped oral hood with a thin, curved lip at the 
anterior end that is continuous with thin lateral lips that extend beyond and overlap 
the posterior transverse lip (Fig. 4.2a). The inner surface of the oral hood contains 
numerous small and uniformly distributed cirrhi-like projections. The rudimentary 
eyes are visible as small, dark patches and the seven branchiopores are triangular 
in shape and connected by a prominent longitudinal furrow (Fig. 4.1a). Animals 
in stage 1 of metamorphosis are superficially very similar in appearance to larvae; 
however, with experience, they can consistently and readily be distinguished from 
larvae. The eyes, which now appear in lateral view as small, oval (elliptical) dark 
grayish patches, are the key identifying feature of stage 1 (Fig. 4.1b). At stage 2 of 
metamorphosis, the eyes are more conspicuous as they are now larger, darker, and 
rounder (Fig. 4.1c). The lips of the oral hood have begun to thicken and the inner 
surface contains papilla-like projections (Fig. 4.2c). The eye at stage 3 of metamor-
phosis is now very prominent and, for the first time, a dark pupil and light iris are 
visible (Fig. 4.1d). The lips of the oral hood have thickened such that they form a 
rectangular opening into the oral cavity and the snout has a characteristic “pug-like” 
appearance. A tongue-like piston may be present in some species (Fig. 4.2d). Stage 
4 of metamorphosis is characterized by the lateral edges of the oral hood fusing 
with the posterior transverse lip to form a continuous ring of tissue, the oral disc 
(Fig. 4.2e). The oral papilla-like and cirrhi-like projections are reduced in number 
and a tongue-like piston is present. Stage 5 is characterized by the large eye with 
complete light iris (Fig. 4.1f) and the appearance of tooth precursors in the oral 
disc which are visible as raised points (Fig. 4.2f). Rudimentary fimbriae are pres-
ent around the edge of the oral disc. In addition, the branchiopores have begun to 
acquire a more oval appearance, but the longitudinal furrow between successive 
pores is still prominent (Fig. 4.1f). The oral disc has enlarged significantly in stage 
6; teeth and lingual laminae are clearly present as are the small fimbriae around the 
perimeter of the oral disc (Fig. 4.1g). The eyes are also very prominent at stage 6 
and can be seen protruding laterally when the animal is viewed from the ventral 
surface (Fig. 4.2g). The animal has begun to take on the adult pattern of coloring. 
Stage 7 marks the completion of metamorphosis; teeth are hardened and end in 
sharp points, the lingual laminae have fine serrations, fimbriae are well-developed 
and conspicuous, the branchiopores are oval and longitudinal furrows are no longer 
present (Figs. 4.1h, 4.2h), and coloration closely approximates that of the juvenile 
(Fig. 4.1i).

Publishing or its licensors. Reproduced with permission. The southern brook lamprey images were 
originally published in Beamish and Thomas (1984) and reproduced with permission of Allen 
Press. AC anterior oral cirrhi; E eye, F oral fimbriae, I infraoral lamina, L lateral lip of oral hood, 
LL longitudinal lingual lamina, P papilla, PC posterior oral cirrhi, SO supra lingual lamina, T 
transverse lip of oral hood, TL transverse lingual lamina, TO teeth of oral disc, TP tooth precursor
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4.4  Regulation of Metamorphosis

Both spontaneous (natural) and induced metamorphoses have been described in 
lampreys. Spontaneous metamorphosis is a synchronous developmental process 
of extensive morphological, physiological, and behavioral changes (Youson 1988; 
Youson 2003) beginning in the summer months and characterized by a sharp de-
cline in serum thyroid hormone (TH) levels in the early stages of metamorphic de-
velopment (e.g., Wright and Youson 1977; Lintlop and Youson 1983b; Leatherland 
et al. 1990; Youson et al. 1994; see Sect. 4.4.2.2). Precocious metamorphosis has 
been induced in some lamprey species, out of season, following goitrogen treat-
ments (Hoheisel and Sterba 1963; Suzuki 1986, 1989; Holmes and Youson 1993; 
Holmes et al. 1999) which depress serum TH levels (Suzuki 1986, 1989; Youson 
et al. 1995b; Manzon and Youson 1997; Manzon et al. 1998) as in the early stages 
of spontaneous metamorphosis. However, induced metamorphosis in lampreys usu-
ally results in incompletely developed animals that can neither feed nor reproduce 
(Hoheisel and Sterba 1963; Holmes and Youson 1993), and the outcomes of in-
duction are not consistent across species or with the different types of goitrogens 
(e.g., Suzuki 1986; Leatherland et al. 1990; Manzon et al. 2001). In this section, the 
cues that modulate or control metamorphosis will be reviewed, as this is a highly 
seasonal event influenced by various environmental and physiological factors and 
controlled and mediated by the brain and possibly hypothalamic-pituitary axis (see 
Chap. 7). The focus will be on spontaneous metamorphosis; however, discussion 
and comparisons with induced metamorphosis will be made as it represents a useful 
tool to investigate the endocrine regulation of metamorphosis (see Table 4.1).

4.4.1  Environmental Factors in Metamorphosis

Metamorphosis in Northern Hemisphere lampreys generally begins in the summer 
months, but variations in the timing of metamorphosis in several species have been 
reported (Heard 1966; Bird and Potter 1979; Youson and Potter 1979; Maitland 1980; 
Potter et al. 1980; Beamish and Thomas 1984; Hardisty 2006; see Table 4.2). The tim-
ing of metamorphosis appears to co-vary with seasonal environmental gradients and, 
as a result, much research activity on cues of metamorphosis has focused on environ-
mental factors with strong seasonal signals: temperature and photoperiod.

4.4.1.1  Temperature

Water temperature is the principal environmental cue of spontaneous metamor-
phosis in lampreys. The results of both laboratory and field studies provide ample 
evidence that the commencement of metamorphosis, rate of development during 
metamorphic events, and the incidence of metamorphosis within a lamprey popu-
lation are strongly influenced by temperature. The results of constant temperature 
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experiments on the sea lamprey (Youson et al. 1993) and the short-headed lam-
prey Mordacia mordax (Potter 1970) support the conclusion that the initiation of 
metamorphosis in lampreys can be altered by varying environmental temperature. 
Other studies with seasonally adjusted water temperatures consistently show that 
the spring rise in temperature from the winter minimum is a critical component of 
the temperature cycle required for the normal commencement of metamorphosis 
in larvae that are physiologically prepared (i.e., have sufficient lipid reserves; see 
Sect. 4.4.2.1) for this event. In addition, warmer water temperatures lead to a faster 
rate of metamorphosis within the same year so that metamorphosing lampreys may 
be ready to migrate downstream in the fall rather than the spring and recruit sooner 
to the juvenile period of the life cycle. These environmental studies (briefly re-
viewed in this section) and those addressing the role of lipids in metamorphosis (see 
Sect. 4.4.2.1) highlight both the integration and complexity of the exogenous and 
endogenous factors involved in this event and the vulnerability of lampreys at this 
time in their life cycle. Throughout this section the term population will be used to 
mean a group of larval lampreys within a specific stream.

The number of lampreys metamorphosing (i.e., the incidence of metamorphosis) 
is sensitive to differences in water temperature 1–2 months prior to the normal com-
mencement of metamorphosis (e.g., Potter 1970; Potter et al. 1978; Purvis 1980; 
Youson et al. 1993). For example, the incidence of metamorphosis among sea lam-
prey from the Big Garlic River confined to cages in Lake Superior (7–11 °C) was 
5–10 %, which was much lower than 46–76 % of caged animals held in the Big 
Garlic River itself (14–16 °C) and 75–100 % among animals held in aquaria in the 
laboratory (20–21 °C; Purvis 1980). Youson et al. (1993) reported that 60 % of sea 
lamprey larvae kept at a constant 13 °C and 84 % kept at 21 °C from June through 
August commenced metamorphosis in July, that development in 21 °C water was 
about 1 month in advance (to stage 3 of the seven stages of metamorphosis de-
scribed in Sect. 4.3) of those in cold water (stage 1–2), and that these differences 
in the incidence and rate of development were statistically significant. These lam-
prey, although held at constant temperatures in the laboratory from June to Au-
gust, would have been exposed to ambient winter and spring temperatures prior 
to capture. When evaluating the effect of winter and early spring temperature on 
the incidence of metamorphosis (i.e., in the 9 months leading up to metamorphosis 
and not just immediately before metamorphosis), Holmes and Youson (1994) and 
Holmes et al. (1994) found that sea lamprey of premetamorphic size (≥ 120 mm and 
3.0 g, with condition factor ≥ 1.50; see Sect. 4.4.2.1) held at a constant temperature 
(either 9 or 21 °C) throughout the winter and spring did not initiate metamorphosis 
the following summer, whereas 53–55 % of the sea lamprey held in temperature re-
gimes simulating seasonal stream temperatures metamorphosed. Collectively these 
studies support the conclusion that the incidence of metamorphosis in sea lamprey 
is strongly related to environmental temperature in the winter and spring prior to the 
event, particularly to a spring increase in temperature.

These earlier studies, however, did not distinguish between the rate of increase 
in temperature and the magnitude of temperature change (ΔT). In a study designed 
to address the ΔT of the spring temperature regime, Holmes and Youson (1997) kept 
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larvae of premetamorphic size at temperature regimes rising from 8 °C to either 
13 or 21 °C in spring and found no significant difference in the proportion of sea 
lamprey larvae initiating metamorphosis (56 %); as with the above studies, only 
one control larva kept at a constant 8–9 °C commenced metamorphosis. However, 
by August, the metamorphosing sea lamprey subjected to a large ΔT in spring (ΔT 
13 °C, from 8 to 21 °C) were smaller than metamorphosing lamprey subjected to a 
small ΔT in spring (ΔT 5 °C, from 8  to 13 °C), possibly because the energy require-
ments for maintenance increase with temperature (Holmes and Lin 1994). The im-
plications of these differences in size (assuming that they persist through to the end 
of the metamorphic event) on the timing of downstream migration into the Great 
Lakes, success of first feeding, and the impacts of sea lamprey predation on prey 
fish populations in the Great Lakes have not been formally investigated (see below).

The range and optimal temperature for metamorphosis in sea lamprey were in-
vestigated experimentally by Holmes and Youson (1998) in a 3-month study in 
which larvae of premetamorphic size were exposed to one of five temperatures (9, 
13, 17, 21, 25 °C) from June through August. Consistent with previous studies, no 
larvae metamorphosed at 9 °C; at 13, 17, 21, and 25 °C, the incidence of metamor-
phosis averaged 22, 50, 80, and 58 %, respectively (Fig. 4.3). By August, the me-
dian stage of metamorphic development for each temperature was stage 2 at 13 °C, 
stage 4 at 17 °C and 21 °C, and stage 3 at 25 °C (Fig. 4.3). The fact that more larvae 
on average initiated metamorphosis at 21 °C, coupled with the lower variability in 
the incidence of metamorphosis among replicate tanks, the higher rate of develop-
ment, and the absence of mortality at this temperature, led Holmes and Youson 
(1998) to conclude that 21 °C is near the optimal temperature for metamorphosis 
of sea lamprey. This inference is consistent with the conclusion of Holmes and Lin 
(1994) that 21 °C was the optimal temperature for growth and survival of larval sea 
lamprey in tributary streams of the Great Lakes (although it should be noted that 
Holmes and Youson (1997) found that sea lamprey metamorphosing at 21 °C were 
smaller than those at 13 °C; see above). The upper thermal limit for sea lamprey 
metamorphosis could not be determined from these results, although Holmes and 
Youson (1998) note that it must be between 25 °C and the reported upper incipient 
lethal temperature of 31.4 °C (Potter and Beamish 1975).

The above studies investigating the role of temperature in lamprey metamor-
phosis are mostly short-term studies (June to August), but their results are consis-
tent with the few longer-term studies that have been completed (e.g., Holmes et al. 
1994). The evidence from these long-term studies supports the view that a rise in 
water temperature from a winter low (particularly in the month immediately prior 
to metamorphosis, i.e., around June in Northern Hemisphere lampreys) is the most 
important environmental cue of metamorphosis in lampreys. Low temperatures dur-
ing the winter appear to be necessary to ensure that physiological conditioning oc-
curs, namely, an increase in lipid concentration from approximately 4 to 14 % of the 
wet body weight (Lowe et al. 1973; O’Boyle and Beamish 1977; see Sect. 4.4.2.1). 
However, if water temperature does not rise in the spring (e.g., above about 9 °C 
for sea lamprey), then larvae are unlikely to initiate metamorphosis that summer 
(Holmes and Youson 1998), despite being physiologically prepared (hormonally 
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and with the appropriate lipid stores). An unusually cool spring can therefore de-
lay metamorphosis by a year or more, depending on temperatures in succeeding 
springs. In contrast, an early, warm spring may be sufficient to trigger metamor-
phosis in larvae that are close to the optimal size and condition and hence result 
in a greater number of animals entering metamorphosis (Youson 2003), although 
temperatures that are considerably higher than normal (i.e., 25 °C versus the optimal 
21 °C) would be expected to decrease the incidence of metamorphosis (Holmes and 
Youson 1998). Lower or higher than normal temperatures also appear to elicit a 
more variable response in a population of lampreys and slower development once 
metamorphosis has been initiated (see above).

Possible long-term effects of such differences in the rate of development during 
metamorphosis, as noted above, have not been formally investigated. Once meta-
morphosis is complete, juvenile lampreys of parasitic species generally migrate 
downstream to large lakes or the ocean in the late fall or early spring (Potter 1980; 
see Chap. 3). It is not known, however, whether autumn migrants are largely those 
lampreys that have completed metamorphosis earlier than their slower developing 
counterparts, and indeed whether there is any advantage (e.g., in terms of survival, 
growth, or fecundity) to this “head start” (Beamish and Hanson 1987). In terms 
of possible benefits, both Applegate (1950) and Parker and Lennon (1956) found 
that free swimming, newly parasitic sea lamprey grew little in winter, suggesting 
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Fig. 4.3  The observed incidence ( percent) of metamorphosis in sea lamprey maintained in the 
laboratory at five different temperatures. Lamprey (50 per treatment temperature) were housed 
at various temperatures from June 6 to August 15, at which time the stage of metamorphosis was 
determined. The median metamorphic stage for each temperature is indicated above each bar. 
(Data from Holmes and Youson 1998)
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that autumn migrants have little growth advantage over spring migrants. Feeding 
experiments by Swink (1995) suggested that autumn migrants could have an ad-
vantage in growth and survival if their food supply is adequate during the winter 
period; when both groups were provided with longnose sucker Catostomus catos-
tomus, newly metamorphosed sea lamprey held at temperatures representative of 
the deeper waters of Lake Huron during winter stratification (4 °C) showed better 
survival (60 % versus 30 %) and 2.5–3 times the growth rate by the following June 
compared to those held at temperatures representative of tributary streams ( ≤ 1 °C). 
If prey is limited, however, autumn migrants may have little growth advantage over 
spring migrants and might, in fact, be at a disadvantage relative to newly metamor-
phosed sea lamprey that remain burrowed over winter in the stream substrate if the 
autumn migrants expend more energy swimming in the lake and suffer more pre-
dation (Swink 1995). Considered over the entire free swimming lake phase, there 
appear to be no significant differences in growth or survival between autum and 
spring migrants. Between autumn 1997 and spring 2000, Swink and Johnson (2014) 
marked over 2,700 newly metamorphosed sea lamprey during their outmigration 
from Black Mallard Creek, a tributary to Lake Huron; evaluation of growth and 
survival in marked individuals recaptured as upstream migrating adults in this and 
other Lake Huron tributaries showed no significant differences between autumn and 
spring outmigrants.

4.4.1.2  Density

Since premetamorphic growth and lipid accumulation in larval lampreys are im-
portant for proper initiation of metamorphosis (see Sect. 4.4.2.1), then competition 
for food resources or space, as measured by the number of larvae per unit area of 
habitat, might be expected to play a role in the commencement of metamorphosis. 
Crowding would be expected to decrease growth rates and delay metamorphosis, 
whereas larvae in low density populations would be expected to experience higher 
growth rates and metamorphose at a younger age. Many laboratory and field stud-
ies have indeed reported that increasing population density adversely affects the 
growth in length or mass of lamprey larvae (e.g., Mallatt 1983; Malmqvist 1983; 
Morman 1987; Murdoch et al. 1992; Rodríguez-Muñoz et al. 2003; see Chap. 3). 
Food is generally not considered to be a limiting resource for lampreys (Moore and 
Beamish 1973; Moore and Mallatt 1980; Malmqvist 1983; Murdoch et al. 1992), 
but high density may reduce growth rates through chemical inhibition. In addition 
to finding reduced growth rates at high larval rearing densities, Rodríguez-Muñoz 
et al. (2003) found that water alone from the two higher densities also had a nega-
tive (albeit weaker) effect on larval growth. However, the identity and mode of ac-
tion of chemical growth inhibitors in lampreys is not known.

Fewer studies have examined the effect of density specifically on rates of meta-
morphosis, and the results are equivocal. Some empirical studies of lamprey popu-
lations re-established in chemically-treated streams in the Great Lakes reported ac-
celerated growth and time to metamorphosis as a result of lower densities following 
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lampricide application (e.g., Purvis 1970, 1979; Morkert et al. 1998), but others do 
not (e.g., Griffith et al. 2001; Zerrenner and Marsden 2006). In the most compre-
hensive experimental study to date, Morman (1987) monitored caged sea lamprey 
larvae for more than 4 years in Michigan streams and found growth depression at 
high density and metamorphosis only at low density. However, in contrast to this 
long-term field study, a 9-month laboratory study by Holmes and Youson (1997) 
reported that high density during the premetamorphic interval did not significantly 
affect the incidence of metamorphosis in sea lamprey (regardless of water tempera-
ture regime). These results were somewhat surprising, given that the fall and winter 
period prior to metamorphosis is thought to be important for the lipid accumulation 
necessary for metamorphosis. However, these authors also found that density did 
not affect the size of metamorphosing or non-metamorphosing larvae, and suggest-
ed that the uniform laboratory environment may have prevented premetamorphic 
sea lamprey larvae from competing for high quality habitats where lipid deposition 
occurs.

Clearly, more research into the effect of larval density on the rate of lamprey 
metamorphosis is needed, given its important management implications. If reduced 
densities as the result of lampricide treatments result in a decrease in age at meta-
morphosis in sea lamprey, more frequent lampricide treatments would be required 
(Zerrenner and Marsden 2006). On the other hand, high densities of native lamprey 
larvae (either as the result of restocking following treatment or through increased 
lampricide species-specificity; see Marsden and Siefkes in press) could potentially 
temper this effect (Murdoch et al. 1992).

4.4.1.3  Photoperiod

The role of light stimuli on metamorphosis in lampreys has received attention be-
cause photoperiod exhibits a strong seasonal signal. Eddy (1969) and Cole and You-
son (1981) reported that removal of the photosensitive pineal complex prevented 
metamorphosis in European brook lamprey and anadromous sea lamprey, respec-
tively, and suggested that the pineal complex has a role in the seasonal timing of 
metamorphosis, possibly through a metabolic mechanism. Potter (1970) and Cole 
and Youson (1981) found that light had little effect on the incidence of metamor-
phosis in the short-headed lamprey or anadromous sea lamprey, respectively, but 
these studies used continuous light and dark regimes, which are atypical of the 
normal photoperiod experienced by lampreys in their native habitats. Nevertheless, 
more recent studies comparing the effects of continuous dark to a 15-h light:9-h 
dark regime (Youson et al. 1993) and the 15-h light:9-h dark regime to the natural 
ambient photoperiod regime in northern Michigan (Holmes et al. 1994) still found 
that photoperiod did not have detectable effects on the incidence of metamorphosis 
in landlocked sea lamprey. Thus, although the pineal complex may be necessary 
for metamorphosis, the seasonal induction of metamorphosis may not be sensitive 
to differences in photoperiod (Youson 2003). All evidence to date supports the hy-
pothesis that spring temperature is the primary environmental factor controlling 
metamorphic processes.
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4.4.2  Endogenous Factors in Metamorphosis

4.4.2.1  Size, Condition Factor, and Lipid Accumulation

Larval size has long been known to be an important criterion for predicting the 
commencement of metamorphosis in lampreys. For example, the smallest lengths 
at which the initiation of metamorphosis has been observed in anadromous and 
landlocked sea lamprey populations are 110 and 120 mm, respectively, and there is 
strong empirical evidence that larvae smaller than these lengths do not begin meta-
morphosis (Potter 1980; Smith and Tibbles 1980). The average length of metamor-
phosing sea lamprey in an anadromous population in New Brunswick was 129 mm 
(Potter et al. 1978), and that for landlocked sea lamprey is approximately 140 mm 
(Potter 1980; Zerrenner and Marsden 2006), although size at metamorphosis varies 
among streams and years (e.g., Griffiths et al. 2001; Zerrenner and Marsden 2005). 
Considerable variation in size at metamorphosis has also been observed among oth-
er lamprey species. For example, metamorphosis has been observed in individuals 
measuring less than 100 mm in European river lamprey (Bird and Potter 1979) and 
at 200 mm or more in other species (e.g., Ukrainian brook lamprey Eudontomyzon 
mariae; Holčík and Renaud 1986). In general, it appears that parasitic species tend 
to metamorphose at smaller sizes than non-parasitic species (reviewed in Docker 
2009; see Chap. 3). Within the non-parasitic species at least, there is also evidence 
that females metamorphose at a larger size than males (see Docker 2009). Although 
a few studies (e.g., Applegate and Thomas 1965) have reported a similar sexual 
dimorphism in size at metamorphosis in sea lamprey, most studies have found no 
such difference (e.g., Zerrenner and Marsden 2005).

Some lamprey larvae of metamorphosing length go through an interval of physi-
ological conditioning prior to metamorphosis that has been labeled a “rest period” 
(e.g., Leach 1940) or an “arrested growth” phase (e.g., Hardisty and Potter 1971b; 
Potter 1980; Youson 1988). During this period, the length of the larva does not 
change noticeably but lipid levels increase from about 4 to 14 % of the body weight 
(Lowe et al. 1973; O’Boyle and Beamish 1977). This increase in lipid results in ex-
tensive fat deposits which are the primary source of energy to the animal during the 
non-trophic interval of metamorphosis (Youson et al. 1979) and is reflected by an 
increase in weight of premetamorphic larvae in the months prior to the commence-
ment of metamorphosis.

Condition factors (CF = W/L3 × 106, where W is the weight in grams and L is the 
length in millimeters) are often used to compare the length and weight of individual 
fish or a sample of fish because differences in CF are believed to be associated with 
nutritional condition of the fish (Ricker 1975). A condition factor criterion com-
bined with size (length and weight) criteria have been used to successfully identify 
presumptive metamorphosing sea lamprey larvae in geographically distinct anad-
romous and Great Lakes populations (e.g., Potter et al. 1978; Youson et al. 1993; 
Holmes et al. 1994). Potter et al. (1978) were the first to establish that anadromous 
sea lamprey enter metamorphosis only after reaching at least 110 mm and 2.0 g in 
size and a CF ≥ 1.46 based on data from a population in Dennis Stream, a tributary 



1594 Lamprey Metamorphosis

of the St. Croix River in New Brunswick. Youson et al. (1993) found that these 
criteria overestimated metamorphosis among larvae from a population in the Chip-
pewa River, a tributary to Lake Huron, and concluded that a presumptive metamor-
phosing sea lamprey in landlocked populations around the Great Lakes should be 
at least 120 mm long, weigh 3.0 g, and have a CF ≥ 1.50. These larger criteria were 
subsequently used to identify presumptive metamorphosing larvae in a series of 
carefully controlled laboratory studies investigating the role of temperature, den-
sity, starvation, and photoperiod on metamorphosis in Great Lakes populations of 
sea lamprey (Youson et al. 1993; Holmes et al. 1994; Holmes and Youson 1998; 
see Sect. 4.4.1). The length criterion identifies larvae in the arrested growth phase 
of the larval period, while the weight and CF criteria identify those larvae of the 
appropriate mass and with sufficient lipid reserves to enter metamorphosis. These 
criteria were used in June to predict metamorphosis in July and August; Holmes and 
Youson (1997) demonstrated that the same length and weight criteria (120 mm and 
3.0 g, respectively) combined with a CF ≥ 1.45 could be applied in the fall period 
to correctly predict metamorphosis the following July. The lower CF criterion in 
the fall can likely be attributed to ongoing lipid accumulation between the fall and 
metamorphosis the following summer (Lowe et al. 1973; O’Boyle and Beamish 
1977).

The success of these size and CF criteria in predicting which larvae will enter 
metamorphosis under suitable thermal regimes in the laboratory (and which will 
not) is high (Table 4.3). Correct classification of metamorphosing and non-meta-
morphosing larvae is highest for those exposed to ambient temperatures (85–99 %) 
and, as described in Sect. 4.4.1.1, for those held at 21 °C following a spring rise 
in temperature (40–88 %). When held at a constant 21 °C from November to Au-
gust, none of the larvae meeting the size and CF criteria underwent metamorphosis 
(Holmes et al. 1994), presumably because elevated winter temperatures resulted in 
metabolic demands of sufficient magnitude to reduce lipids to levels that are inad-
equate to support metamorphosis the following spring.

Although these criteria appear to work well in predicting metamorphosis under 
carefully controlled laboratory conditions, they have not been as useful in other 
circumstances. Two empirical field studies have tested the utility of 120 mm, 3.0 g, 
and a CF ≥ 1.5 to define a pool of presumptively metamorphosing larvae in “wild” 
populations of sea lamprey in the Great Lakes (Hollett 1998; Henson et al. 2003). 
Hollett (1998) collected sea lamprey larvae  ≥ 120 mm and 3.0 g in size from six 
streams in southern Ontario, tagged them with coded wire tags, and released them 
into their natal streams in the fall of 1995 (three streams) or spring of 1996 (three 
streams). Recaptures occurred in the fall of 1996 following chemical treatment of 
these streams for Great Lakes sea lamprey control purposes. The number of sea lam-
prey larvae tagged varied from a low of 30 in Cannon Creek to 344 in Gordon Creek 
and the rate of recapture varied from 8.8 % in Wilmot Creek to 30.8 % in Richardson 
Creek. In all six streams, the observed rate of metamorphosis was significantly dif-
ferent than predicted. Correct predictions of presumptively metamorphic and non-
metamorphic larvae ranged from 33 % in Cannon Creek to 73 % in Gordon Creek; 
correct prediction rates in the fall ranged from 40 to 73 % and from 33 to 42 % in 
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the spring. Hollett (1998) noted that the size and CF criteria tended to predict more 
larvae should commence metamorphosis than were observed to do so, although part 
of this difference could be observational bias associated with sampling lampreys 
in streams. Henson et al. (2003) used sequentially numbered coded wire tags (for 
individual identification) to tag 574 and 1,029 sea lamprey larvae collected in two 
tributaries to Lake Superior in Michigan, the Amnicon and Marengo rivers, respec-
tively, in May 1994. Recaptures were made with backpack electrofishing and con-
sisted of 50 animals in the Amnicon River and 204 in the Marengo River in October 
and August 1994, respectively. Of the 50 animals recovered in the Amnicon River, 
25 of the 33 (76 %) that were predicted to enter metamorphosis based on length, 
weight, and CF had begun metamorphosis by August 1994. However, the ability to 
predict which larvae in this river would not enter metamorphosis was considerably 
poorer; 80 % of larvae that did not meet the size and CF criteria nevertheless had 
entered metamorphosis by August. In the Marengo River, these criteria resulted in 
misidentification for both categories: 80 % of those meeting the size and CF criteria 
failed to metamorphose as predicted and 69 % of the larvae that did not meet the 
criteria did metamorphose. To help explain these results, Henson et al. (2003) noted 
that the daily mean water temperatures in July and August were significantly higher 
in the Amnicon River (a large, stable stream) than in the spring-fed Marengo Riv-
er; they suggested that these temperature differences influenced larval growth and 
the incidence of metamorphosis between the May tagging and recovery in August 
or October. Non-metamorphic and metamorphic larvae in the Marengo River de-
creased in length and weight between May and mid-August, whereas metamorphic 
sea lamprey recaptured in the Amnicon River showed slight increases in length but 
overall decreases in weight between May and October.

The results of these field studies show that the laboratory model of metamor-
phosis (size and CF criteria) is useful for defining a potential pool of presumptively 
metamorphic larvae in a wild population of sea lamprey, but further work is needed 
to define the probability that a presumptively metamorphic larva will commence 
metamorphosis, particularly since it appears that the criteria for predicting meta-
morphosis can vary among streams and perhaps among years (Henson et al. 2003). 
Thus, following up on these field results, Treble et al. (2008) developed a predic-
tive model of sea lamprey metamorphosis based on a combination of individual 
(length, weight, age) and population (density) traits plus habitat characteristics 
(stream temperature, pH, conductivity, geographic location). The model was based 
on mark-recapture data from eight streams throughout the Great Lakes watershed 
in which larvae marked with coded-wire tags in the fall of year t were recaptured 
the following year, t + 1, during lampricide treatments when metamorphic outcomes 
could be determined. In purely predictive terms, the best model for predicting when 
individual lamprey are likely to metamorphose using multiple logistic regression 
included the following independent variables: weight, age, time-integrated optimal 
temperature between 19 and 23 °C, latitude, longitude, and average larval density 
in moderate quality habitat. This model was not considered practical because some 
of the data inputs (age, time-integrated temperatures) are not routinely collected 
during control operations and the goal of the study was to develop a tool for fore-
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casting the incidence of metamorphosis as a guide in the allocation of lampricide 
treatments among streams in the Great Lake basin. Thus, a second model based on 
larval length, latitude, longitude, drainage area, average larval density in moderate 
quality habitat, and lamprey production category (a measure of the regularity with 
which lampricide treatments are required) was developed and shown to improve 
predictions of metamorphosis in sea lamprey by 20 % (Treble et al. 2008). Further 
validation of these models is required, but they provide further confirmation of the 
importance of factors such as weight, temperature, and density on the metamorphic 
process in lampreys.

Studies trying to improve the ability to predict when a substantial number of 
individuals in a population will undergo metamorphosis understandably focus on 
landlocked sea lamprey. Holmes et al. (1999), however, examined size and CF cri-
teria in metamorphosing American brook lamprey. They reported that premetamor-
phic and spontaneously metamorphosing American brook lamprey larvae in a Lake 
Ontario tributary were much larger (minimum length 155 mm; minimum weight 
5.40 g)—but with a minimum CF of 1.25—than those of the sea lamprey at the 
same stage of development. These findings are consistent with the trend report-
ed above, where non-parasitic species (especially females) are generally larger at 
metamorphosis (Docker 2009). Non-parasitic species may need to be larger prior to 
the onset of metamorphosis since, in these lampreys, the non-trophic period (which 
begins at metamorphosis) extends through to sexual maturation and spawning; in 
females, fecundity will therefore be determined by size at metamorphosis. Howev-
er, there appears to be considerable variation in size at metamorphosis in American 
brook lamprey. Hoff (1988) observed that American brook lamprey spawning in 
the Mashpee River in Massachusetts ranged in length from 100 to 109 mm; these 
individuals would have been somewhat larger at the onset of metamorphosis but 
would have been considerably smaller than 155 mm. More studies are needed to 
better understand the underlying difference in size at metamorphosis among and 
within species.

4.4.2.2  Endocrine Factors

Endocrine regulation of development in general, and metamorphosis in particu-
lar, has been of great interest to biologists for the past century and much of the 
work has centered on the vertebrate thyroid axis. The importance of the thyroid in 
development was first discovered when Gudernatsch (1912) showed that equine 
thyroid tissue could initiate metamorphosis in tadpoles. This seminal experiment 
led to the identification of the thyroid hormones (THs), thyroxine (T4, 3,5,3ʹ,5ʹ-
tetraiodothyronine) and 3,5,3ʹ-triiodothyronine (T3), as developmental morpho-
gens. Today there is no doubt that T4, and the more biologically active T3, are the 
mandatory developmental morphogens driving virtually all the gene expression 
cascades, directly or indirectly, necessary for the transformation of the fish-like tad-
pole into a frog (reviewed in Shi 2000; Tata 2006; Brown and Cai 2007). Moreover, 
peripheral controls of the thyroid axis have been shown to modulate TH action on a 
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cell and tissue level and to facilitate the differential timing of tissue morphogenesis 
(Berry et al. 1998; Brown 2005). Consistent with these findings, studies have shown 
that environmental factors that alter metamorphic timing in amphibians often do so 
via the hypothalamic-pituitary regulation of the thyroid axis (Denver 1998; Denver 
et al. 2002). Finally, several other hormones have been shown to act synergistically 
with, or modulate the action of, THs on amphibian metamorphosis, including gluco-
corticoids, prolactin, and growth hormone (reviewed in Buchholz et al. 2011). The 
amphibian model has represented an excellent foundation from which to study the 
hormonal regulation of fish metamorphosis and life history transitions. Although an 
in-depth discussion is beyond the scope of this chapter, the thyroidal regulation of 
teleost metamorphosis and life history transitions is roughly consistent with that ob-
served in amphibians. For a detailed review of the aforementioned topic, the reader 
is referred to other reports (Yamano 2005; Blanton and Specker 2007; Power et al. 
2008; Manzon 2011). Evidence clearly supports the notion that THs are important 
for metamorphosis in lampreys; however, the precise nature of the role of THs in 
lamprey metamorphosis remains to be elucidated.

Thyroid

Evidence supporting the thyroidal regulation of anuran metamorphosis stimulated 
numerous studies in fishes including the potential role of THs in lamprey meta-
morphosis. Early investigations focused on the effects of treatment with iodinated 
compounds, and thyroid, hypothalamic, or pituitary extracts on lamprey metamor-
phosis (Horton 1934; Young and Bellerby 1935; Knowles 1941; Leach 1946). De-
spite numerous attempts, various treatment regimes, and the use of immediately 
premetamorphic larvae (Knowles 1941), in no instance did these treatments trig-
ger a morphogenic change indicative of metamorphosis. The first data suggesting 
that THs might function in lamprey metamorphosis were provided by Hoheisel and 
Sterba (1963). They induced a precocious metamorphosis in 1-, 2- and 3-year old 
larval European brook lamprey, following treatment with the anti-thyroid agent 
(goitrogen) potassium perchlorate (KClO4), although they did not observe com-
plete metamorphosis. The effects of goitrogens on endostyle (the larval lamprey 
TH-producing gland) morphology and iodine metabolism clearly indicated that 
KClO4 and other goitrogens inhibited thyroidal activity (Jones 1947; Klenner and 
Schipper 1954; Clements-Merlini 1962; Barrington and Sage 1963a, b). Thus, these 
somewhat paradoxical data suggested a possible link between the inhibition of the 
thyroid and lamprey metamorphosis and were contradictory to findings in anurans.

That the suppression of the thyroid axis might be associated with the onset of 
spontaneous metamorphosis was subsequently supported by observations that se-
rum T4 and T3 concentrations decrease sharply in the early stages of metamorphosis 
(see Table 4.1). In the sea lamprey, serum T4 and T3 concentrations decrease to c. 
25 % and c. 7 %, respectively, of larval levels (Wright and Youson 1977; Lintlop and 
Youson 1983b; Youson et al. 1994). Leatherland et al. (1990) reported more mod-
est, but significant, declines in the pouched lamprey where T4 and T3 concentrations 
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are 27 % and 30 % of larval values by stage 2 of metamorphosis. Likewise, in the 
American brook lamprey, serum T4 and T3 concentrations are elevated in premeta-
morphic larvae and significantly reduced by stage 2 (Holmes et al. 1999). However, 
unlike other lamprey species studied to date, the peak in serum T4 concentrations 
occurred in stage 1 of metamorphosis in this species rather than in the immediately 
premetamorphic larvae (Holmes et al. 1999). The observation that serum T4 and 
T3 levels gradually increase throughout the protracted larval period (Youson et al. 
1994; Holmes et al. 1999) is also significant as it suggests that THs play a yet to be 
defined, but important, function in larval lamprey growth and development.

To gain a better understanding of the function of THs in lamprey metamorpho-
sis and the role of the precipitous decline, several researchers employed chemi-
cal thyroid ablation experiments (goitrogen treatments) akin to those of Hoheisel 
and Sterba (1963). The first of such experiments were performed by Suzuki (1986, 
1987, 1989) who reported complete metamorphosis following treatment of large 
larval Far Eastern brook lamprey with KClO4 or sodium perchlorate (NaClO4). 
Holmes and Youson (1993) improved on this work by making use of larger sample 
sizes, replicate tanks, larvae of different year classes (lengths), and ensuring that 
their study was conducted in the winter months when metamorphosis does not oc-
cur naturally. This later study showed that KClO4 could induce metamorphosis in 
lamprey which were not of immediately premetamorphic size or condition (i.e., 
120 mm, 3 g and CF > 1.5), at a time of year when metamorphosis does not occur. 
Holmes and Youson (1993), however, found that precociously induced metamor-
phosis differed in some respects from spontaneous metamorphosis. For example, 
some metamorphosing individuals, especially those from the two smallest size 
groups (65–95 mm and 110–119 mm), could not be placed in a definitive metamor-
phic stage because changes to the eyes and oral disc appeared to be uncoordinated. 
Furthermore, although one larva in the largest size class (> 130 mm) progressed 
to stage 5 and one to stage 6, metamorphosis in the other individuals did not pro-
ceed beyond stage 4 and, in the smallest size groups, did not proceed beyond stage 
2. This is not surprising, however, given that metamorphosis was induced in the 
winter months, when it does not normally occur, and at sizes much smaller than 
would occur spontaneously; there is presumably interaction between the seasonal, 
ontogenetic, physiological, and endocrine regulators of metamorphosis. It is also 
noteworthy that thyroid hormone-induced metamorphosis in amphibians often does 
not perfectly mimic natural metamorphosis (e.g., Etkin 1935, 1964, 1968).

A subsequent study by these investigators further implicated the decline in serum 
TH levels in the initiation of metamorphosis by showing that serum T3 concentra-
tions in all KClO4-treated size groups (65–95 mm, 100–119 mm, > 130 mm) were 
significantly lower (91–95 %) than in the controls (Youson et al. 1995b); decreas-
es in T4 concentrations (27–32 %) were only significant for the two smaller size 
groups. Likewise, KClO4 treatment of larval American brook lamprey resulted in 
significant declines in serum T4 and T3 concentrations and the induction of pre-
cocious metamorphosis (Holmes et al. 1999). The phenomenon of goitrogen-in-
duced metamorphosis in lampreys, however, is not universal; exposure of pouched 
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lamprey to the goitrogen propylthiouracil for 70 days significantly depressed serum 
TH and hepatic T3 concentrations but did not initiate metamorphosis (Leatherland 
et al. 1990).

Through a series of comprehensive ablation and replacement thyroid experi-
ments, Manzon and co-workers showed that a decline in serum T4 and T3 concen-
trations is essential for goitrogen-induced metamorphosis. By maintaining elevated 
TH concentrations with exogenous T4 or T3, KClO4-induced metamorphosis is 
completely blocked (Manzon and Youson 1997; Manzon et al. 1998; Fig. 4.4). Like-
wise, exogenous T3 can disrupt the normal progression of spontaneous metamor-
phosis in immediately premetamorphic sea lamprey (Youson et al. 1997). That the 
induction of lamprey metamorphosis is not unique to the perchlorate anion (ClO4

−), 
but rather more generally related to a decline in TH concentrations, was confirmed 
with observations that several different goitrogens, including methimazole (MMI), 
potassium thiocyanate and NaClO4, could induce metamorphosis in sea lamprey 
and that the incidence of metamorphosis was correlated with the magnitude of the 
decline in serum T4 and T3 concentrations (Manzon et al. 2001). However, it is note-
worthy that although MMI treatment induced metamorphosis, it also resulted in a 
high incidence of mortality. Finally, studies showing that KClO4 can directly inhibit 
iodide uptake and incorporation by endostyles in vitro indicate that the decline in 
THs is not merely a consequence of some non-specific action but that goitrogens are 
acting at the level of the endostyle (Manzon and Youson 2002). In summary, these 
ablation and replacement experiments strongly support the notion that a decline in 
serum TH concentrations is essential for induced metamorphosis and the normal 
progression of spontaneous metamorphosis.

Serum TH concentrations represent only one metric to describe thyroid sta-
tus in fishes. The vertebrate thyroid system consists of numerous regulatory 
points which act collectively to regulate TH action. Included among these are the 

Treatment
Incidence of 

Metamorphosis Serum T4 Serum T3

T4 0

T3 0

KClO4 80%

T4 + KClO4 0

T3 + KClO4 0

Fig. 4.4  The observed incidence of metamorphosis, and relative changes in serum thyroxine ( T4) 
and triiodothyronine ( T3) concentrations in larval sea lamprey during the winter months following 
treatment with thyroxine ( T4) or triiodothyronine ( T3) in the presence or absence of the goitrogen 
potassium perchlorate ( KClO4) or with KClO4 alone. Treatment concentrations were as follows: T4 
0.56 μM or 1.12 μM; T3 0.37 μM or 1.48 μM; KClO4 0.05 %. The direction of the arrow indicates 
an increase or decrease in hormone concentration with the size of the arrow indicating the relative 
size of the increase or decrease. (Adapted from Manzon et al. 1997)
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hypothalamic-pituitary (HP) axis which regulates the synthesis and secretion of T4, 
and to a lesser extent T3, from thyroid tissue, serum TH distributor proteins (THDP) 
which transport TH through the blood and regulate hormone availability, cytosolic 
deiodinases which regulate TH action via the conversion of T4 to the more biologi-
cally active T3 and the inactivation of both T4 and T3, and finally the TH nuclear 
receptors (TRs) and their heterodimeric partners, the retinoid-X-receptors (RXRs), 
which act as ligand-regulated transcription factors to modulate gene expression. 
For a more in-depth treatment of the thyroid system and its regulation in fishes, the 
reader is referred to other recent reviews (Leatherland 1994; Eales 1997; Blanton 
and Specker 2007; Youson 2007; Manzon 2011). Knowledge of the role of these 
regulatory points in the modulation of TH action is critical to our understanding of 
the function of THs in lamprey development.

It has been postulated that the decline in serum TH at the onset of metamorphosis 
may be a consequence of a decrease in the binding and transport capacity of the 
serum and an increase in tissue uptake. Lintlop and Youson (1983a) showed that 
the T3 binding capacity of hepatic nuclei is slightly elevated during metamorphosis. 
However, they concluded that this could not account for the dramatic decline in se-
rum TH concentrations. Likewise, Gross and Manzon (2011) concluded that despite 
changes in the type and number of serum THDP throughout the lamprey life cycle, 
a change in total serum TH binding capacity is not responsible for the decline in 
serum TH concentrations (Fig. 4.5). TH binding studies show that larval sea lam-
prey serum contains a single dominant THDP, the lamprey-specific albumin AS (for 
ammocoete spot; Gross and Manzon 2011). AS is replaced by the albumin SDS-1 
(for sodium dodecyl sulfate fraction I) and the glycolipoprotein band CB-III (for 
Cibroacron Blue) at or immediately following stage 7 of metamorphosis in parasitic 
juveniles and adults (Gross and Manzon 2011; Fig. 4.5). This shift from AS to SDS-
1 and CB-III using TH binding as a metric is consistent with other reports on these 
proteins using immunometric methodologies (Filosa et al. 1982, 1986; reviewed in 
Youson 2003). This observed shift in type and number of THDP is consistent with 
observations in other vertebrates (Richardson et al. 2005; Richardson 2008). How-
ever, the lack of an increase in total binding capacity is not consistent with Richard-
son’s augmented serum THDP hypothesis which states that major developmental 
events coincide with a increase in the type and number of serum THDP and the total 
TH binding capacity to ensure a sufficient pool of TH (Richardson 2008). Surpris-
ingly, although the complementary DNA (cDNA) for the THDP transthyretin (TTR) 
was cloned from both sea lamprey and American brook lamprey and was shown to 
be upregulated in the liver during metamorphosis, TTR was not identified in the 
sera from either species (Manzon et al. 2007; Gross and Manzon 2011). Serum TTR 
levels are developmentally regulated in both bullfrog Lithobates catesbeianus (for-
merly known as Rana catesbeiana) and sea bream Sparus aurata. Bullfrog TTR is 
absent from larval and adult serum, but transiently appears during metamorphosis 
(Yamauchi et al. 1993) and adult sea bream serum TTR levels are elevated relative 
to early developmental stages (Morgado et al. 2007). It is likely that the shift in lam-
prey serum proteins is more analogous to the shift from an embryonic α-fetoprotein 
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to an adult albumin than to the transient appearance of additional THDPs to facili-
tate a larger serum TH reservoir.

Peripheral TH deiodination by TH deiodinases represents a critical regulatory 
point in the thyroid system. It is notable that in fishes, unlike in most mammals, 
peripheral regulation via deiodinases is more important in maintaining homeostasis 
and modulating TH action than the central HP axis (Eales 1985; Eales and Brown 
1993; Orozco and Valverde 2005). Moreover, in anurans, deiodinases, along with 
nuclear receptors (discussed below), are essential to ensure correct timing of dif-
ferential tissue morphogenesis throughout metamorphosis despite all tissues being 
exposed to the same TH concentrations (Becker et al. 1997; Brown 2005; Buchholz 
et al. 2006). In vertebrates, three different deiodinases have been identified and 
named deiodinase type 1, 2, or 3. Although they were initially classed based on their 

Fig. 4.5  Autoradiogram showing the general profile and overall thyroid hormone ( TH) binding of 
sea lamprey serum TH distributor proteins ( THDP) throughout the sea lamprey life cycle. For all 
stages 10 μl serum samples were incubated with either 125I-T4 or 125I-T3 for 2 h followed by non-
denaturing polyacrylamide gel electrophoresis ( PAGE) and autoradiography. The autoradiogram 
clearly shows the four developmentally regulated THDPs: AS, SDS-1, CB-III and Spot-5 as well 
as a slower migrating SDS-1 (SDS-1 slow) protein band which is often present in non-denaturing 
PAGE. (This figure was reprinted from Gross and Manzon (2011), with permission from Elsevier)
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biochemical properties relative to the three mammalian deiodinases, more recent 
data rely on sequence homology rather than biochemical properties (reviewed in 
Bianco et al. 2002; Bianco and Kim 2006). Deiodination reactions can be broadly 
classed as inner- (IRD; inactivation) or outer- (ORD; activation) ring deiodinations. 
ORDs convert T4 to the more biologically active T3 and IRDs convert T4 and T3 to 
the inactive rT3 or T2 (Fig. 4.6). Thus, ORD and IRD can be considered activation 
and inactivation reactions, respectively. In mammals and most other vertebrates, 
deiodinase type 2 (D2) and type 3 (D3) are outer- and inner-ring deiodinases, re-
spectively, whereas D1 is capable of both IRD and ORD reactions.

Given the important regulatory role of TH deiodinases in fishes and other ver-
tebrates, one might predict that TH deiodinases either contribute to the decline in 
serum TH concentrations (i.e., IRD activity is elevated) at the onset of lamprey 
metamorphosis or alternatively that they function to maintain elevated cellular lev-
els of the more biologically active T3 (i.e., ORD activity is elevated) in the face of 
a reduced serum pool of TH during metamorphosis. In sea lamprey, the primary 
site of deiodinase activity is the intestine; this is consistent with the notion that a 
significant portion of TH produced by the endostyle reaches the bloodstream via 
intestinal absorption (Eales et al. 1997). The larval endostyle, in addition to TH 
synthesis, functions as a filter feeding apparatus, secreting mucopolysaccharides 
which trap and transport food particles, along with secreted THs, to the intestine 
for absorption (Barrington and Sage 1972). T4 ORD was detected in larval sea lam-
prey liver, kidney, and muscle with highest activity levels reported for the intestine 
(Eales et al. 1997); however, T4 IRD, T3 ORD, and T3 IRD activities were below 
the detection limit in all tissues examined. The intestines from upstream migrants 
contained appreciable levels of T4 ORD, T4 IRD, and T3 IRD activity (Eales et al. 
1997). When intestinal deiodinase levels were quantified throughout the life cycle 
of sea lamprey, a reciprocal relationship between ORD and IRD activities was ob-
served. Intestinal T4 ORD activities were low in small larval sea lamprey, increased 
to peak levels in immediately premetamorphic larvae and the first stages of meta-
morphosis, decreased dramatically to very low levels for the remainder of meta-
morphosis, and finally returned to modest levels in the adults (Eales et al. 2000). In 
contrast, IRD activities displayed the opposite pattern, with T4 IRD negligible until 
stage 3 of metamorphosis, after which it increased steadily to peak levels at stage 
7 followed by a decline to modest levels in adults (Eales et al. 2000). For those 
stages that it was measured, T3 IRD closely followed T4 IRD activities (Eales et al. 
2000). Finally, the cDNA for sea lamprey D2 has recently been cloned and real-time 
PCR gene expression data for the intestine, liver, and kidney are consistent with T4 
ORD activities (Stilborn et al. 2009). In summary, deiodinase data suggest that just 
prior to the initiation of metamorphosis, there may be a surge in T3 production as 
measured by an increase in T4 ORD followed by a shutdown in T4 ORD and surge 
in T4 and T3 inactivation by IRD. These data lead to the conclusion that deiodinase 
activities function to minimize the availability of active hormone to tissues during 
sea lamprey metamorphosis and are consistent with goitrogen ablation and replace-
ment experiments which suggest a decline in TH action is required for normal meta-
morphosis.
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Thus far, all data seem to suggest that declines in TH concentrations and activity 
are essential for metamorphosis. However, a closer examination of serum TH data 
suggests that TH concentrations during lamprey metamorphosis, when they are at 
their lowest, might actually be comparable to levels during anuran metamorphosis 
and sufficient to drive morphogenesis. T4 and T3 concentrations in larval lampreys 
peak at 1,550–3,153 μg/dl and c. 7,800 ng/dl, respectively, and subsequently decline 
during metamorphosis to their lowest levels of 98 μg/dl of T4 and 61 ng/dl of T3 
at stage 6 of metamorphosis (see Manzon 2011). Although T4 and T3 concentra-
tions at metamorphosis are only c. 5 and 0.8 %, respectively, of peak larval con-
centrations, these lower T3 concentrations are comparable to the T3 concentrations 
of 75–150 ng/dl observed during metamorphic climax in bullfrog and the African 
clawed frog Xenopus laevis (White and Nicoll 1981; Tata et al. 1993). Moreover, it 
has been shown that hepatic nuclear T3 binding increases, albeit marginally, during 
metamorphosis in sea lamprey (Lintlop and Youson 1983a). When these hepatic T3 
binding data are considered in conjunction with the idea that low lamprey TH con-
centrations are comparable to concentrations in other vertebrates, it is conceivable 
that there is sufficient TH to alter gene expression cascades during lamprey meta-
morphosis in a fashion similar to the metamorphoses in anurans and other fishes. 
However, the aforementioned data must be interpreted with some caution as the 
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Fig. 4.6  Graphical representation of the major deiodination pathways of thyroid hormone metabo-
lism. Outer-ring deiodination reactions (ORD ~ activation) which convert T4 to the more biologi-
cally active T3 are indicated by solid arrows. Inner-ring deiodination reactions (IRD ~ inactivation) 
which inactivate both T4 and T3 are indicated by broken arrows. T4 = 3,5,3ʹ,5ʹ-tetraiodothyronine or 
thyroxine; T3 = 3,5,3ʹ-triiodothyronine; reverse T3 = 3,5,5ʹ-triiodothyronine; T2 = diiodothyronine. 
(This figure was originally published in Manzon (2011) and reproduced by permission of Oxford 
University Press)
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hepatic T3 binding data are limited and comparisons between different studies and 
species are not always precisely reliable.

The primary mode of TH action is via modulation of TH responsive genes 
through TRs and RXRs. As with all other vertebrates studied to date, lampreys (at 
least the sea lamprey) contain two TRs and three RXRs. However, phylogenetic 
analysis indicates that the lampreys diverged from the vertebrate lineage prior to 
the appearance of the events that gave rise to TRα and TRβ, and RXRα, RXRβ and 
RXRγ receptors found in all other vertebrates (Manzon 2006). Thus, the sea lam-
prey receptors have been designated PmTR1, PmTR2, PmRXR1, PmRXR2, and 
PmRXR3 (Manzon et al. 2014). Sea lamprey TRs are more similar to each other 
than either is to the TRα or TRβ found in other vertebrates, and PmRXRs, which are 
likely variants of the same gene, are more similar to each other than they are to any 
of the vertebrate RXRs (Escriva et al. 2002; Manzon et al. 2014). Despite having 
arisen from a lamprey-specific duplication, these lamprey receptors function in a 
similar manner to other vertebrate receptors in that they can activate reporter genes 
upon stimulation with T3 (Manzon et al. 2014). Given that serum TH concentra-
tions suggest that there might be sufficient hormone during metamorphosis, nuclear 
receptor availability might be critical in TH action.

In anurans, TRβ expression levels parallel TH concentrations and are upregu-
lated in specific tissues at the time of morphogenesis, while TRα appears to be 
expressed constitutively throughout metamorphosis (reviewed in Shi 2000). Flat-
fishes display a similar trend; however, it is TRα expression that correlates with 
tissue morphogenesis and TRβ expression that is constitutively expressed through-
out metamorphosis (Yamano and Miwa 1998). Developmental expression analy-
ses of lamprey nuclear receptors suggest that PmTR1 expression fluctuates in a 
tissue-specific manner whereas PmTR2 and PmRXRs are constitutively expressed 
throughout metamorphosis (Manzon et al. 2014). More specifically, PmTR1 in the 
liver and intestine increase steadily from larval values to peak levels at stage 5 and 
6, respectively, and then return to premetamorphic levels in the adult. In contrast, 
PmTR1 levels in kidney-gonad were highest in larvae and decreased 5-fold by stage 
3/4 (Manzon el al. 2014); the elevation of TR expression in kidney-gonad might be 
related to the role of these tissues as sites of lipid deposition. Although these data 
are not definitive, they certainly support the hypothesis that TH and TRs function 
in lamprey development and the notion that perhaps all the components required, 
namely TH and TRs, are present at sufficient levels to drive metamorphosis in a 
fashion similar to that observed in other metamorphosing vertebrates.

When all the aforementioned data on the lamprey thyroid system are considered 
simultaneously, these data suggest that TH could have a dual role in lamprey devel-
opment (Manzon 2011). High TH levels during the larval period promote feeding, 
growth, and lipid accumulation in larvae while simultaneously inhibiting metamor-
phosis (Manzon 2011). Youson (1997) has suggested that TH in lampreys might be 
analogous to juvenile hormone in insects and functions as a “juvenilizing hormone” 
in larval lampreys. Subsequently, following some unknown signal, metamorphosis 
begins and much lower TH levels are necessary to drive the morphogenetic pro-
cesses associated with metamorphosis in a manner similar to that observed in other 
vertebrates (Manzon 2011).
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Hypothalamic-Pituitary Axis

As described above, early attempts at showing that the hypothalamic-pituitary (HP) 
axis is involved in lamprey metamorphosis were met with little success. The first 
study to suggest that the HP axis was involved in lamprey metamorphosis showed 
that the removal of the larval rostral pars distalis (RPD) results in complete meta-
morphic stasis in the pouched lamprey (Joss 1985). In contrast, metamorphosis was 
initiated but arrested at stage 3 of metamorphosis following removal of the caudal 
pars distalis (CPD, also known as the proximal pars distalis; see Chap. 7) (Joss 
1985). Several studies have also shown that hypothalamic gonadotropin-releasing 
hormone (GnRH) levels correlate with metamorphosis in three species of lamprey 
(Youson and Sower 1991; Youson et al. 1995a, 2006) and that GnRH might be in-
volved or connected to the regulation of the thyroid axis (Youson and Sower 2001). 
Over the past two decades, great strides have been made towards the identification 
and characterization of the various hormones of the HP axis and these data have 
provided the requisite knowledge and framework for more detailed studies designed 
to investigate the role of these molecules in metamorphosis and their regulation of 
various endocrine glands. What follows is a brief overview of these hormones as 
it pertains to their potential involvement in lamprey metamorphosis. For in-depth 
treatment of the HP axis, their hormones, and evolutionary significance, the reader 
is referred to other essays on the topic (Kawauchi and Sower 2006; Sower et al. 
2009; see Chap. 7).

In mammals the HP-gonadal, HP-thyroid and HP-adrenal axes function indepen-
dently with little to no cross-regulation between the axes (Fort et al. 2007). However, 
in lower vertebrates, cross-regulation is not uncommon. For instance, hypothalamic 
corticotropin releasing hormone, which regulates the mammalian adrenal axis, has 
been shown to be a stimulator of pituitary thyroid stimulating hormone (thyrotro-
pin; TSH) in representatives of all non-mammalian gnathostomes (De Groef et al. 
2006). Likewise, numerous studies have shown that cross-regulation exists between 
the thyroid and reproductive axes (see Blanton and Specker 2007; Fort et al. 2007; 
McNabb 2007; see Chap. 7).

Lampreys contain three distinct hypothalamic GnRHs (GnRH-I, GnRH-II, and 
GnRH-III), three GnRH receptors, one pituitary gonadotropin (GTH), one go-
nadal glycoprotein hormone (GpH) receptor, and one thyroidal GpH receptor (see 
Chap. 7). This is in contrast to mammals that have only one or two GnRHs and two 
GnRH receptors regulating two pituitary GpH gonadotropins, follicle stimulating 
hormone (FSH) and luteinizing hormone (LH), which act via two gonadal GpH 
receptors. Other mammalian GpH family members include TSH, thyrostimulin 
(TSM), and chorionic gonadotropin (CG). Each of the five mammalian heterodi-
meric GpH family members consist of distinct β subunits; although TSM has a dis-
tinct and likely ancestral α-subunit (TSM-α; GPA2) (Nakabayashi et al. 2002; Sudo 
et al. 2005), the other four share the same α subunit (GPA1). Thus far, preliminary 
data suggest that lampreys have a single α-subunit (the GPA2) and two β-subunits, 
one (which may be similar to the ancestral β-subunit) is expressed in the pituitary 
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gland, while the other (lGpHB5), with similarity to TSM-β (GPB5), is mainly ex-
pressed in the gonads (Sower et al. 2009).

Two of the three GnRHs (GnRH-I and GnRH-III) have been studied extensively 
in multiple lamprey species (see Chap. 7). The third and most recently identified 
GnRH-II has been localized to the hypothalamus and shown to stimulate the pitu-
itary-gonadal axis, but data on developmental expression or regulation are currently 
lacking (Kavanaugh et al. 2008). Several studies have shown that hypothalamic 
GnRH-I and -III levels are low throughout the larval period, tend to show a modest 
increase at stages 1/2 or 3/4 of metamorphosis in non-parasitic (western and Ameri-
can brook lampreys) and parasitic (sea lamprey) species, respectively, and a sharp 
rise to peak levels by stage 7 of metamorphosis with levels remaining elevated 
throughout the feeding and/or upstream migrant phases of the life cycle (Youson 
and Sower 1991; Youson et al. 1995a, 2006). The earlier onset of the GnRH in-
crease in non-parasitic, metamorphosing lampreys is consistent with the fact that 
sexual maturation in these species begins shortly after the onset of metamorphosis 
with gonadal development being significantly advanced relative to parasitic spe-
cies (see Docker 2009). These findings are also supported by, and consistent with, 
studies that have examined the distribution of GnRH and GnRH messenger RNA 
(mRNA) in the brain and hypothalamus of sea lamprey using immunocytochem-
istry and in situ hybridization, respectively (Wright et al. 1994; Tobet et al. 1995, 
1996, 1997; Root et al. 2005).

Although the rise in GnRH is a feature of lamprey metamorphosis, these cor-
relative data do not indicate that GnRH is directly involved in metamorphosis and 
the regulation of the thyroid axis in addition to its role in gonadal development. To 
clarify a role in metamorphosis and regulation of the thyroid axis, Youson and Sow-
er (2001) examined GnRH levels during KClO4-induced metamorphosis. Although 
a rise in GnRH-I and -III was observed following KClO4-induced metamorphosis, 
this rise appeared slightly earlier than in spontaneous metamorphosis. Moreover, 
these data are difficult to interpret because of the asynchronous development asso-
ciated with induced metamorphosis (Holmes and Youson 1993; Manzon and You-
son 1997; Manzon et al. 1998, 2001; see Sect. above). It has been proposed that this 
asynchrony could be related in part to the timing and size of the GnRH peaks during 
induced metamorphosis (Youson and Sower 2001). An equally plausible hypothesis 
is that the size and timing of the GnRH peak deviates from spontaneous metamor-
phosis because some positive or negative feedback loop is absent during induced 
metamorphosis. Although not definitive, these and the aforementioned data suggest 
that a potential role of GnRH in metamorphosis warrants further investigation, as 
does the possible cross-regulation between the HP-gonadal and HP-thyroid axes.

Observations that salmon GTH or a GnRH analog produce significant eleva-
tions in serum T4 in adult sea lamprey (Sower et al. 1985) suggest cross-regulation 
between the gonadal HP axis and the thyroid axis. When these data are considered 
in conjunction with the findings that lampreys contain gonad- and thyroid-specific 
GnRH receptors (Freamat et al. 2006) and that lamprey GpH-β is an outgroup of 
the FSH-β, LH-β and TSH-β subunits and may represent an ancestral form of this 
lineage, it seems very plausible that there is significant functional overlap between 
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the reproductive and thyroid HP axes in lampreys (Sower et al. 2009). Thus, lam-
preys may represent our closest approximation of the ancestral HP axes. Future 
work should be aimed at characterizing the components of these axes as well as the 
HP-adrenal axis throughout the lamprey life cycle.

Lipids, Lipogenesis, and Lipolysis

Lamprey metamorphosis is characterized by a two-phase lipid metabolic cycle. In 
the fall prior to metamorphosis, sea lamprey enter into a lipogenic phase character-
ized by an increase in acetyl CoA carboxylase (ACC) and diacylglycerol acetyl 
transferase (DGAT) which results in the accumulation of triacylglycerol stores in 
the kidney and liver (Table  4.4; Kao et al. 1997a, b). Following this lipogenic phase 
where total body fat content increases from 4 to 14 % (Lowe et al. 1973; O’Boyle 
and Beamish 1977), sea lamprey transition into a period of elevated lipolysis at 
stage 4/5 of metamorphosis, whereby lipid reserves fuel the remainder of the pro-
tracted, non-trophic metamorphosis. This lipolytic phase is characterized by eleva-
tions in lipase activity and suppression of the aforementioned lipogenic enzymes 
(Table  4.4; Kao et al. 1997a, b). The increases in insulin and somatostatin (SST) 
that coincide with the lipolytic phase of the cycle suggest that this shift in lipid 
metabolism is regulated and under hormonal control. Pancreatic-intestinal levels 
of somatostatin begin to increase at stage 4 of metamorphosis and peak at stage 7 
(Elliott and Youson 1991); likewise, serum insulin levels are significantly elevated 
in stages 6 and 7 of metamorphosis (Youson et al. 1994). Although these elevations 
are in part related to the expansion and development of the endocrine pancreas (see 
Sect. 4.5.1.3), there is little doubt that they also play an important role in lipid mo-
bilization. For instance, free fatty acid levels in larval and stage 6 metamorphosing 
lamprey are significantly elevated following intraperitoneal injections of SST-14 
(Kao et al. 1998). Moreover, treatment of lamprey with insulin or alloxan resulted 
in plasma fatty acid levels that were lower and higher, respectively, than those in 
controls (Kao et al. 1999a). These changes in total plasma fatty acid levels coin-
cided with appropriate changes in lipogenic and lipolytic enzymes, suggesting that 

Table 4.4  Summary of the features of lipid metabolism in the liver and kidney of sea lamprey 
during spontaneous and KClO4-induced metamorphosis and following the blocking of KClO4-
induced metamorphosis with exogenous thyroid hormones (TH-blocked). (From Youson 2003)

Spontaneous KClO4-induced TH-blocked
Liver Kidney Liver Kidney Liver Kidney

Total lipid ↓ ↓ ↓ ↓ ↑ ↑
Lipolysis ↑ ↑ ↑ ↑ ↓ ↓
Lipogenesis

ACC ↓ ↓ ↓ n/d ↑ n/d
DGAT ↓ n/d ↓ ↓ n/d ↑

ACC acetyl-CoA carboxylase, DGAT diacylglycerol acyltransferase, ↑ increase, ↓ decrease, n/d 
not determined
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hormones modulate, either directly or indirectly, the activity of these lipolytic and 
lipogenic enzymes.

The hypothesis that THs have a dual role in metamorphosis (Manzon 2011), as 
discussed above, is consistent with the two-phase lipid metabolic cycle observed in 
lampreys and supported by data that suggest that TH can modulate lipid metabolism 
in lampreys as is observed in higher vertebrates. Treatment with KClO4 results in 
changes in lipolytic and lipogenic patterns which closely approximate those ob-
served during metamorphosis and these patterns can be reversed with simultane-
ous treatment by exogenous TH (Kao et al. 1999b). Perhaps the high TH levels 
observed late in larval life function to upregulate lipogenic enzymes and processes 
and promote lipid accumulation, ultimately preparing the animal for the non-trophic 
metamorphosis. Collectively these TH and lipogenic signals might be key factors 
in establishing the metamorphic program long before any external morphogenic 
changes.

In addition to their function as an essential energy source during metamorphosis, 
fat stores generated during the lipogenic phase may function more directly in the 
modulation of metabolism during metamorphosis and more specifically the meta-
morphic process itself. Leptin is an important regulator of food consumption, me-
tabolism, and body mass and can influence growth, reproduction, and thyroid func-
tion in most mammals studied to date (Harvey and Ashford 2003; Ahima and Osei 
2004, 2008). Leptin and its receptor are also expressed during embryonic develop-
ment and have been shown to correlate with birth weight and fat accumulation prior 
to birth (Cetin et al. 2000; Lepercq et al. 2001). These findings prompted the search 
for a lamprey leptin and its potential function in lamprey metamorphosis. Using a 
polyclonal antibody against the C-terminal end of human leptin, four immunoreac-
tive proteins were identified in lamprey tissue including a 65 kDa protein in serum, 
100 and 50 kDa proteins in muscle and the fat column, and 50 and 16 kDa proteins 
in the nephric fold (Yaghoubian et al. 2001). Of particular interest is the presence of 
an immunoreactive protein, similar in size to the mammalian leptin (16 kDa), in the 
nephric fold early in metamorphosis (Yaghoubian et al. 2001). The nephric fold is 
the primary site of fat storage in larval and early metamorphic sea lamprey (Youson 
et al. 1979) and, therefore, it is feasible this leptin-like immunoreactivity is reflect-
ing important functions of a leptin-like protein in metamorphosis of this species. 
Although definitive identification of lamprey leptin is still pending, recent findings 
in other non-amniotes (e.g., Crespi and Denver 2006; Copeland et al. 2011) provide 
good rationale to continue the search for lamprey leptin and the investigation into 
its possible function in lamprey metabolism and development.



1754 Lamprey Metamorphosis

4.5  Internal Changes: Morphology, Physiology, 
Biochemistry and Molecular Biology of 
Metamorphosis

4.5.1  Endocrine Systems

4.5.1.1  Hypothalamic-Pituitary (HP) Axis

The potential function of the HP axis in the modulation of lamprey metamorphosis 
has been discussed above (Sect. 4.4.2.2) and its role in reproduction is reviewed 
in this volume by Sower (see Chap. 7). What follows is a brief description of the 
changes in proopiocortin (POC) and proopiomelanotropin (POM) throughout 
the metamorphic period. In gnathostomes, members of the proopiomelanocortin 
(POMC) family of peptides are derived from the preprohormone, POMC, which 
is encoded for by a single gene. POMC is post-translationally processed, in a cell-
specific manner, to generate the following bioactive hormones: adrenocorticotro-
pin (ACTH), melanotropins (MSH; γ-MSH and β-MSH), endorphin (β-END), and 
lipotropin (LPH) (Smith and Funder 1988). In contrast to the jawed vertebrates, 
lamprey POMC family members are encoded for by two distinct genes, namely 
POC and POM (Heinig et al. 1995; Takahashi et al. 1995; Youson et al. 2006). 
POC encodes for ACTH, one MSH, β-END, and nasohypophysial factor (NHF), 
and POM encodes for MSH-A, MSH-B, and a different β-END (Takahashi et al. 
1995). Although POMC expression is widely distributed in the brain and pituitary 
of most vertebrates, in lampreys POM and POC expression are restricted to the 
pars intermedia (PI) and the pars distalis (PD), respectively (Ficele et al. 1998). 
Likewise, immunohistochemical data for MSH-like and ACTH peptides indicate 
that they are restricted to the PI and PD, respectively (Nozaki et al. 1995, 2008). 
Thus, the spatial distribution of POM and POC in the lamprey adenohypophysis is 
consistent with the localization of POMC-derived peptides in gnathostomes where 
MSH and ACTH peptides are restricted to the melanotropes of the PI and the corti-
cotropes of the PD, respectively (see Sower 1998).

The expression of both POM and POC are temporally and spatially regulated in 
the adenohypophysis of sea lamprey. Messenger RNA levels of both transcripts in-
crease following the completion of metamorphosis, and are elevated in parasitic ju-
veniles and prespawning adults (Heinig et al. 1999; Youson et al. 2006). Transcript 
levels in larvae are low, but increase later in metamorphosis. A similar temporal 
expression pattern was observed in the non-parasitic American brook lamprey, al-
though the rise in expression begins slightly earlier than in sea lamprey, which may 
be a function of the earlier onset of gonadal maturation in the non-parasitic brook 
lamprey (Youson et al. 2006).

Detailed spatial and temporal analysis of POC expression, using in situ hybrid-
ization, shows it is expressed uniformly in the rostral pars distalis (RPD) of larvae, 
metamorphosing lamprey, and spawning adults (Ficele et al. 1998). POC-express-
ing cells are also scattered throughout the caudal (or proximal) pars distalis (CPD 
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or PPD) beginning at stage 5 of metamorphosis with expression becoming restricted 
to dorsally located cells of the CPD in prespawning adults. Quantitative analysis 
of signal density and volume in these in situ experiments are consistent with the 
aforementioned gene expression studies. The increase in POC and ACTH immu-
noreactivity late in metamorphosis (Nozaki et al. 2008) suggest that ACTH may be 
important in lamprey metamorphosis. In amphibians, glucocorticoids, whose syn-
thesis is regulated by ACTH, modulate TH action in temporal and tissue specific 
manners (Denver et al. 2002; Glennemeier and Denver 2002) and are essential for 
the completion of metamorphosis (Rémy and Bounhiol 1971). This role for POC 
and ACTH in lamprey metamorphosis is further corroborated by the fact that, in 
pouched lamprey, removal of the RPD prevented metamorphosis and removal of the 
CPD resulted in metamorphic stasis at stage 3 (Joss 1985).

POM expression was detected in most cells of the PI throughout all life cycle 
stages with signal density being higher in immediately premetamorphic animals 
than all other stages except spawning adults. Signal density decreased during stages 
1–5 of metamorphosis, then gradually increased to high levels in spawning adults 
(Ficele et al. 1998). Despite the decrease in signal density, the number of POM-
expressing cells and volumetric data indicate an overall increase in POM expression 
with the decrease in density likely related to an increase in the size of the PI (Ficele 
et al. 1998). This latter conclusion is consistent with earlier northern blotting data 
(Heinig et al. 1999; Youson et al. 2006). The maximal expression of POM just prior 
to metamorphosis suggests that it may be involved in preparing larvae for meta-
morphosis (Ficele et al. 1998). Similarly, the elevated levels of POM late in meta-
morphosis coincide with, and likely function to elicit, the changes in pigmentation 
observed at stages 5 and 6 of metamorphosis.

4.5.1.2  Thyroid Axis

In addition to functioning in lamprey metamorphosis, the thyroid hormone-pro-
ducing tissue itself also undergoes profound changes during metamorphosis. Lar-
val lampreys are unique among vertebrates in that they are the only members of 
the subphylum that does not use follicles or tubules to synthesize TH (Leatherland 
1994). Instead, TH synthesis in larval lampreys occurs in the subpharyngeal en-
dostyle, which is similar in form and function to the endostyle of protochordates 
(Barrington and Sage 1972). The larval endostyle undergoes transformation during 
metamorphosis, giving rise to the typical vertebrate thyroid follicles found in post-
metamorphic lampreys. The transformation of the endostyle into follicular thyroid 
tissues has been studied extensively over the years (e.g., Wright and Youson 1976, 
1980; Wright et al. 1978, 1980) as has its homology to the protochordate endostyle 
(Ogasawara et al. 1999). Many of the details associated with the changes of the 
thyroid axis during lamprey metamorphosis have been addressed throughout this 
chapter (see Sect. 4.4.2.2) and in other recent reviews on the topic (Youson 2007; 
Manzon 2011).
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4.5.1.3  Entero-Pancreatic Endocrine System

At the time of the last major review of the morphology and physiology of lamprey 
metamorphosis (Youson 1980), information on the endocrine pancreatic tissue at 
this interval of the life cycle was based on studies that took place in the 1920s 
and 1930s. Youson (1981a, c), in reviews of the morphology and physiology of 
the alimentary canal and the liver, respectively, throughout the lamprey life cycle, 
emphasized the relationship of changes in these organs during metamorphosis to 
alterations in the entero-pancreatic tissue. Youson (1981a) also emphasized, and 
supported with new data, earlier literature that endocrine cells are present within the 
intestinal epithelium of both larvae and adults. These latter cells were, at that time, 
referred to as members of the amino precursor uptake and decarboxylation (APUD) 
series. Since that time, it has become more common to refer to the endocrine cells of 
the vertebrate alimentary canal and cells of the endocrine pancreas as having a com-
mon ontogeny (Falkmer 1985) and being part of the gastro-entero-pancreatic sys-
tem (GEP) and hence, as GEP cells liberating GEP peptides. Since the lamprey has 
no stomach, it seems more correct to use the term entero-pancreatic (EP) endocrine 
system (Youson and Al-Mahrouki 1999; Youson 2000, 2007). Furthermore, Youson 
and Al-Mahrouki (1999) provide a case for using the term islet organ in lampreys; 
this term was used by Epple and Brinn (1986) to describe the islet aggregates in lar-
val lampreys. In addition, since the islet tissue in adult lampreys is compacted into 
one or two large bodies or lobules without intervening exocrine acini, the term prin-
cipal islet is recommended for each large body (Youson and Al-Mahrouki 1999).

The islet organ of larval lampreys consists only of insulin-containing (B) cells 
but the degree of immunoreactivity (IR) is variable among holarctic and some 
Southern Hemisphere species (Youson and Potter 1993b). All larval lampreys have 
endocrine cells in the intestine IR to antisera against several peptides of the neu-
ropeptide Y (NPY)/pancreatic polypeptide (PP) and somatostatin (SST) families. 
The islet organs of adults of the two Southern Hemisphere species examined to 
date have only a cranial principal islet (Hilliard and Potter 1988; Youson and Potter 
1993b), as a result of a difference in EP morphogenesis at metamorphosis from that 
which takes place in holarctic lampreys; the latter have both a cranial and a caudal 
islet. Immunohistochemistry reveals that the principal islets of adult lampreys are 
primarily IR for insulin and SST antisera, with some IR with NPY family antisera 
(Cheung et al. 1990, 1991a; Youson and Potter 1993a). The intestine has cells IR 
with antisera for the glucagon family of peptides, for the NPY family of peptides, 
and a cell type that co-localizes both family peptides (Cheung et al. 1991a).

The morphogenesis of the lamprey EP system, and mainly the islet organ, has 
been reported and reviewed in great detail over the past 20 years (Youson and El-
liott 1989; Youson and Cheung 1990; Youson and Al-Mahrouki 1999; Youson 2000, 
2007) and the reader is referred to these publications for an expansive report on both 
the ontogeny and the phylogenetic significance. Here we provide only the high-
lights of the findings during this very active period of investigation.

The extrahepatic common bile duct (ECBD) of larvae has a variable role in the 
production of the adult islet organ; this was demonstrated in the 1920s and 1930s 
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from serial sections of metamorphosing European brook and river lampreys (Keibel 
1927; Boenig 1928, 1929) and observations on the gut diverticulum during meta-
morphosis in pouched lamprey (Maskell 1931), and was later confirmed in both 
sea lamprey (Elliott and Youson 1987) with immunohistochemistry and in pouched 
lamprey (Hilliard and Potter 1988) with more conventional staining methods. As 
noted below in the descriptions of the liver at metamorphosis (Sect. 4.5.2.2), there 
is no contribution of the larval ECBD to the formation of the islet organ in adult 
pouched lamprey which consists of only a cranial principal islet (Hilliard et al. 
1985; Hilliard and Potter 1988). In contrast, in sea lamprey (Elliott and Youson 
1988, 1993a, b) and most of the other holarctic lampreys (Youson et al. 1988), there 
are both cranial and caudal principal islets with a narrow band of islets (the inter-
mediate cord) between the two principal islets (Fig. 4.7). In holarctic species, the 
larval ECBD cells do not completely regress but the epithelium undergoes mitosis 
and transforms into endocrine cells (Fig. 4.8) that eventually are IR to either insulin 
or somatostatin antisera and make up the caudal principal islet (Elliott and Youson 
1987). Autoradiography with 3H-thymidine shows that some proliferation of the 
epithelium of the ECBD occurs at stages 1 and 2 in metamorphosis of sea lamprey 
but by stage 3, there is a multi-layered ECBD with a reduced lumen (Elliott and 
Youson 1993a). At this stage, and stage 4, extensive labeling for DNA synthesis is 
evident over many mitotic figures with clusters of cells budding from the epithe-
lium. The ECBD appears as a remnant with a small lumen in stage 5 and the islet 
mass appears much like a small caudal principal islet but still showing extensive 
DNA synthesis in this stage and stage 6 (Fig. 4.8). Stage 7 shows decreased labeling 
with 3H-thymidine from earlier stages and the caudal principal islet has the form 
and position of the juvenile. Details of the anatomical repositioning of the caudal 
principal islet relative to other components of the digestive system and the cranial 
principal islet are provided in Elliott and Youson (1993a) and also illustrated in 
Fig. 4.7. Fine structural observations and immunocytochemistry with insulin and 
somatostatin antisera show that transforming bile duct cells eventually possess in-
sulin-IR granules by stage 4 but cells with somatostatin-IR granules are not present 
in the cranial principal islet until stage 7 (Elliott and Youson 1993b).

As was suspected for the pouched lamprey (Hilliard and Potter 1988), the insu-
lin-IR cells that make up the cranial principal islet of the sea lamprey were initially 
believed to originate from the islet organ of larvae (Elliott and Youson 1987), which 
is made up exclusively of insulin (B) cells (Elliott and Youson 1986, 1987; Cheung 
et al. 1991b). Somatostatin-IR cells or D cells and cells containing IR for peptides 
of the NPY family are restricted to the larval intestine (Elliott and Youson 1986; 
Cheung et al. 1991b). There are only insulin-IR cells in the developing cranial prin-
cipal islet from stages 1 to 5 in metamorphosing sea lamprey but somatostatin-IR 
cells appear late in metamorphosis as islets budding from epithelium of the newly 
developed diverticulum at the esophageal-intestinal junction (Elliott and Youson 
1987). Sea lamprey anti-insulin permitted the development of an homologous ra-
dioimmunoassay for measurement of the changing profile of serum levels of insu-
lin that corresponded with the development at metamorphosis of the cranial and 
caudal principal islets in sea lamprey (Youson et al. 1994). The late appearance 
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Fig. 4.7  Diagrammatic representation of the larval esophagus ( O), and anterior intestine ( I) during 
sea lamprey metamorphosis. The larval esophagus is separated into A and B regions in the larva 
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Fig. 4.8  Diagrammatic representation of the transformation of the extrahepatic common bile duct 
into the caudal principal islet during stages 2–6 of metamorphosis in sea lamprey. In larvae ( A), the 
bile duct is composed of a simple ciliated columnar epithelium. In stage 2, the epithelium becomes 
bilayered in places. In stage 3, small islets ( small arrowheads) have formed in the base of the epi-
thelium. In stage 4, the islets continue to form but newly formed islets ( f) have migrated into the 
surrounding connective tissue ( small arrowheads) and become located near the bile duct. The bile 
duct ( v) becomes progressively smaller in stage 5 and by stage 6 it is very small or residual. This 
figure was originally published in Elliott and Youson (1993a) and reproduced with permission of 
John Wiley & Sons, Inc

 

(a) to show the contributions of this structure to the changing alimentary canal at stage 2 (b), stage 
3 (c), stage 4 (d), and in the adult (e). The diagrams also show the larval liver with intrahepatic 
gall bladder ( GB), the extrahepatic common bile duct ( EHCB), and the location of the pancreatic 
islets ( P). The cranial principal islet ( CrP) appears and moves towards the developing pericardial 
cavity ( PC) with the forward movement of the larval esophagus, whereas the caudal principal islet 
( CaP) appears at the site where the EHCB entered the larval esophagus-intestinal junction. Note 
the disappearance of the gall bladder and EHCB and the development of a diverticulum ( D). (This 
figure was originally published in Elliott (1989) and reproduced with permission of W. M. Elliott)

of the somatostatin-producing D cells, relative to the B cells, is consistent with 
that of the caudal principal islet and is also consistent with data showing increased 
levels of somatostatin in intestinal/islet organ extracts during metamorphosis in sea 
lamprey (Elliott and Youson 1991). Autoradiography and 3H-thymidine reveal that 
much of the islet tissue of the cranial principal islet arises from the budding of cell 
clusters from the diverticular epithelium in metamorphosing sea lamprey (Elliott 
and Youson 1993a). Islet tissue attached to, or within, the esophagus and intestinal 
epithelia shows isotope label but there is no indication of DNA synthesis in the 
isolated larval islets (Elliott and Youson 1993a). It is not until about stages 4 and 5 
that DNA synthesis is evident in any significant amount in the developing cranial 
islet tissues; substantive labeling with 3H-thymidine is evident in the diverticular 
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epithelium at this time. By stage 6, the cranial principal islet is adult in form with 
reduced DNA synthesis but it is not until stage 7 that it resembles the size observed 
in juveniles. It is noteworthy that this recruitment of endocrine cells from the di-
verticular epithelium to the cranial principal islet continues through adult life, even 
during the upstream, spawning migrations (Cheung et al. 1990). Sometime during 
metamorphosis, cells with peptides IR to the NPY family antisera must be recruited 
from the intestinal epithelium because both the cranial and caudal principal islets 
in adult sea lamprey have cells with content that is NPY family-IR. The events of 
such recruitment or any other source of this new anti-NPY immunoreactive F cell 
(see Youson and Al-Mahrouki 1999) for the adult islet organ has not been studied. 
Cheung et al. (1991a) have speculated, based on observations of co-localization 
of peptides, that there may be a precursor cell from the intestine that gives rise to 
both insulin- and NPY-containing cells in the cranial principal islet. Another conse-
quence of metamorphosis was the co-localization of a glucagon-like peptide in the 
same cells in the intestine that contain NPY-IR peptides and other cells that contain 
only glucagon family peptides (Cheung et al. 1991a).

4.5.2  Digestive System

Changes to the digestive system during lamprey metamorphosis have been of inter-
est to morphologists for at least 125 years (see reviews by Youson 1980, 1981a, c, 
1985). In adult lampreys, the term digestive system encompasses the mouth, teeth, 
and tongue, the digestive tube or the alimentary canal, the liver, and the exocrine 
pancreas. These adult structures arise as either modifications of similar larval struc-
tures or develop from undifferentiated larval tissues that were likely present since 
the completion of embryogenesis. In all species of lampreys, the changes in the di-
gestive system are so dramatic that feeding is not possible (i.e., this is a non-trophic 
interval of the life cycle regardless of adult feeding type); during this time, lampreys 
rely on internal stores for the energy required for the developmental processes. The 
limits of space for this chapter prevent a discussion of all parts of the digestive 
system during metamorphosis. Since the earlier reviews (referenced above), there 
have been extensive studies on alterations to the alimentary canal and liver during 
lamprey metamorphosis. The following is a summary of these studies.

4.5.2.1  Alimentary Canal

Esophagus

For extensive treatment of the research in this subject area up to and including 1981, 
the reader is referred to Youson (1981a). In summary, all changes of the alimentary 
canal occur in both parasitic and non-parasitic species, even though the latter will 
never feed in adult life. To permit tidal ventilation of the adult gills while the animal 
is attached by the oral disc, a new esophagus develops that is independent of the 
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pharynx but connects the oral cavity with the intestine. The new esophagus appears 
from the dorsal wall of the larval pharynx as a cord of cells that undergoes prolif-
eration and vacuolation to produce a lumen for the tube in an anterior to posterior 
progression (Fig. 4.9). The timing of the patency of the esophageal lumen seems to 
be variable both among and within species and, in anadromous species, is impor-
tant for the initiation of saltwater acclimation (e.g., Richards and Beamish 1981; 
Beamish and Youson 1987).

There has been little attention to the events of metamorphosis surrounding what 
happens to the larval esophagus. In sea lamprey, the larval esophagus leads from the 
caudal end of the pharynx and extends beneath the liver to unite with the intestine 
at the caudal tip of the liver (Figs. 4.7 and 4.9). It is at the esophageal-intestinal 
junction where the islet organ of the larva is located within the submucosa. In the 
adult, the esophageal-intestinal junction is at the caudal end of the cardiac region 
at the top of the liver and there is an associated cranial islet tissue. The question of 
whether the larval esophagus contributes to the formation of either the adult esopha-
gus or the adult anterior intestine was answered through the extensive investiga-
tion of Elliott (1989) during metamorphosis in the sea lamprey (Figs. 4.7 and 4.9). 
The anterior-most portion of the larval esophagus develops into the posterior por-
tion of the adult esophagus (Fig. 4.9). By stage 2–3 of metamorphosis, the anterior 

Fig. 4.9  Diagrammatic representation showing the forward movement of the esophagus-intestinal 
junction and the development of the adult esophagus ( AO) from a dorsal cord ( DC) of tissue dur-
ing metamorphosis in sea lamprey: a larva, b metamorphosing stage 3, c metamorphosing stage 4, 
d juvenile. Whereas the larval esophagus ( O) leads from the caudal end of the pharynx ( Ph), the 
adult esophagus is independent of the pharynx. A and B denote regions of the larval esophagus and 
how it contributes to development of the adult esophagus and intestine ( I) and a small diverticu-
lum ( D). (This figure was originally published in Elliott (1989) and reproduced with permission 
of W. M. Elliott)
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(cranial) portion of the larval esophagus within the developing pericardial cavity is 
collapsed with a narrow lumen, whereas the more caudal part still retains the larval 
form. The anterior portion eventually collapses into a solid cord of epithelial cells 
that becomes continuous with the new cord of cells appearing more cranially from 
the dorsal wall of the pharynx. A small lumen appears by stage 5 in the most caudal 
part of the cord (i.e., the part produced from the larval anterior esophagus) as the 
result of the merging of intercellular spaces, similar to the development of the adult 
esophageal lumen more cranially. Longitudinal mucosal folds are evident in stage 
6 and reach the adult state at stage 7. At this latter stage, the esophageal-intestinal 
junction is now situated at the caudal end of the pericardial cavity (Fig. 4.7). Elliott 
(1989) suggested that the movement of this junction in metamorphosis is related to 
the developing pericardial cartilage since it is attached to the cartilage from the first 
appearance of this developing structure. This interpretation was also expressed for 
the anterior movement of the esophageal-intestinal junction in the pouched lamprey 
(Hilliard and Potter 1988). However, there are likely many other factors involved 
in this junctional repositioning, such as changes in the epithelial lining of the larval 
esophagus, the counter-clockwise rotation of this region of the alimentary canal 
(Hilliard and Potter 1988; Elliott 1989), changes/contractions to the sub-epithelial 
layers in the gut wall (Elliott 1989), and changes to the vasculature of the liver 
and intestine, namely to the anterior mesenteric artery and the hepatic portal vein 
(Hilliard and Potter 1988). Other contributing factors are loss of the extrahepatic 
common bile duct (ECBD), the intestinal diverticula, and even a lobe of the liver in 
the case of the pouched lamprey (Hilliard and Potter 1988). Regardless of which of 
these are the most important factors in the repositioning of the esophageal-intestinal 
junction during lamprey metamorphosis, it is clear that any disruption to, or de-
lay in, the process can result in a different result. The potentially parasitic western 
brook lamprey morphotype (“marifuga”) in Morrison Creek on Vancouver Island 
(see Sect. 4.2.2) shows many features of a delayed or interrupted metamorphosis, 
including a much more caudal positioning of the esophageal-intestinal junction and 
no cranial portion of the islet organ compared to non-parasitic western brook lam-
prey after metamorphosis (Youson and Beamish 1991).

The remaining portion of the larval esophagus transforms into a portion of the 
adult anterior intestine, thereby lengthening the intestinal portion of the alimentary 
canal. This development may be necessary to increase the surface area for absorp-
tion and for temporary storage of ingested material for an animal about to embark 
on a new feeding regime high in protein and fat. Elliott (1989) provides a detailed 
ultrastructural analysis of the transformation of the larval esophageal epithelium 
into adult intestinal epithelium in the sea lamprey. The details of this transformation 
will be summarized in the section below.

Intestine

Since there is no stomach in lampreys, the esophagus leads directly into the an-
terior intestine. Youson (1985) describes regional functional specialization of the 
adult lamprey intestine. The anterior intestine is specialized for ion transport during 
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osmoregulation, the release of digestive enzymes, and the majority of fat absorp-
tion. There is a short transition region between the anterior and posterior regions 
of the intestine, with the latter region and the hindgut (leading into the cloaca) spe-
cialized for protein absorption and mucus secretion. All three areas (the anterior 
intestine, posterior intestine, and hindgut) are involved in the accumulation and 
release of the bile pigment, biliverdin, and iron into the intestinal lumen. All of the 
regional functional specializations are a consequence of modifications to the larval 
alimentary canal that take place at metamorphosis.

As indicated above, the majority of the larval esophagus transforms or remodels 
into the most cranial segment of the adult anterior intestine (Elliott 1989). This re-
modeling involves extrusion of ciliated, secretory (zymogen), and mucous cells into 
the lumen (which remains patent throughout metamorphosis) and infiltration of the 
transforming esophageal epithelium by macrophages and extravasated blood cells 
(i.e., blood cells that have exited the capillaries). The presence of the latter cells 
may imply that apoptosis occurs in the epithelium at this time. Unlike the develop-
ment of the adult intestinal epithelium in anuran amphibians, where there are cell 
nests or a secondary epithelium in the larva to generate the definitive epithelium at 
metamorphosis (Bonneville 1963; Shi and Oshizuya-Oka 1996), the adult intestinal 
epithelium in lampreys arises through histogenesis and histolysis of existing larval 
cells. However, autoradiography with 3H-thymidine indicates that basal columnar 
cells may serve as stem cells during early stages of metamorphosis in sea lamprey 
(Elliott 1989). Ciliated, ion-transporting, and secretory (zymogen) cells differenti-
ate from absorptive cells during stages 6 and 7 of metamorphosis in sea lamprey. 
The loss of larval secretory cells and their replacement with adult secretory cells is 
necessitated by the changing diet and the elaboration of a different set of digestive 
enzymes in adults (Hilliard and Potter 1988).

Development of longitudinal mucosal folds is a primary feature of metamorpho-
sis of the alimentary canal, particularly the intestine (Youson and Connelly 1978; 
Youson and Horbert 1982). Autophagy, heterophagy, apoptosis, and cell prolifera-
tion are key events in this process. In addition, Elliott and Youson (1994) studied the 
transforming larval esophagus to show the interaction of dedifferentiated, migrating 
smooth muscles in the sub-epithelial layers with the mucosal epithelium as a criti-
cal process in the development of the folds. Cells extruded from the transforming 
anterior regions of the intestine are phagocytosed by mucosal cells in the posterior 
intestine (Youson and Horbert 1982).

4.5.2.2  Liver

The changes to the liver during metamorphosis were recognized by Bujor (1891) 
and since that time have received wide attention (Youson 1981c). The attention has 
primarily been driven by curiosity regarding the loss of the biliary tree and the gall 
bladder during metamorphosis and how post-metamorphic lampreys survive with-
out these structures for both the storage and elimination of bile products. The review 
by Youson (1993) highlights and provides the references for numerous publications 
that describe most features of the processes of bile duct and gall bladder loss and 
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the changes to hepatocytes, and discusses both the consequences of these events and 
compensatory mechanisms for adult life. These include changes in hepatocyte cell 
junctions, periductal fibrosis, an apparent cholestasis, and alternation in bile pig-
ments. A disruption to this programmed loss of bile ducts has been reported in the 
potentially parasitic morph of the western brook lamprey (see Sect. 4.2.2), presum-
ably due to alterations in the timing of metamorphosis (Youson and Beamish 1991). 
This biliary atresia in lampreys has been of interest to the medical community, for 
biliary atresia in human infants usually results in death unless a liver transplant is 
available (see Youson 1993; Morii et al. 2012; see Chap. 1). Recently, apoptosis has 
been identified as an early event in bile duct loss in both induced (Boomer et al. 
2010) and spontaneous (Morii et al. 2010) metamorphosis in sea lamprey and Far 
Eastern brook lamprey, respectively.

The other curious event about the loss of the biliary tree that was recognized by 
early anatomists was the close relationship of the degenerating extrahepatic com-
mon bile duct (ECBD) with the development of a caudal portion of the islet organ 
in some, but not all, lamprey species. In fact, the presence or absence of a caudal 
portion of the islet organ in a lamprey species is related to the site at which the larval 
ECBD enters the alimentary canal (Youson 1985; Youson and Elliott 1989; Youson 
and Cheung 1990; Potter and Gill 2003). Thus, in the pouched and short-headed 
lampreys from the Southern Hemisphere, the ECBD enters the cranial end of the 
left diverticulum and this ECBD does not contribute to the formation of a caudal 
portion of the islet organ or any islet tissue (see Sect. 4.5.1.3). In contrast, adults 
of all Northern Hemisphere species of lampreys have a caudal portion of their islet 
organ, for the larval ECBD enters the alimentary canal at the esophageal-intesti-
nal junction (Fig. 4.7) and the ECBD epithelium undergoes a transdifferentiation 
(dedifferentiation/redifferentiation) at metamorphosis (Elliott and Youson 1993a, 
b). Ultimately, these former ECBD cells contain immunoreactivity for insulin and 
somatostatin, proliferate and migrate, and form small islets within the caudal islet 
organ. That biliary atresia is an important event of metamorphosis in all species is 
illustrated by the abnormal development that takes place when the intrahepatic bile 
ducts and the ECBD are prevented from atresia due to the presence of nematodes in 
American brook lamprey (Eng and Youson 1992a, b).

One other feature of the metamorphosing liver that attracted much research ac-
tivity over the past two decades relates to changes in iron metabolism. The promi-
nent literature on this subject matter has been reviewed (Youson 1993, 2003) but it 
is important to emphasize and summarize the events here, for without such a report, 
the full story of the metamorphosing liver would be incomplete. For a more detailed 
summary of the extent of the changes in iron metabolism and deposition during the 
life cycle, the reader is referred to Youson (2003). In larval lampreys, non-heme iron 
is bound to ferritin in the plasma at very high concentrations in all lamprey species, 
with the highest recorded for short-headed lamprey at 27,000 µg/100 mL (Macey 
et al. 1982). Even the blood values in larvae of other lamprey species are 250–500 
times that recorded for humans (Macey and Potter 1986; Youson et al. 1987).

There are many other larval tissues, mainly those that have fat deposits, that 
have high concentrations of iron (Macey and Youson 1990; Youson 2003). Staining 
for elemental iron shows a gradual accumulation of this metal in the hepatocytes 
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of the liver during lamprey metamorphosis (Youson et al. 1983), and this morphol-
ogy is reflected in increased concentrations of hepatic iron in assays (Sargent and 
Youson 1986; Smalley et al. 1986; Harris et al. 1990). This increase in hepatic iron 
is coincident with the decline in levels of serum iron (Youson et al. 1987) and the 
change from ferritin to a transferrin as the iron-binding plasma protein (Macey et al. 
1982). Youson (1993) provides evidence to support the view that iron overload in 
the liver is a consequence of alterations to the alimentary canal and to the biliary 
system during lamprey metamorphosis that prevent the elimination of excess iron. 
However, the lamprey seems to have the means to deal with the potential toxicity 
of the iron (i.e., the interaction of iron with hydrogen peroxide and a superoxide 
radical to produce hydroxyl radicals) through the increased activity towards the end 
of metamorphosis of the key enzyme superoxide dismutase (Harris et al. 1990). As 
with the study of biliary atresia, how lampreys avoid the harmful effects associ-
ated with such high concentrations of non-heme iron is of biomedical interest (see 
Macey et al. 1988; Harris et al. 1995; see Chap. 1).

4.5.3  Renal System

The changes to the kidneys of lampreys is a dramatic event at metamorphosis and 
has received considerable discussion in past reviews (Youson 1980, 1981b). In sum-
mary, the larval renal tissue consists of a pronephros, an opisthonephros, and undif-
ferentiated nephrogenic tissue extending to the cloaca (Fig. 4.10). Ellis (1993) was 
the first to describe the appearance of the pronephros throughout the lamprey life 
cycle. This kidney shows degenerative changes throughout larval life (Ellis and 
Youson 1990), and during metamorphosis there is gradual compacting of the paired 
pronephroi, relative to the length of each kidney in larvae, as this kidney becomes 
isolated from the coelomic cavity with development of a cartilage casing around 
the heart (Ellis 1993). The cells of presumptive adrenocortical tissue within the 
pronephros undergo changes during metamorphosis that suggest involvement in 
steroidogenesis (Ellis 1993). The healthy state of these cells was noted previously in 
the regressing larval opisthonephros (Youson 1980). At metamorphosis, the larval 
opisthonephros undergoes a complete regression and is replaced by a more pos-
terior adult opisthonephros that arises from the nephrogenic tissue that has been 
present since embryogenesis. Youson (1984) has provided a detailed ultrastructural 
description of tubulogenesis during metamorphosis in sea lamprey. There are some 
fascinating developmental events during this process; one example is the method 
of producing cilia for the neck segment portion of the most proximal portion of the 
tubule (Youson 1982). The complete regression of the larval opisthonephros dur-
ing metamorphosis (Fig. 4.10) is an event that would parallel tail reabsorption in 
amphibian metamorphosis. In the latter process, there is a detailed understanding 
and profile of endocrine involvement and the events of regression (see Shi 2000). 
Although it has been many years since the morphology was described for renal 
regression in lampreys (Ooi and Youson 1979), no one has taken up the challenge 
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to explain the regressive events in the context of hormonal and/or genetic control. 
Given that the specific triggers for lamprey metamorphosis are still in question 
(Gross and Manzon 2011), it would seem that regression of the larval opisthone-
phros, and even the development of the adult opisthonephros, would serve as an 
excellent system for study of the genes and hormone interaction of lamprey meta-
morphosis. The success at inducing lamprey metamorphosis (see Sect. 4.4.2.2) and 
both the regressive and growth processes (Boomer et al. 2010) only adds to the 
value of this potential model.

4.5.4  Respiratory System

Metamorphosis marks the shift from the unidirectional, flow-through ventilation of 
the larval branchial basket to the tidal, pumping ventilation of the adult. It involves 
not only modifications to the gill pouches and their connecting tube, but also en-
largement of the heart and development of the pericardial cartilage, modifications 

Fig. 4.10  Schematic interpretation of the relationship of the kidneys of larval and adult lampreys 
on one side of the body at each stage of the life cycle (i.e., the kidneys are paired). The larval 
lamprey renal tissue consists of a functioning pronephros with renal tubules ( T) and a single glo-
mus ( G). The more caudal larval opisthonephros, situated about mid-position in the abdomen, 
has several end-to-end glomera with draining tubules. There is undifferentiated nephrogenic tis-
sue ( N) extending to the cloaca near the archinephric duct ( A) which is continuous between the 
pronephros and opisthonephros (not shown). Throughout life, the pronephric tubules gradually 
degenerate whereas at metamorphosis the larval opisthonephros undergoes a rapid degeneration 
(with remnants still present in the adult) and the adult opisthonephros develops behind from the 
nephrogenic tissue. The adult kidney has a single glomus and many draining tubules. (Modified 
from Youson 1985)
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to the circulatory system, and appearance of an adult-type hemoglobin. Hardisty 
(2006) suggested that the rate at which such changes to the “breathing system” 
take place are particularly critical to the survival of metamorphosing lampreys, and 
that—given that these changes must be such an insult to the normal pattern of oxy-
gen exchange at the gills—some oxygen must be absorbed across the skin during 
this process. Reviews of the development of the gill pouches during lamprey meta-
morphosis are given by Lewis (1980) and Youson (1980). Lewis and Potter (1977) 
showed how the rate of oxygen consumption increases during metamorphosis in 
European river and brook lampreys, and Galloway et al. (1987) showed a similar 
increased rate of oxygen consumption between stages 3 and 5 in metamorphosis of 
the pouched lamprey, followed by a dramatic increase by stage 6. There is likely 
a correlation between this dramatic increase in oxygen consumption and both the 
completion of gill pouch modification and the appearance of adult hemoglobin. 
Changes to the pericardial cartilage are summarized in Sect. 4.5.5.2; the shift to the 
adult-type hemoglobin is reviewed in Sect. 4.5.6.1.

The other important change taking place in the gills of lampreys during their 
metamorphosis is that the gill epithelium undergoes modification (Peek and Youson 
1979a; Morris 1980; Youson 1980). The primary modification is the proliferation 
of undifferentiated interlamellar cells and their differentiation into chloride cells 
that typify the interlamellar epithelium of adult lampreys (Peek and Youson 1979b). 
The importance of these chloride cells to marine osmoregulation in adult lampreys, 
namely the secretion of excess Na+ and Cl−, has been emphasized (Bartels and 
Potter 1991, 2004), and is further supported by the lack of these cells in silver lam-
prey Ichthyomyzon unicuspis, which are parasitic but entirely freshwater resident 
(Bartels et al. 2012). Interestingly, adults of the non-parasitic and freshwater Ameri-
can brook lamprey do possess chloride cells in early post-metamorphic life (Bartels 
et al. 2011). Presumably, the chloride cells in this species have been retained from a 
relatively recent anadromous ancestor (see Docker and Potter in press), whereas all 
evidence suggests that silver lamprey have been confined to fresh water for a long 
period of time (Bartels et al. 2012).

Morris (1972) reported that sometime during metamorphosis in non-parasitic 
European brook lamprey, there was a limited ability to osmoregulate in hypertonic 
water. However, Mathers and Beamish (1974) indicated that in sea lamprey, accli-
mation to even dilute sea water was only possible when metamorphosis was close 
to completion. There has been a recent study that focused on the activity of key ion-
transporting proteins (Na+/K+-ATPase, vacuolar [V]-type H+-ATPase, and carbonic 
anhydrase) in the gill epithelium of metamorphosing sea lamprey subjected to var-
ied concentrations of sea water (Reis-Santos et al. 2008). Increased rates of survival 
at 25–35‰ salinity (i.e., 70–100 % sea water) as metamorphosis progressed are cor-
related with increased concentrations of Na+/K+-ATPase in metamorphosing lam-
preys compared to larvae. Immunohistochemistry shows that the Na+/K+-ATPase 
activity is localized within the interlamellar area where the mitochondria-rich, 
chloride cells are developing. Conversely, H+-ATPase activity is downregulated in 
metamorphosing animals with changes in salinity. Thus it seems, at least in parasitic 
sea lamprey and in non-parasitic European brook lamprey, that osmoregulation in 
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hypertonic environments is possible during some interval of metamorphosis (see 
Chap. 3). The recent evidence implies that it has as much to do with increased activ-
ity of key ion-transporting enzymes as with the state of differentiation of chloride 
cells (Reis-Santos et al. 2008).

4.5.5  Skeletal System

As has been emphasized in past reviews (Youson 1980; Hardisty 1981), the chang-
ing skeleton of lampreys during metamorphosis attracted much attention from a 
wide group of zoologists and paleontologists from about 1880 to the mid-point of 
the twentieth century. In particular, a detailed analysis of the conflicts and issues 
between two of the most prominent investigators, Damas (1935, 1944) and Johnels 
(1948), was provided by Hardisty (1981), who emphasized the importance of the 
description of development of the cranial skeleton in lampreys to investigations and 
views of gnathostome and agnathan relationships that existed at that time. The skel-
eton of both larval and adult lampreys consists of axial and cranial portions, with the 
former consisting primarily of the notochord and what some (e.g., Hardisty 1981) 
have referred to as vertebral rudiments, the arcualia.

4.5.5.1  Axial Skeleton

Relatively little is known about changes to the axial skeleton of lampreys during 
metamorphosis. Potter and Welsch (1992) implied that the arcualia develop from 
sclerotome rudiments sometime during metamorphosis, while Zhang (2009) ar-
gued, based on recent gene expression data, that the origin of arcualia could be 
either sclerotome or notochord. It is noteworthy that cultured lamprey cartilage is 
capable of calcification (Langille and Hall 1993) and histological sections reveal 
what appear as bony, wedge-shaped structures around the spinal cord of spawning-
phase sea lamprey (Youson unpublished data).

As far as we know, no changes take place in the notochord during lamprey meta-
morphosis, but no investigations have been undertaken to specifically study this 
axial structure during this event. Investigation seems to be justified, however, since 
the lamprey notochord has become an important tool for studies of vertebrate col-
lagens (Koob and Long 2000). Specifically, the major collagen in lamprey noto-
chordal sheath is type II collagen (Kimura and Kamimura 1982; Sheren et al. 1986) 
with a crystalline fibril structure (Eikenberry et al. 1984). The crystalline nature of 
lamprey type II collagen fibrils lends itself for study by X-ray diffraction (Eiken-
berry et al. 1984), and analysis of the cross-linked organization which is critical 
for fibrillogenesis has been suggested as an important tool for studying tissue as-
sembly and degradation in human osteo- and rheumatoid arthritis (Antipova and 
Orgel 2010). Other aspects of the notochord that have been studied in the context of 
functional flexibility are its proteoglycan (Welsch et al. 1991) and elastic (Schinko 
et al. 1992) nature and cell junctions (Bartels and Potter 1998).
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4.5.5.2  Cranial Skeleton

It is the cranial skeleton that has generated most research interest, for it changes 
during metamorphosis to accommodate the dramatic changes in feeding and respi-
ration in the larval versus adult stages. Furthermore, the relationship of the lamprey 
cranial skeleton and its head segmentation during embryogenesis to that of gna-
thostomes has long been of interest to developmental and evolutionary biologists 
(Richardson et al. 2010; Lee and McCauley in press). Before discussing the cranial 
skeleton in metamorphosis, it is important to outline some of the key events during 
lamprey embryogenesis that lead to the larval skeleton. After all, metamorphosis 
is just a continuation of this earlier ontogeny that is interrupted by a larval interval 
(Youson 1988). It has been suggested that mesoderm development during lamprey 
embryogenesis may signify the ancestral state of gene regulation from which the 
complex body plan of gnathostomes evolved (Kusakabe and Kuratani 2007). In a 
recent review on this subject, Holland et al. (2008) concluded, based on the expres-
sion of the engrailed and tbx1 genes, that the cranial paraxial mesoderm of lam-
preys (and sharks) evolved from the anterior somites of an amphioxus-like ancestor 
and is responsible for the lamprey head cavities. Remnants of these mesodermal 
head segments persist in the muscles of the eye and jaw of higher vertebrates but 
the segments were lost during evolution. Another important feature of lamprey em-
bryogenesis that influences the larval and adult cranial skeleton involves the neural 
crest (Langille and Hall 1988; Hall 1999). For example, migration of neural crest 
cells is important to development of specific branchial arches (Langille and Hall 
1988; McCauley and Bronner-Fraser 2003). This process involves lamprey SoxE 
genes that, although the chondrogenic function of its regulators seem to be from a 
common vertebrate ancestor, in lampreys may have undergone independent dupli-
cation leading to their distinct functions in different parts of the pharynx (McCau-
ley and Bronner-Fraser 2006). In fact, the lamprey has been described as a model 
system for studying neural crest gene regulatory networks (Nikitina et al. 2008; 
Sauka-Spengler and Bronner-Fraser 2008). This is just one of the many features of 
lamprey development that make it an ideal model for evolutionary studies (Osório 
and Rétaux 2008; see Chap. 1; Lee and McCauley in press). The use of the lamprey 
model, however, has required some better definition of developmental events and 
processes, such as in the embryogenesis of the visceral skeleton leading to the pro-
duction of the branchial basket (Martin et al. 2009).

As a consequence of chondrogenesis and matrix deposition in embryogenesis 
between days 13 and 19 post-fertilization (McBurney and Wright 1996; McBurney 
et al. 1996; Morrison et al. 2000), the cranial skeleton of larval lampreys is pro-
duced to suit the sedentary life of a filter feeder (Martin et al. 2009). Subsequently, 
this skeleton and the surrounding tissues are the site and foundation for changes 
at metamorphosis that will result in the definitive skeleton of a post-metamorphic 
lamprey suited for a parasitic (predatory) life. Figure 4.11 shows the endoskeleton 
of cartilage in the head and branchial regions of larval and adult lampreys, with the 
latter having the greater complexity due to modifications and additions that are part 
of metamorphosis.
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The larval neurocranium and branchial arches are composed of cartilage, and 
the cranium also contains a unique skeletal structure called mucocartilage with one 
special region called the ventromedial longitudinal bar. At least part of the neu-
rocranium, and some of the branchial arches, but apparently not the mucocarti-
lage, show contributions from the neural crest during embryogenesis (Langille and 
Hall 1988; Martin et al. 2009). The neurocranium in both stages consists of nasal 

Fig. 4.11  Diagrammatic representations of the elements of the skeleton of the larval (a) and (b) adult 
lamprey. In the larva, the cartilaginous structures are shaded black. The neurocranium consists of 
the nasal capsule ( N), trabeculae ( T), and otic capsule ( O). The branchial cartilages ( B) com-
pose the branchial arches (basket). A special connective tissue, mucocartilage, appears stippled. 
A region of mucocartilage, the ventromedial longitudinal bar ( VMLB), develops into the piston 
cartilage (see adult below). The same neurocranial cartilages are present in the adult, but there are 
more cartilages supporting the oral disc. The piston cartilage (seen in black) develops from the 
larval VMLB, the branchial cartilages are more elaborate, and there is a new pericardial cartilage 
( P). NC notochord. (This figure was originally published in Armstrong et al. 1987)
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capsule, trabeculae, and otic capsules, but in the adult there are more cartilages 
supporting the oral disc (annular cartilage) and tongue (piston cartilage) and the 
branchial cartilages are more complex (Fig. 4.11). A new pericardial cartilage is 
present in the adult. Fine structural studies show that the fibrous component of the 
extracellular matrix (ECM) of annular, piston, cranial, and dorsal plate cartilages is 
not collagen. Instead, the ECM is composed of a network of 15–40 nm diameter, 
randomly arranged, branched fibrils (Wright and Youson 1983). Nasal, branchial, 
and pericardial cartilages, however, are more cellular and the ECM composition is 
slightly different (Wright et al. 1988). Verhoeff’s stain implies an elastic nature to 
the lamprey ECM but the amino acid composition varies from elastin protein, lead-
ing to the name of lamprin for the major ECM protein of lamprey cartilage (Wright 
and Youson 1983). On the other hand, nasal, branchial, and pericardial cartilages 
also show elastic-like fibers and elastin-like immunoreactivity in a portion of their 
ECM (Wright et al. 1988). Three lamprin cDNAs were isolated and their derived 
protein sequences show repeated amino acid sequences similar to those found in 
mammalian and avian elastin and spider dragline silk (Robson et al. 1993). Multiple 
genes for lamprin have been identified in sea lamprey and western brook lamprey 
(Robson et al. 2000). One might expect that elastic-like properties would be im-
portant in cartilages, such as pericardial and branchial cartilages, that surround or 
support structures that change their shape. The major ECM protein in these two 
cartilages is not lamprin, but a related protein containing hydroxyproline (Robson 
et al. 1997). Subsequently, it was shown that in branchial cartilage, and not annular 
cartilage, the elastin-like protein matrix is cross-linked by mainly lysyl pyridinoline 
at a ratio of 7:1 to hydroxylysyl pyridinoline (Fernandes and Eyre 1999). Since pyr-
idinoline cross-links characteristic of collagen and desmosine cross-links charac-
teristic of vertebrate elastin are absent, this poses some interesting mechanical and 
evolutionary questions. The evolutionary question revolves around whether fibrillar 
collagen type II exists in all types of lamprey cartilage based on the evidence that 
they possess two type II collagen genes ( Col2α1, a clade A fibrillar collagen gene) 
and its transcriptional regulator ( Sox9, a group E Sox gene) that are expressed in 
the branchial cartilage during sea lamprey development (Zhang et al. 2006). Ohtani 
et al. (2008), using their whole-mount procedure (Yao et al. 2008), studied the Sox–
Col2α1 genetic cascade during the development of both trabecular and branchial 
cartilage in Arctic lamprey and did not detect expression of the clade A fibrillar 
collagen genes in trabecular cartilage and only one of two clade A orthologs ex-
pressed in the pharyngeal chondrocytes. SoxD and SoxE are expressed in both types 
of cartilage in developing Arctic lamprey and the conservation of these transcription 
regulators implies homology among lamprey and gnathostome cartilages. On the 
other hand, Ohtani et al. (2008) proposed from their overall results that lampreys 
possess an ancestral, elastin-like cartilage similar to that of amphioxus and that the 
fibrillar type II collagen cartilage of gnathostomes was derived after the loss of the 
elastin-like protein from ancestral cartilage.

Mucocartilage of lamprey larvae is not a definitive cartilage for it lacks the ECM 
protein lamprin, it does not stain for elastin, and it consists primarily of a proteo-
glycan aggregate, microfibrils, and a few fibroblasts (Wright and Youson 1982). 
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It is a form of loose, embryonic connective tissue. During metamorphosis there is 
differential expression of the genes for lamprin (Robson 1998), as certain areas oc-
cupied by mucocartilage in larvae transform into lamprin-containing cartilage. This 
process has been described in detail in metamorphosis of sea lamprey where the 
ventromedial longitudinal bar (VMLB) of mucocartilage transforms into the piston 
cartilage supporting the rasping tongue of adults (Armstrong et al. 1987). Mucocar-
tilage at metamorphosis is awakened from its resting embryonic status to differenti-
ate into a mesenchyme-like tissue. This tissue in turn redifferentiates into chondro-
blasts that synthesize and secrete the lamprin-containing ECM cartilage (Armstrong 
et al. 1987). By the end of stage 2 of metamorphosis, the region previously occupied 
by mucocartilage appears like typical vertebrate mesenchymal tissue and is a con-
sequence of cell migration and degradation of mucocartilage ECM by these cells. 
Stage 3 shows a blastema of precartilage cells in the center of the VMLB undergo-
ing mitosis and liberating an ECM of sulfated proteoglycan. The differentiation 
and proliferation of chondroblasts by stage 4 is coincident with further elabora-
tion of the lamprin-containing ECM but there is still some cellular degeneration. 
Subsequent stages show the increase in cellularity and ECM density of the piston 
cartilage and a decline in mitosis and cell degeneration (Armstrong et al. 1987). It 
would be of interest to study these processes in the piston cartilage, and in all the 
other cranial cartilages, with all the modern tools such as lamprin isoforms and the 
probes for fibrillar collagen genes that were described above. Since metamorphosis 
is a delayed stage of chondrogenesis that commenced during embryogenesis, we 
will not have a full picture of the events of lamprey cartilage development until such 
studies take place.

4.5.6  Other Biochemical or Physiological Changes

4.5.6.1  Blood Protein Profiles

Like most other tissues, the blood undergoes numerous changes during lamprey 
metamorphosis. Included among these are changes in the abundance and type of 
iron-binding protein from ferritin to transferritin (Macey et al. 1982), a shift from the 
larval to the adult hemoglobin (Adinolfi and Chieffi 1958; Potter and Brown 1975; 
Lanfranchi et al. 1994), and a shift in the dominant serum proteins and serum albu-
mins. Changes in the abundance and type of iron-binding protein were reviewed in 
Sect. 4.5.2.2, and Potter and Brown (1975) nicely summarized the shift from larval 
to adult hemoglobins in the paired European river and brook lampreys. Despite the 
more rapid onset of sexual maturity in the non-parasitic brook lamprey relative to 
the parasitic river lamprey (see Sect. 4.2.2), the brook lamprey showed a slower rate 
of change from larval to adult hemoglobins. These different rates are likely related 
to differences in the ecology of the two species during metamorphosis; whereas 
the European brook lamprey remains in silted areas typical of the larvae until just 
prior to spawning, the river lamprey may move into faster-flowing areas with more 
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oxygenated sediments sometime during metamorphosis (Potter and Brown 1975). 
The remainder of this section will provide a brief overview of the shift in the serum 
protein profiles and serum albumins during lamprey metamorphosis.

Lamprey serum contains several dominant proteins including the serum albu-
mins AS (Filosa et al. 1986), SDS-1 (Filosa et al. 1982), and LAS (for Lampetra 
AS; Danis et al. 2000), as well as the glycolipoprotein CB-III (Filosa et al. 1986). 
Each of these proteins constitutes a major component of the total serum protein 
complement at some point in the life cycle (see Fig. 4.5). Initially, AS and SDS-1 
were referred to as albumin-like proteins because they lacked many of the classi-
cal biochemical properties characteristic of vertebrate albumins. Confirmation that 
SDS-1 (Gray and Doolittle 1992) and AS (Filosa et al. 1998) are in fact vertebrate 
albumins was ultimately provided by using sequence data to show they were ho-
mologous to other vertebrate albumins. Curiously, lamprey albumins are unique in 
that they are glycosylated and much larger than other vertebrate albumins. Unlike 
human albumin which is 68 kDa, AS and SDS-1 are approximately 164 kDa and 
156 kDa in size, respectively. Amino acid sequence information clarified that this 
size discrepancy is related to the glycosylation and the fact that lamprey albumins 
consist of seven 190-amino acid repeats (albumin domain) rather than the three 
repeats typical of other vertebrate albumins.

In sea lamprey, AS synthesized by the liver makes up approximately 70 % of all 
serum proteins in the larval and metamorphic phases, up to 40 % in juveniles, and 
0.5 % in upstream migrant adults (Filosa et al. 1992). In contrast, SDS-1 makes up 
less than 2 % of total serum proteins in the larval stage. The rapid decline in AS con-
centrations at stage 7 of metamorphosis coincides with an increase in serum SDS-1 
concentrations, which now represent 20 % of the total protein pool. By the juvenile 
and upstream migrant adult periods, SDS-1 represents 30 % and 40 %, respectively, 
of the total serum proteins (Filosa et al. 1982, 1986, 1992; Ito et al. 1988). This shift 
from AS to SDS-1 may be analogous to, or an ancestral example of, the embryonic 
shift from α-fetoprotein to adult albumin in mammals. Furthermore, there is an up-
regulation of serum CB-III concentration associated with this transition from AS to 
SDS-1. CB-III makes up less than 10 % of total serum proteins in the larval stage, 
20 % in the late metamorphic period, and 50 % in upstream migrating adults (Filosa 
et al. 1982, 1986; Ito et al. 1988).

It is noteworthy that although American brook lamprey have an albumin (LAS) 
as a major serum protein during the larval phase, as a juvenile it completely lacks 
any albumin or albumin-like molecule (Danis et al. 2000). These data raise the 
question as to whether life history plays a role in the pattern of major serum pro-
teins observed throughout metamorphosis. For instance, is the lack of an albumin 
in juvenile and adult American brook lamprey related to a completely freshwater 
existence or non-parasitic life history? To address this question, Eng (2004) used 
antisera directed against AS, LAS, and SDS-1 to investigate serum proteins in the 
paired chestnut lamprey Ichthyomyzon castaneus (which is parasitic in fresh water) 
and southern brook lamprey I. gagei (which is non-parasitic in fresh water), as 
well as the western brook lamprey (freshwater, non-parasitic) and Pacific lamprey 
(anadromous, parasitic); the latter two species are not paired species, but specimens 
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of the North American river lamprey, the western brook lamprey’s parasitic coun-
terpart, were not accessible (Eng 2004). Like sea lamprey, the two parasitic spe-
cies (whether freshwater-resident or anadromous) contain two albumin molecules, 
with the larval albumin and the juvenile/adult albumins containing immunogenic 
determinants similar to AS and SDS-1, respectively (Eng 2004). These findings 
suggest an association between the parasitic life history and a second albumin, as 
the non-parasitic American brook lamprey lacks an adult albumin. However, the 
southern brook lamprey, although also non-parasitic, did contain an adult type al-
bumin with immunogenic determinants characteristic of both AS/LAS and SDS-1. 
The presence of an albumin with determinants of both AS/LAS and SDS-1 could 
represent an intermediate in the transition to the complete loss of an adult albu-
min in non-parasitic lampreys (Eng 2004). Consistent with this, molecular data do 
suggest a more recent origin of southern brook lamprey (from chestnut lamprey) 
than of American brook lamprey (from its presumed ancestor, Arctic lamprey; see 
Docker and Potter in press). This hypothesis requires further evidence, and future 
work should be aimed at investigating the serum albumin profiles of additional non-
parasitic lampreys.

 4.6 Conclusions

Metamorphosis as a developmental strategy is rare among vertebrates; however, it 
has likely been a component of the lamprey life cycle for most of their long evolu-
tionary history. So indispensable is metamorphosis to successful reproduction, and 
thus species survival, that even non-parasitic lampreys must undergo a complete 
metamorphosis despite the fact they do not feed as juveniles. The different life his-
tory strategies (i.e., parasitic and non-parasitic) seen in lampreys also highlights 
the plasticity offered by an indirect development; it has been suggested that the 
non-parasitic life history type is the result of a delay in the timing of metamorphosis 
relative to sexual maturity. A polymorphic population of western brook lamprey 
on Vancouver Island, producing both non-parasitic and potentially parasitic indi-
viduals, certainly warrants further study as these alternate morphotypes offer the 
opportunity to better understand the possible role of developmental plasticity in the 
evolution of lampreys and lamprey life history.

Numerous factors are known to affect the rate and incidence of metamorphosis 
in lampreys, and these have been summarized in Table 4.1. Among the exogenous 
(environmental) factors that can affect lamprey metamorphosis, water temperature 
is the most important and has the greatest impact. Numerous studies have clearly 
shown that the rise from cool winter to warm spring water temperatures is the sin-
gle most critical factor affecting the incidence and rate of metamorphosis in lam-
preys, and that the water temperature in the month immediately prior to the onset 
of metamorphosis is particularly important. It has also been suggested that warmer 
spring water temperatures (up to approximately 21 °C) can result in an increased 
rate of metamorphosis, with juveniles potentially emerging to migrate downstream 
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to begin feeding in the late fall rather than the following spring. Future work should 
be aimed at understanding the role of water temperature in the early recruitment of 
parasitic phase sea lamprey to the Great Lakes, the impact on its host species popu-
lations, and the effect on the size and fecundity of the resultant adult sea lamprey.

Of the many endogenous factors examined, size (length, mass, and condition 
factor, CF) and thyroid hormones (THs) are the two that have been shown to be crit-
ical for metamorphosis. There is strong empirical evidence that indicates that larvae 
must attain a minimum size for metamorphosis. Within the Great Lakes basin, the 
minimum length required for sea lamprey metamorphosis is 120 mm, but attaining 
the minimum length is not alone sufficient for metamorphosis. In many instances, 
lampreys must also undergo a period of physiological conditioning (an “arrested 
growth phase”) whereby there is an increase in weight and lipid content, but not 
length, in preparation for the pending non-trophic metamorphosis. This physiologi-
cal conditioning is readily measured as an increase in CF in the months prior to the 
start of metamorphosis. Consistent with the requirement of sufficient lipid reserves 
and an increase in total body lipid content are observations that lipogenic enzymes 
are elevated prior to and in the early stages of metamorphosis. This phase of lipo-
genesis is followed by a phase of lipolysis evidenced by an increase in lipolytic 
enzyme activities at mid-metamorphosis.

The potential role of the thyroid in lamprey metamorphosis has been investi-
gated for almost a century. Despite this effort, the picture is not as clear as it is for 
amphibians (or teleost fishes), where THs are the most critical morphogen driving 
metamorphosis. A precise causal function may be lacking, but there is little doubt 
that THs function in lamprey growth and metamorphosis. Numerous lines of evi-
dence indicate that THs are inhibitory to lamprey metamorphosis: serum TH levels 
peak prior to metamorphosis and decline at the onset of metamorphosis, goitro-
gens can induce precocious metamorphosis, elevated TH levels block and disrupt 
goitrogen-induced and natural metamorphosis, respectively, and TH inactivation 
is highest during metamorphosis. This evidence strongly supports the notion that 
elevated TH levels are required for larval growth and development and that a de-
cline in TH levels is required for metamorphosis. However, it is important to note 
that when TH levels are at their lowest during lamprey metamorphosis, their levels 
may be similar to peak concentrations during amphibian metamorphosis and pre-
liminary data suggest that thyroid hormone receptor (TR) gene expression is up-
regulated during tissue morphogenesis. Collectively, these findings led to the dual 
role hypothesis (Manzon 2011), which suggests that elevated TH levels are required 
for larval feeding, growth and premetamorphic conditioning while simultaneously 
inhibiting natural metamorphosis. Following some yet to be identified endogenous 
or exogenous signals, THs must decline dramatically for metamorphosis to pro-
ceed normally and for THs to drive metamorphic events. It is unlikely that THs are 
the sole endogenous modulator for lamprey metamorphosis, and there is sufficient 
evidence to suggest that other endogenous factors might be involved in metamor-
phosis. Likely candidates include gonadotropin-releasing hormones (GnRH) and 
glycoprotein hormones (GpH) from the hypothalamus and pituitary gland, respec-
tively, as well as molecules involved in the regulation of lipid metabolism and/or 
feeding such as insulin, somatostatin and leptin-like proteins.
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The dramatic transformation from a sedentary, larval filter feeder to a free swim-
ming parasitic or non-parasitic juvenile lamprey involves an extensive suite of ex-
ternal and internal changes resulting in some degree of morphological, cellular, or 
biochemical transformation in every organ and tissue. The most notable external 
changes include the appearance of eyes and oral suctorial disc, the transformation of 
the branchiopores and branchial region, the growth and differentiation of fins, and 
change in body coloration. Although the internal changes may be less visible, they 
are no less dramatic as they include substantial changes to all systems.

Major changes to the endocrine tissues include changes in gene expression in the 
hypothalamic-pituitary axis, the transformation of the larval endostyle to follicular 
thyroid tissue, and restructuring of the numerous aspects of the entero-pancreatic 
system. The changes in the entero-pancreatic system are associated with the trans-
formation of the digestive system which, among other changes, includes the ap-
pearance of the oral disc complete with teeth and piston-like tongue, the transfor-
mation of the larval esophagus into the anterior portion of the juvenile alimentary 
canal, and the appearance of a new juvenile esophagus from dorsal tissue of the 
pharynx. These changes ultimately result in a blind-ended pharynx necessary for 
tidal ventilation when the animal is attached by its oral disc. The larval intestine 
also undergoes a dramatic morphogenesis, developing longitudinal mucosal folds 
and regional specialization along the anterior posterior axis. Intestinal transforma-
tion involves autophagy, heterophagy, apoptosis, and proliferation of existing larval 
intestinal cells to give rise to the juvenile intestine. The other curious change in the 
digestive system includes the loss of the hepatic biliary tree (biliary atresia), gall 
bladder, and extrahepatic common bile duct, the latter of which contributes to the 
formation of the islet organ in Northern, but not Southern, Hemisphere lampreys.

As described above, all systems undergo some degree of transformation dur-
ing lamprey metamorphosis and the renal, respiratory, and skeletal systems are no 
exception. In the renal system, the larval pronephros continues to degenerate while 
the larval opisthonephros completely regresses and is replaced with the more cau-
dally located juvenile opisthonephros that develops from the nephrogenic cord tis-
sue. Changes to the respiratory system include the shift from unidirectional to tidal 
ventilation of the branchial basket. There is an enlargement of the heart, remodel-
ing of the circulatory system, and the appearance of the adult hemoglobin. Other 
changes include remodeling of the gills and the appearance of the chloride cells of 
the interlamellar region which are responsible for Na+ and Cl- excretion (efflux) in 
hypertonic (marine) environments. The lamprey skeleton consists of axial and cra-
nial portions, with the latter being a subject of great interest due to its importance 
in understanding the relationship between agnathans and gnathostomes. The larval 
cranial skeleton is suited to a life of sedentary filter feeding, but undergoes substan-
tial morphogenesis and increased complexity to accommodate the tidal ventilation 
and free swimming parasitic life of the juvenile/adult. This increased complexity 
also includes a change in the protein composition and an increase in the cellular 
content of the cartilage of the cranial skeleton.

Lamprey metamorphosis is clearly a fascinating developmental event that has 
spurred the curiosity of scientists for over a century. Lamprey metamorphosis 
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represents a unique and fruitful model system to study numerous aspects of biology 
with potentially great implications towards our understanding of evolution, due to 
the lamprey’s ancient origins. Lamprey metamorphosis is an excellent subject for 
“evo-devo” studies ranging from the ecology and evolution of life history transitions 
through to the cellular and molecular mechanisms of development and the evolu-
tion of these processes. Despite extensive study over the past 40–50 years, we are 
just beginning to understand the processes associated with lamprey metamorphosis. 
Advances in molecular technology and the sequencing of the lamprey genome will 
greatly facilitate the next 10–15 years of research, allowing us to make great strides 
in our understanding of the complex process of lamprey metamorphosis.
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Abbreviations and Acronyms

ACC Acetyl CoA carboxylase
ACTH Adrenocorticotropin
APUD Amino precursor uptake and decarboxylation
AS Lamprey-specific albumin, named for ammocoete spot
CB-III Glycolipoprotein band, named for Cibacron Blue
cDNA Complementary DNA
CF Condition factor (W/L3 × 106); W is weight (g), L is length (mm)
CG Chorionic gonadotropin
ClO4

− Perchlorate anion
CPD Caudal pars distalis = proximal pars distalis
DGAT Diacylglycerol acetyl transferase
ECBD Extrahepatic common bile duct
ECM Extracellular matrix
END Endorphin
EP Entero-pancreatic
GEP Gastro-entero-pancreatic
GnRH Gonadotropin-releasing hormone
GPA Glycoprotein alpha subunit
GpH Glycoprotein hormone
GpHB, GPB Glycoprotein hormone beta subunit
GTH Gonadotropin
HP Hypothalamic-pituitary
IR Immunoreactive or immunoreactivity
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IRD Inner-ring deiodination
KClO4 Potassium perchlorate
LAS American brook lamprey AS
LPH Lipotropin
MMI Methimazole
mRNA Messenger RNA
MSH Melanotropin
NaClO4 Sodium perchlorate
NHF Nasohypophysial factor
NPY Neuropeptide Y
ORD Outer-ring deiodination
PD Pars distalis
PI Pars intermedia
PmRXR1, PmRXR2, PmRXR3 Sea lamprey retinoid-X-receptors
POC Proopiocortin
POM Proopiomelanotropin
POMC Proopiomelanocortin
PP Pancreatic polypeptide
RPD Rostral pars distalis
RXRs Retinoid-X-receptors
SDS-1  Albumin, named for sodium dodecyl sulfate 

fraction I
SST Somatostatin
T3 3,5,3ʹ-triiodothyronine
T4 Thyroxine (3,5,3ʹ,5ʹ-tetraiodothyronine)
TH Thyroid hormone
THDP Thyroid hormone distributor protein
TRs TH nuclear receptors
TSH Thyroid stimulating hormone = thyrotropin
ΔT Temperature change
TSM Thyrostimulin
TTR Transthyretin
VMLB Ventromedial longitudinal bar
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Abstract During recent decades, new insights regarding the spawning migration 
of lampreys have been gained due to advances in technology and growing interest 
in this key life history phase. The development of miniaturized active and passive 
transmitters has led to detailed information on the timing and extent of lamprey 
migrations. These tools, together with sophisticated laboratory experiments, have 
provided fertile ground for studies of lamprey migratory physiology and behavior. 
New molecular tools have been applied to questions of population structure and 
philopatry, while the identification of lamprey pheromones has illuminated here-
tofore unimagined mechanisms of migration and orientation. Interest in spawning 
migration has been spurred by the growing need to restore native lamprey popula-
tions and the equally pressing need to control invasive sea lamprey in the Lauren-
tian Great Lakes. While important advances in anadromous lamprey biology have 
been achieved, gaps remain in our understanding of marine movements, species-
specific differences, mechanisms of orientation, and the factors controlling passage 
success. Moreover, with the exception of the landlocked sea lamprey in the Great 
Lakes, research on the spawning migrations of the strictly potamodromous species 
(i.e., those that are parasitic in fresh water and the non-parasitic “brook” lampreys) 
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is sorely lacking, seriously compromising our ability to assess what constitutes bar-
riers to their migration.

Keywords Adfluvial · Anadromous · Behavior · Dams · Orientation · Passage · 
Pheromones · Potamodromous · Swimming performance

5.1  Introduction

For centuries, the natural history of migration has been described in terms of func-
tion (e.g., to reach spawning or feeding grounds), route, timing, and rate of move-
ment. More recently, the physiological condition of migrating animals and the cues 
that they use to orient and navigate have been considered, and advances have been 
made regarding these mechanisms of migration. Here we examine the timing and 
extent of lamprey spawning migrations, the swimming performance of upstream 
migrants (particularly at barriers), the physiological and behavioral changes that 
accompany this life stage, the cues lampreys use to orient, and the management 
implications related to this critical phase of the lamprey life history.

There are currently between 41 and 44 recognized lamprey species worldwide 
(see Chaps. 1 and 2); 18 species are parasitic and 23–26 species are non-parasitic 
(see Docker 2009; Docker and Potter in press). Because some parasitic forms can 
be displaced great distances while attached to their hosts, the adult stages of these 
species have evolved a migratory life history that brings them into streams suitable 
for spawning. Five of the parasitic species are exclusively or almost exclusively 
anadromous (i.e., they move from the ocean or estuary to fresh water for spawning), 
which presents great challenges with respect to the migration distance (hundreds of 
kilometers in some species; see Sect. 5.2.1) and the physiological changes needed 
to cope with osmoregulation (Sect. 5.3.1). Nine of the parasitic species are potamo-
dromous (i.e., showing directed movement within fresh water), and the remaining 
four parasitic species have both anadromous and potamodromous populations (see 
Docker and Potter in press). The 23–26 non-parasitic (resident or “brook lamprey”) 
species are exclusively potamodromous. Although typically less extensive, pota-
modromous lampreys also exhibit discrete spawning migrations and the attendant 
changes in physiology and behavior.

Spawning migration in lampreys has been reviewed in the past (Hardisty and 
Potter 1971; Larsen 1980); however, recent discoveries warrant a renewed look at 
this fascinating phase of the lamprey life history. With the development of miniatur-
ized transmitters and passive integrated transponder (PIT) technology, new insights 
have been gained regarding the timing, rate, and extent of lamprey migration. In 
addition, exciting new research has revealed the role of pheromones in lamprey 
orientation during pre-spawning movements (see Sects. 5.4.1 and 5.6.1). In this 
chapter, we review recent advances in our understanding of upstream migration 
by adult lampreys. Basic data regarding the timing and extent of spawning migra-
tion are available for many anadromous and potamodromous species. However, 
there is a dearth of information on swimming performance, physiology, orientation, 
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and behavior for most potamodromous species. Hence, for these topics, our review 
focused primarily on the anadromous species and, where possible, the landlocked 
sea lamprey Petromyzon marinus in the Laurentian Great Lakes. The downstream 
migration of juveniles (i.e., after metamorphosis) is covered elsewhere in this vol-
ume (see Chap. 3).

Many recent advances have resulted from the need either to conserve native lam-
preys (see Chap. 8) or to develop methods for controlling the invasive sea lamprey 
in the Great Lakes (see Marsden and Siefkes in press). Native lamprey species are 
in decline in many regions of the world, and disruption of the spawning migration 
with the attendant loss of habitat availability is frequently cited as the primary cause 
for population declines (Renaud 1997; Close et al. 2002). Consequently, recent re-
search has been directed toward identification of passage impediments encountered 
by lampreys during their spawning migration and methods to promote passage. 
Information regarding the mechanisms of migration is equally important for de-
velopment of effective sea lamprey control. Regular funding of lamprey research 
in support of integrated pest management schemes has been the source of a large 
volume of data on the spawning migration of potamodromous (“landlocked”) sea 
lamprey in the Great Lakes. Thus, while advancing our knowledge of basic lamprey 
biology, the research reviewed here also has myriad applications for management 
of lampreys and the ecosystems where they occur.

5.2  Timing and Extent of Spawning Migration

The timing and extent of the spawning migration varies widely both among and 
within lamprey genera and species. This is particularly obvious when comparing 
parasitic and non-parasitic species, as parasitic lampreys often range great distances 
from their spawning and rearing areas (i.e., while attached to their hosts) and non-
parasitic resident forms apparently remain within their natal streams. The timing 
and extent of spawning migrations can also vary substantially within species. For 
example, the anadromous sea lamprey has access to larger river systems and mi-
grates over greater distances and longer time periods than the landlocked form of 
this species in the Great Lakes (Clemens et al. 2010). The environmental factors 
encountered during spawning migration thus vary widely among species and popu-
lations, demanding both physiological and behavioral plasticity.

For the purpose of this review, we define spawning migration as that part of the 
lamprey life history from the end of the trophic phase to arrival on the spawning 
grounds. For information regarding spawning timing and fine-scale movement to 
find mates and select spawning sites, see Chap. 6. In brook lampreys, the temporal 
extent of the spawning migration is relatively short (i.e., the months between meta-
morphosis to spawning site selection; see Sect. 5.2.3.2). In contrast, some anadro-
mous species exhibit spawning migrations of over 1.5 years (Sect. 5.2.1). The anad-
romous spawning migration can be divided into three stages: (1) migration from the 
ocean or estuary into rivers or streams; (2) pre-spawning holding in fresh water; and 
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(3) upstream movement within rivers and streams to spawning sites (Clemens et al. 
2010). The physiological basis of this scheme has not been explicitly described and 
it is possible that these stages are transition points in a continuum. Sea lamprey in 
the Great Lakes appear to exhibit behaviors similar to those of the marine form 
(Vrieze et al. 2010, 2011), but generally undergo less extensive migrations; they are 
reviewed separately here. Parasitic and brook lampreys that exhibit only potamo-
dromous migrations are also treated separately at the end of this section.

5.2.1  Timing and Migration Distance: Anadromous Lampreys

Anadromous lampreys move from the ocean or estuary into fresh water to spawn. 
There are only nine anadromous species, five that are exclusively or almost ex-
clusively anadromous (pouched lamprey Geotria australis, short-headed lamprey 
Mordacia mordax, Chilean lamprey M. lapicida, Caspian lamprey Caspiomyzon 
wagneri, and North American or western river lamprey Lampetra ayresii, the latter 
of which is largely estuarine) and four that are also sometimes found in fresh water 
(sea lamprey, European river lamprey Lampetra fluviatilis, Arctic lamprey Lethen-
teron camtschaticum, and Pacific lamprey Entosphenus tridentatus) (see Chap. 2; 
Docker and Potter in press).

There is considerable inter- and intraspecific variation in the timing of fresh-
water entry and the duration of the freshwater stage of the migration. Although all 
lampreys spawn in the spring or summer, some may enter fresh water as much as 
16 months before spawning (e.g., pouched lamprey, some Pacific lamprey; see be-
low). Recent research shows that even within a species, duration of the freshwater 
migration can vary greatly (e.g., ranging from a few months to over two years in 
Pacific lamprey; Clemens 2011). These differences are often but not always cor-
related with migration distances in fresh water (see below).

Little is known about overall migration distances, which depend on the extent of 
free-swimming movement in the ocean and may be even greater than is currently 
known. Recent distribution data for Pacific lamprey in the North Pacific Ocean 
suggest that the marine phase of the spawning migration in this species is more 
extensive than previously thought (Orlov et al. 2008). Thus, the factors involved in 
the regulation of migration timing are not clear. Although one cannot exclude the 
possibility of genetic control (see Hess et al. 2013), we hypothesize that the marine 
phase of the anadromous lamprey life cycle plays an important role in both the 
timing and extent of spawning migration. Different oceanic feeding grounds with 
particular physical-chemical characteristics could influence the timing of migratory  
behavior.

The proximate cues for migration, however, appear linked to environmental 
conditions of the rivers in which spawning occurs. The upstream spawning mi-
gration of anadromous lampreys is triggered by flow variations and temperature  
(see Sect. 5.5.2). Studies on the anadromous sea lamprey (Almeida et al. 2002a; 
Andrade et al. 2007) and European river lamprey (Abou-Seedo and Potter 1979; 
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Masters et al. 2006) have demonstrated that migratory activity increases with in-
creased stream discharge. This may be a mechanism to ensure that lamprey passage 
is facilitated through difficult areas and/or that access to sheltered headwater rear-
ing sites is available (Binder et al. 2010). The timing and upstream progress of adult 
Pacific lamprey in the Columbia River system is also strongly influenced by river 
temperature and total discharge (Keefer et al. 2009a). In this species, migration 
timing is significantly later and migration rates are slower in cold, high-flow years. 
This adaptation ensures that Pacific lamprey migrate during periods of optimal met-
abolic scope while avoiding periods of highest current velocity.

In British Columbia and the northwestern United States, Pacific lamprey gener-
ally enter river basins during spring (April–June; R. J. Beamish 1980), and ini-
tiate upstream migration during summer (July–September) before overwintering 
between October and March (Scott and Crossman 1973; Keefer et al. 2009a) and 
spawning between April and May the following year (Clemens et al. 2009; see 
Chap. 6). In the Columbia and Snake rivers, this species is known to swim hun-
dreds of kilometers to reach spawning grounds (Moser and Close 2003). Prior to the 
completion of the Grand Coulee Dam in 1941, spawning migrations of 800 km up 
to Kettle Falls, Washington, occurred (Renaud 2011). In contrast, short migration 
distances are common in coastal streams (Kostow 2002). An extreme example is 
the Lilliwaup River (a small Olympic Peninsula watershed draining to Puget Sound, 
Washington) where Pacific lamprey spawn downstream from an impassable wa-
terfall located at river kilometer 0.7 km (Richard S. Endicott, Lilliwaup Hatchery, 
Long Live the Kings, Seattle, WA, personal communication, 2011).

North American river lamprey exhibit summer and fall freshwater migrations, 
with spawning in the following spring. In British Columbia, this species migrates 
from coastal waters and estuaries into fresh water (e.g., the Fraser River and its 
tributaries) by September (Beamish and Youson 1987). Migration distances may 
exceed 300 km in large watersheds such as the Sacramento River in California, 
where adults have been collected as high as Mill Creek (Scott and Crossman 1973).

Considerable variation has been observed in both the timing and distance of 
the upstream migration in anadromous Arctic lamprey. In northwest Russia, mi-
gration starts in late summer and the beginning of autumn, and distance to the 
spawning grounds ranges from approximately 200 km in the Onega River to over 
600 km in the Northern Dvina River (Holčík 1986b). In the Utkholok River basin, 
Kamchatka, in eastern Russia, the spawning migration occurs between April and 
June (Kucheryavyi et al. 2007; Renaud 2011); migration distances in this system are 
less than 100 km (Kucheryavyi et al. 2007). In Japan, spawning adults ascend rivers 
between October and January (Renaud 2011). In the Yukon River, Alaska, where 
the migration distance can exceed 1,600 km, spawning migration occurs between 
late November and late April (Renaud 2011). Long migration distances have also 
been reported in the Mutantiang River (1,700 km), a tributary of the Amur River in 
China, and in the Tom River in Russia (where this species is known to migrate over 
2,100 km upstream from the estuary of the Ob River); these long migrations in Asia 
may take as much as 1.5 years to complete (Holčík 1986a).
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Anadromous sea lamprey likewise exhibit great variation in run timing, although 
in comparison with the species mentioned previously, freshwater entry gener-
ally occurs closer to the spawning time. Along the east coast of North America, 
spawning migrations occur between March and September, but this varies with 
latitude (F. W. H. Beamish 1980a). Migration occurs earlier in streams at lower 
latitudes (e.g., largely in March and April in North Carolina to Maryland and May 
to June or July in the northern part of their range), but some migratory activity can 
extend through to August or September (in North Carolina and New Brunswick, 
respectively), with migrants apparently arriving shortly before spawning (F. W. H. 
Beamish 1980a). In Portuguese rivers, the sea lamprey spawning migration begins 
in December and peaks between February and April (Alexandrino 1990; Machado-
Cruz et al. 1990; Oliveira et al. 2004), with spawning usually occurring between 
May and June (Almeida et al. 2000). In Britain, sea lamprey migration begins in 
February and continues through May and June (Hardisty 1986a).

Migration distance in anadromous sea lamprey can range from tens to hundreds 
of kilometers, depending on the size of the river, location of suitable spawning ar-
eas, and the length of river stretches downstream from impassable barriers (Hardisty 
1986a). In Portugal, sea lamprey spawning areas are located between 30 and 190 km 
from the mouth of the estuary. However, all major rivers used by this species now 
have impassable dams, so these obstructions represent the upstream limit of migra-
tion (Almeida et al. 2002b). In Britain, sea lamprey spawn 10–100 km from the 
tidal limit (Hardisty 1986a; Martyn C. Lucas, Durham University, Durham, U.K., 
personal communication, 2011). In the Delaware and Susquehanna river systems of 
North America, sea lamprey were known to migrate up to 320 km from the sea (Big-
elow and Schroeder 1948), but construction of the Conowingo Dam near the mouth 
of the latter river system in 1928 has since obstructed sea lamprey migration (Wald-
man et al. 2009). Likewise, sea lamprey once spawned at least 240 km upstream 
from the estuary in the Savannah River in South Carolina (F. W. H. Beamish 1980a). 
Upstream migration in the St. John River, New Brunswick, is now restricted by 
a dam 140 km from the estuary, but sea lamprey once migrated farther upstream 
(F. W. H. Beamish 1980a). Although Daniels (2001) questions that anadromous 
sea lamprey could migrate 725 km to reach Lake Ontario through the St. Lawrence 
River (see Docker and Potter in press), there is evidence that historically, European 
runs could reach 850 km in the River Rhine (Hardisty 1986a).

The timing and extent of adult European river lamprey migrations is likewise 
highly variable, with the extent depending largely on obstructions that block up-
stream progress. Spawning areas are typically within 100 km of the estuary mouth 
(e.g., River Sorraia, Portugal: Almeida unpublished data; River Swale, England: 
Lucas et al. 2009; Oir River, France: Lasne et al. 2010). In the United Kingdom 
(U.K.), the spawning migration of European river lamprey can extend from as early 
as July (i.e., the summer prior to spawning) to as late as June the following year 
(Hardisty and Potter 1971; Abou-Seedo and Potter 1979); it appears, however, that 
most individuals migrate in the autumn and winter months (Hardisty 1986b; Mar-
tyn C. Lucas, Durham University, Durham, U.K., personal communication, 2011). 
River lamprey likewise enter rivers of the Baltic Sea (e.g., Perhonjoki and Kalajoki 
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rivers in Finland) in early autumn (Jukka Tuohino, North Ostrobothnian Centre for 
Economic Development, Transport and the Environment, Finland, personal com-
munication, 2011). There are many examples reviewed by Hardisty (1986c) and 
confirmed by other authors (e.g., Winter and Van Densen 2001; Masters et al. 2006) 
that indicate this is the general migration season for river lamprey throughout Eu-
rope. However, overall freshwater entry periods are often protracted as a result of 
distinct modes of movement by early migrants in autumn and by later, more fully 
developed, migrants as the time for spawning nears in spring (Hardisty and Pot-
ter 1971; Abou-Seedo and Potter 1979). Lampreys that have shorter migration dis-
tances may be more likely to delay migration to the fall or winter before spawning.

Depending on meteorological conditions, the spawning migration of Caspian 
lamprey in the Shirud River, Iran, peaks in mid-March, although the species is first 
detected in this river basin during late September (Nazari and Abdoli 2010) and both 
fall and spring migrants have been reported in this basin (Ahmadi et al. 2011). The 
spawning run up the Kura River (starting in Azerbaijan) occurs between November 
and February, and in the Volga River between mid-September and March (Renaud 
2011). Construction of barriers in these rivers appears to have altered the timing 
of upstream migration (e.g., delaying the peak of migration observed at Volgograd 
from the beginning of December to February; Holčík 1986b). Migration duration 
can last for several months, depending on distance to the spawning sites, swimming 
speed, and water velocity. In the relatively short Shirud River (36 km), upstream 
migration of the spring migrants lasts from the middle of March until late April. 
In contrast, Caspian lamprey that enter the Volga River estuary in mid-September 
reach Kazań (1,500 km upstream) six months later (Holčík 1986b). The observa-
tion that Arctic lamprey can take up to 18 months to travel similar distances (see 
above) highlights species-specific differences in lamprey swimming performance 
and behavior.

In the Southern Hemisphere, lampreys undergo long migrations and exhibit a 
very long period of freshwater maturation. On mainland Australia, pouched lam-
prey may migrate up to several hundred kilometers up the Murray River, and the 
spawning run of short-headed lamprey is known to reach over 1,600 km up this riv-
er system (Renaud 2011). In Australia, both species enter fresh water from January 
to July, with peaks of migration from September through November (Hardisty and 
Potter 1971; Fernholm 1990). In Chile, mature pouched lamprey adults reach con-
tinental waters during the austral summer months (January–March; Renaud 2011). 
Although the timing of freshwater entry relative to spawning time is unknown since 
it is not certain when spawning occurs in these species (Jellyman et al. 2002; see 
Chap. 6), radiotelemetry evidence has indicated that pouched lamprey do not spawn 
until their second spring in fresh water (Jellyman et al. 2002). Laboratory experi-
ments further confirmed that this species requires over 16 months in fresh water 
to reach sexual maturity (Bird and Potter 1983; Potter et al. 1983; James 2008). 
Moreover, these lamprey may have already accomplished lengthy spawning migra-
tions in the ocean. Potter et al. (1979) hypothesized that marine movements of the 
pouched lamprey were over thousands of kilometers.
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5.2.2  Timing and Migration Distance:  
Landlocked Sea Lamprey

Landlocked sea lamprey in the Laurentian Great Lakes have been the subject of 
intensive study since the mid-1900s. Fundamental similarities in the upstream 
spawning migration of anadromous and landlocked sea lamprey appear to exist. 
However, these comparisons are complicated by the fact that landlocked sea lam-
prey are approximately half the size (40−50 cm in length) of the anadromous form 
(Beamish and Potter 1975; Clemens et al. 2010). Due to their smaller size, land-
locked sea lamprey are less adept than anadromous lamprey at both swimming and 
climbing (McAuley 1996; Clemens et al. 2010). Moreover, tributaries to the Great 
Lakes are relatively small and many have been dammed for sea lamprey control 
(see Marsden and Siefkes in press). Early records from Applegate (1950) indicate 
that landlocked forms once traveled up to 100 km inland to spawn, although the 
extent of upstream migrations (i.e., the distance to lamprey barriers) in most Great 
Lakes tributaries is now considerably shorter, on the order of dozens of kilometers 
(Clemens et al. 2010).

Landlocked sea lamprey embark on their spawning migration after spending 
little more than a year feeding in open water (approximately 8–12 months less than 
anadromous sea lamprey; F. W. H. Beamish 1980a; Bergstedt and Seelye 1995), and 
generally begin their upstream migration later in the season than the anadromous 
form (Sect. 5.2.1). Upstream migration generally occurs in late April to early June, 
but can extend into July in the colder waters of the northern Great Lakes where 
spawning likewise occurs later in the season (see Chap. 6). Stream capture records 
indicate that landlocked sea lamprey accumulate at stream mouths in February and 
March until temperature rises above 10 °C (Applegate 1950; Vrieze 2008). They 
appear to gather there because of pheromonal odors while the temperature thresh-
old apparently triggers odor-driven rheotaxis and the start of upstream movement 
(Sorensen and Hoye 2007; Vrieze 2008; see Sect. 5.5.2). This strategy presumably 
ensures arrival at the spawning grounds near the time that temperature is optimal for 
reproduction and embryonic development.

5.2.3  Timing and Migration Distance:  
Potamodromous Lampreys

We consider lamprey species that exist entirely in fresh water to be potamodro-
mous, or “freshwater lampreys.” These include both parasitic and non-parasitic 
species that move either within rivers or between larger rivers or lakes and smaller 
streams for the purposes of spawning. Most potamodromous species embark on 
their upstream migration a few weeks to a few months before spawning (consistent 
with a shorter migration) and are generally not well studied. While non-parasitic 
brook lampreys do not exhibit the dramatic spawning migration of their parasitic 
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counterparts, at least some species are known to participate in discrete, albeit short, 
upstream movements prior to spawning—counteracting the passive downstream 
movement experienced during the larval phase (Malmqvist 1980; Hardisty 1986d). 
For the most part, as illustrated below, information on the timing and extent of 
spawning migration is scarce for most potamodromous species.

5.2.3.1  Freshwater Parasitic Species

The general lack of information on spawning movements of freshwater parasitic 
forms is appalling, particularly in light of the fact that anthropogenic activities have 
almost certainly blocked or disrupted spawning migrations in some species. For 
example, native Ichthyomyzon species are regularly captured at barriers designed 
to limit spawning movements of invasive sea lamprey in the Great Lakes (Schuldt 
and Goold 1980; COSEWIC 2010). These and other man-made obstacles have 
likely contributed to the decline of silver lamprey Ichthyomyzon unicuspis in Great 
Lakes tributaries and elsewhere, and headwater dams in the Danube drainage of 
Europe are thought to be a threat to the Carpathian lamprey Eudontomyzon danfordi 
(see Chap. 8). The overall paucity of information on freshwater parasitic lampreys 
makes it difficult to generalize regarding the timing and extent of spawning mi-
gration. The following brief review of known life history modes emphasizes their 
incredible diversity.

Freshwater parasitic Entosphenus species exhibit adfluvial (i.e., migrating from 
lakes to rivers or streams), lentic, and/or lotic spawning movements. Prior to its 
near extirpation from the Miller Lake drainage in Oregon, the Miller Lake lamprey 
E. minimus was thought to be primarily lacustrine with lentic spawning and larval 
rearing in the lake (Kan and Bond 1981). This species metamorphosed in fall and 
apparently spawned in June or July of the following year (at a size smaller than 
that of late stage larvae) and presumably without migration into tributary streams. 
More recent collections from other parts of Oregon, however, suggest lotic spawn-
ing (Lorion et al. 2000). Klamath lamprey E. similis exhibits both wholly riverine 
and adfluvial life histories in Oregon (Kostow 2002), but few details are known 
regarding the spawning movements of this species. There is likewise little known 
about spawning migration in the Vancouver or Cowichan lamprey E. macrostomus. 
This appears to be a lacustrine species with lentic spawning, although the presence 
of larvae in the lower portions of some lake tributaries suggests that some spawners 
migrate into tributaries as well (Beamish 1987).

The parasitic species in the genus Ichthyomyzon (silver lamprey, chestnut lamprey 
I. castaneus, and Ohio lamprey I. bdellium) occur in eastern North America. The latter 
two species appear to have largely riverine life histories, although chestnut lamprey 
may sometimes feed in lakes (Scott and Crossman 1973; Renaud 2011). The spawn-
ing migration of these two species is therefore of short duration and extent; upstream 
migrating chestnut lamprey have been captured at dams in late May or June, shortly 
before spawning (COSEWIC 2010). Relatively little is known about the biology of 
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these species, however, despite the concern—based on the large number of collec-
tions made at dams and weirs—that these structures impede their upstream migration 
(COSEWIC 2010). The spawning migration of silver lamprey, which generally feeds 
in large rivers and lakes, appears to be more substantial; silver lamprey may travel 
over 100 km to reach spawning areas (COSEWIC 2011). Silver lamprey migration 
has been best studied in the Fox River, Wisconsin, where upstream migrants have 
been captured from early April to early June (Cochran and Marks 1995; Cochran and 
Lyons 2004). It has been postulated that lamprey attached to lake sturgeon Acipenser 
fulvescens in the early spring could be transported upstream toward their spawning 
grounds (Cochran et al. 2003). Thus, in addition to disruption of spawning migrations 
by physical or electric barriers, changes in host distribution and abundance could also 
interfere with upstream migration in this species.

The Mexican or Chapala lamprey Tetrapleurodon spadiceus begins its upstream 
migration to the spawning grounds in the upper reaches of the Celio River in late 
June and early July (Renaud 2011). This species inhabits the highly developed Le-
rma River, where eleven dams divert water and likely impede migrations of this 
adfluvial species (IUCN 2013).

The Carpathian lamprey is endemic to the Danube system and migrates upstream 
during spawning time in April–June (Kottelat and Freyhof 2007). This strictly river-
ine migration occurs to the upstream reaches of brooks, which may require migra-
tion to spawning locations at over 1,000 m elevation (Renaud and Holčík 1986). 
Virtually nothing is known about the biology of the Korean lamprey Eudontomyzon 
morii (Renaud 2011).

5.2.3.2  Freshwater Non-Parasitic Species

As is the case for freshwater parasitic lampreys, relatively little is known of the 
timing and extent of spawning migration in brook lampreys. Malmqvist (1980) 
used tag-recapture and trapping experiments in a small Swedish stream to elucidate 
the timing and migration cues used by European brook lamprey Lampetra planeri, 
which typically spawns from late March to June (see Chap. 6). As in some parasitic 
forms (see Sect. 5.5.2), increasing temperature and decreasing stream discharge 
were the most important factors associated with the onset of spawning migration 
in this brook lamprey. Temperature has been implicated as a primary cue in the 
onset of migration for other brook lampreys, such as the least and Ukrainian brook 
lampreys ( Lampetra aepyptera and Eudontomyzon mariae, respectively; reviewed 
in Hardisty and Potter 1971).

For most brook lampreys, information is available regarding capture dates of 
adults in spawning condition (see Renaud 2011), but few studies have investigated 
the timing or extent of migration. However, all suggest that migration is of short du-
ration. Malmqvist (1980)’s mark-recapture study showed that European brook lam-
prey moved up to 2 km upstream prior to spawning, over a compressed time period 
from late March to early May. Jacona or Mexican brook lamprey  Tetrapleurodon 
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geminis spend the first 3–4 months after metamorphosis in the River Duero, after 
which they engage in a short (3 km) upstream migration to the upper reaches of 
the River Celio (Renaud 2011). F. W. H. Beamish 1982) documented pre-spawning 
movements of at least 1 km in southern brook lamprey Ichthyomyzon gagei.

5.3  Physiology of Migrants

The spawning migration phase of the lamprey life cycle represents a time of pro-
found morphological and physiological change, particularly for anadromous forms. 
While non-parasitic lampreys undergo sexual maturation coincident with metamor-
phosis (Docker 2009) and perform only short spawning migrations, metamorphosis 
and sexual maturation are separate processes in parasitic lampreys, and both pota-
modromous and anadromous parasitic lampreys exhibit a discrete, free-swimming 
migration that may be of great extent and duration in some anadromous species 
(Sect. 5.2.1) and that often includes a gauntlet of obstacles (Sect. 5.6.2). One of 
the most dramatic physiological changes during the upstream migration, especially 
in anadromous lampreys, is a pronounced decrease in body size. Lampreys stop 
feeding at or prior to the onset of migration and must rely on the energy reserves ac-
cumulated during the parasitic phase to fuel the spawning migration (Larsen 1980; 
see Sect. 5.3.2).

The environmental or physiological cues that stimulate lampreys to detach from 
their host and embark on the free-swimming, non-trophic spawning migration are 
completely unknown. Do lampreys respond to physiological changes mediated by 
day length or other environmental factors? Can lampreys respond to hormonal sig-
naling by the host or synchronize migration with host movements? Alternatively, 
might lampreys initiate spawning migration on reaching a necessary size or growth 
rate? The general plasticity in lamprey life histories argues against genetic pro-
gramming. For example, sea lamprey spend approximately two years feeding in the 
Atlantic Ocean and only one year feeding in the Great Lakes (Applegate 1950; F. 
W. H. Beamish 1980a). In the lake environment, stream finding in sea lamprey is 
active and extensive (Vrieze et al. 2011), but thus far there is no documentation of 
lamprey behavior at sea or the mechanisms of physiological control. The following 
section outlines the little that is known about the physiological changes that precede 
freshwater entry in anadromous lampreys.

Relatively more is known about the physiology of upstream migrants in fresh 
water. This is in large part due to recent research aimed at improving passage suc-
cess and fitness of native lampreys at man-made barriers (or developing barriers or 
traps in the case of sea lamprey in the Great Lakes). Hence, there have been large 
advances in our understanding of the mobilization of energy reserves, swimming 
performance, and energetics. An extensive literature on the lamprey sensory system 
has also emerged in recent decades, and this topic is covered in Sect. 5.4.
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5.3.1  Preparation for Freshwater Migration

While the marine phase of the spawning migration in anadromous lampreys is poor-
ly understood, there is circumstantial evidence that some species undertake exten-
sive free-swimming migrations in the ocean and estuary prior to freshwater entry 
(see Sect. 5.2.1). Data collected during open-ocean trawl surveys reveal that lam-
preys can undergo seasonal changes in condition that could be related to preparation 
for spawning migration (Orlov et al. 2008). What triggers lampreys to transition 
from feeding to free-swimming oceanic or estuarine migration is unknown. Larsen 
(1980) suggested that intestinal atrophy likely begins when lampreys are still at 
sea. Gonadal hormones have been implicated in intestinal atrophy and the cessation 
of feeding but, in some species at least, freshwater entry precedes sexual matura-
tion and the accompanying increase in sex steroids (see Sect. 5.3.2). The existence 
of praecox forms of European river lamprey, Arctic lamprey, and Pacific lamprey 
suggests that the length of the marine phase may be truncated in some cases (Abou-
Seedo and Potter 1979; Kucheryavyi et al. 2007; Clemens 2011; Hess et al. 2013; 
Docker and Potter in press; Renaud and Cochran in press), but what regulates length 
of the feeding phase is an enigma.

Lamprey physiology in the estuarine environment, as migrants transition from 
sea water to fresh water, is equally mysterious. The duration of estuarine residence 
and the course of changes in osmoregulatory function have not been adequately 
described. Riverine entry requires excretion of large volumes of urine, cessation of 
drinking, intestinal atrophy, and a reversal in ion transport across the gills to allow 
survival in fresh water (Bartels and Potter 2007). While these processes and their 
controls have been reviewed in the past (Morris 1972; F. W. H. Beamish 1980b; 
Larsen 1980), recent work has provided additional insight regarding the mecha-
nisms controlling hyper-osmoregulation by migrating adult anadromous lampreys 
(Rankin 1997; Brown and Rankin 1999; Rankin et al. 2001). These studies have 
identified a renin-angiotensin system in European river lamprey which is activated 
by exposure to decreasing environmental salinity. Interestingly, the circulating an-
giotensin appears to be controlled by both volume/pressor receptors and osmore-
ceptors (Brown et al. 2005). There is evidence that the transport-related proteins in-
volved in osmoregulation in elasmobranch and teleost fishes (e.g., Na+/K+-ATPase) 
are present in the gills of upstream migrating pouched lamprey captured in the Der-
went River in Tasmania (Choe et al. 2004). This study, however, does not specify 
how far from the estuary these individuals were captured. Very little is known about 
the role these enzymes play in upstream migrating lampreys, while in salmonids 
and other anadromous fishes it is comparatively well-studied (see Shrimpton 2013).

5.3.2  Physiology of Freshwater Migrants

Upstream migrants do not feed and can experience dramatic and well-documented 
decreases in length and weight following entry into fresh water. As a consequence of 
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this natural starvation, or synchony (Larsen 1980), lampreys mobilize lipid and pro-
tein reserves accumulated during the parasitic phase (reviewed in Hardisty 2006). 
Anadromous European river lamprey from the River Severn in England decreased 
in body weight by more than 30 % during the course of the upstream migration (be-
tween December and March; see Larsen 1980). Anadromous sea lamprey in North 
America decreased in body length by an estimated 19–24 % between the initial 
migration and post-spawning (F. W. H. Beamish 1980a). Anadromous sea lamprey 
on the Iberian Peninsula showed little or no change in body length between river 
entry and capture near the spawning grounds 65 km upstream, but weight decreased 
by an average of 20.4 % in males and 22.7 % in females (Araújo et al. 2013). In 
Caspian lamprey, the length difference between pre-spawning and spawning adults 
was found to average 22 % (see Holčík 1986b). Shrinkage in Arctic lamprey length 
during migration may be as high as 25 %, with females experiencing a greater re-
duction in length than males (see Holčík 1986a), and Pacific lamprey males and 
females decreased in body length by an estimated 15 % and 23 %, respectively (R. J. 
Beamish 1980). Furthermore, in Pacific lamprey, weight at a given length decreased 
noticeably between capture in the open ocean (Orlov et al. 2008; Fig. 5.1) and after 
traveling at least 235 km through the Columbia River estuary. Shrinkage was even 
more pronounced further upstream (470 km) (Cummings 2007; Fig. 5.1). Clemens 
et al. (2009) observed an increase in the rate at which energy stores were mobilized 
(i.e., a greater proportional decrease in body weight) when Pacific lamprey were 
held in the laboratory at warm summer temperatures (20–24 °C) relative to cooler 
temperatures (13.6 °C).

Decreases in lamprey body size with synchony is not confined to large-bodied 
anadromous forms, but parasitic species that migrate entirely within fresh water ap-
pear to experience less shrinkage. Potamodromous sea lamprey in the Great Lakes 
decreased an estimated 8–10 % in body length (O’Connor 2001) and length differ-
ences in mature and immature Vancouver lamprey suggested that shrinkage in this 
freshwater species is on the order of 6 % (R. J. Beamish 1982).
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It has been hypothesized that body size and/or lipid content of adult lampreys at 
the onset of freshwater migration is correlated with migration distance among river 
systems (Hardisty and Potter 1971; Larsen 1980; Bird and Potter 1983). Lampreys 
with larger body size might be more able to complete lengthy migrations, either 
because their greater fat reserves can better sustain them during this non-trophic 
period or because only large lamprey are able to overcome obstacles such as dams 
and waterfalls to reach the most upstream regions (Keefer et al. 2009a, b). Recent 
studies of Pacific lamprey in the Columbia and Snake river basins lend further sup-
port to the idea that migratory distance is controlled by body size and/or condition 
(Keefer et al. 2009a). Using an extensive tagging program with passive integrated 
transponders, Keefer et al. (2009a) revealed that lamprey traveling furthest had the 
largest body size and earliest onset of migration. Moreover, successful passage to 
the uppermost extent of these drainages was highly dependent on body size, with 
small lamprey exhibiting the greatest attrition (Keefer et al. 2009b).

Reductions in body size are accompanied by a reduction in flesh quality and 
deterioration of organs to fuel sexual maturation (e.g., Larsen 1980; Clemens et al. 
2009). Lipids and proteins are mobilized primarily from the body wall, whilst rela-
tively small changes in liver weight in European river lamprey indicated that the 
liver plays little role in fueling upstream migration and sexual maturation (Larsen 
1980). The intestine atrophies, liver and blood often become green, skin may turn 
yellow, and teeth degenerate (see Larsen 1980). Changes in the relative weight of 
various other organs during upstream migration and spawning, as well as their lipid, 
protein, and carbohydrate composition, are described for both anadromous sea lam-
prey (Beamish et al. 1979; Araújo et al. 2013) and European river lamprey (see 
Larsen 1980).

More recently, biochemical parameters have been measured during upstream 
migration of Pacific lamprey. Mesa et al. (2010a) examined the concentration of 
nutritional indicators (plasma protein, triglycerides, and glucose) in Pacific lam-
prey that were captured in September after traveling over 200 km upstream. After 
initial testing, these animals were held in the laboratory and sampled periodically 
over winter and during sexual maturation. There was a gradual decline in levels of 
plasma protein and triglycerides (e.g., plasma protein declined from about 45 mg/ml 
in mid-September to about 35 mg/ml in early April), although mobilization of pro-
tein and lipids would presumably be higher in actively migrating lamprey. Protein 
levels declined rapidly at sexual maturation (more dramatically in females), while 
triglycerides and glucose increased in some individuals.

In some lamprey species, upstream migration and sexual maturation occur at the 
same time, particularly those that undergo short migrations. Lampreys that undergo 
lengthy migrations (e.g., Pacific lamprey) will likely be at an advanced stage of syn-
chony at the time of gonad development compared to those migrating over a shorter 
distance. Mesa et al. (2010a) observed the onset of synchony (e.g., shrinkage in 
length by about 20 % and a gradual decline in plasma protein levels) months be-
fore there were measurable increases in circulating sex steroids (estradiol 17ß, pro-
gesterone, 15α-hydroxytestosterone) and thyroid hormones (plasma thyroxine and 
triiodothyronine). In contrast, synchony in European river lamprey is apparently 
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controlled by gonadal steroids. Gonadectomy performed on early migrant river 
lamprey prevented intestinal atrophy, hormone replacement therapy normalized the 
rate of atrophy, and treatment of intact lamprey with sex hormones increased the 
rate of atrophy (Pickering 1976a, b).

The results of Mesa et al. (2010a) suggest that lampreys entering fresh water with 
relatively undeveloped gonads may not yet be experiencing an increase in gonadal 
hormones (see Docker et al. in press). Follow-up research by Mesa and colleagues, 
however, suggests that sex steroids may play some role in mediating spawning mi-
gration behavior. Pacific lamprey trapped soon after freshwater entry were analyzed 
for sex steroids, implanted with a radio transmitter, and released 3 km downstream 
from the collection site. Both males and females that resumed upstream migra-
tion exhibited higher levels of estradiol than those that did not (Matthew G. Mesa, 
U.S. Geological Survey, Columbia River Research Laboratory, Cook, WA, personal 
communication, 2012).

5.3.3  Swimming Performance and Energetics

The natural progression of synchony is undoubtedly related to the rate and dura-
tion of exercise and oxygen consumption during the spawning migration. Beamish 
(1979) measured the caloric content and weight of anadromous sea lamprey col-
lected at known distances up the St. John River in New Brunswick, Canada. He 
estimated the caloric cost of migration based on the relationship between lamprey 
weight and the energetic cost of swimming. Comparison of measured versus pre-
dicted caloric costs indicated that sea lamprey were expending more energy than 
predicted based on the linear travel distance. Thus, Beamish (1979) hypothesized 
that sea lamprey do not travel in a straight line in streams. The advent of miniatur-
ized radio transmitters, passive integrated transponder (PIT) tags, and their respec-
tive detection systems has allowed direct assessment of spawning migration routes 
and rates in a number of different lamprey species and river systems (Table 5.1). 
For example, recent telemetry results have shown that sea lamprey in Lake Huron 
indeed travel in a straight line while in the open lake searching for the odor of 
spawning river plumes, but likely expend energy migrating vertically while doing 
so (Vrieze et al. 2011; see Sect. 5.4.1.2). The latter strategy presumably increases 
their chances of encountering river plumes which can be either submersed or super-
ficial depending on water temperatures and densities.

Perhaps the most intensively studied freshwater spawning migrations are those 
of Pacific lamprey in the Columbia and Snake River basins (Moser et al. 2002, 
2005, 2013a, b; Robinson and Bayer 2005; Keefer et al. 2009a, Keefer et al. b, 
2013a, b; Mesa et al. 2010b). A number of studies in this system indicate that mean 
adult Pacific lamprey migration rates are similar over large spatial scales. That is, 
Pacific lamprey move at similar rates both while ascending large river systems and 
in tributaries (Table 5.1). However, early migrants do not move as rapidly as those 
migrating later in the year, when water temperatures are higher (Moser et al. 2005; 



230 M. L. Moser et al.

Ta
bl

e 
5.

1  
M

ig
ra

tio
n 

ra
te

s 
of

 a
du

lt 
la

m
pr

ey
s 

du
rin

g 
sp

aw
ni

ng
 m

ig
ra

tio
ns

 a
s 

do
cu

m
en

te
d 

us
in

g 
ha

lf-
du

pl
ex

 p
as

si
ve

 in
te

gr
at

ed
 tr

an
sp

on
de

rs
 (

PI
T)

 a
nd

 r
ad

io
 

tra
ns

m
itt

er
s (

R
ad

io
); 

rk
m

 =
 ri

ve
r k

ilo
m

et
er

Sp
ec

ie
s

St
ud

y 
ar

ea
M

ea
n 

gr
ou

nd
 

sp
ee

d 
(k

m
/d

ay
)

M
et

ho
d

R
ef

er
en

ce

Pa
ci

fic
 la

m
pr

ey
 E

nt
os

ph
en

us
 tr

id
en

ta
tu

s
C

ol
um

bi
a 

R
iv

er
 (r

km
 2

35
–4

70
)

12
.4

–1
3.

7
PI

T
K

ee
fe

r e
t a

l. 
(2

00
9a

)
10

.1
R

ad
io

K
ee

fe
r e

t a
l. 

(2
00

9c
)

C
ol

um
bi

a 
R

iv
er

 (r
km

 2
35

–3
08

)
20

.8
, 5

.6
R

ad
io

M
os

er
 a

nd
 C

lo
se

 (2
00

3)
; K

ee
fe

r e
t a

l. 
(2

00
9c

), 
re

sp
ec

tiv
el

y
C

ol
um

bi
a 

R
iv

er
 (r

km
 3

08
–3

47
)

13
.9

, 4
.2

R
ad

io
M

os
er

 a
nd

 C
lo

se
 (2

00
3)

; K
ee

fe
r e

t a
l. 

(2
00

9c
), 

re
sp

ec
tiv

el
y

C
ol

um
bi

a 
R

iv
er

 b
as

in
 tr

ib
ut

ar
ie

s:
W

ill
am

et
te

 R
iv

er
5.

3–
6.

8
R

ad
io

M
es

a 
et

 a
l. 

(2
01

0b
)

Jo
hn

 D
ay

 R
iv

er
11

.1
a

R
ad

io
R

ob
in

so
n 

an
d 

B
ay

er
 (2

00
5)

Sn
ak

e 
R

iv
er

18
.2

–1
9.

1a
R

ad
io

M
cI

lra
ith

 (2
01

1)
C

le
ar

w
at

er
 R

iv
er

12
.0

–1
4.

2
R

ad
io

M
cI

lra
ith

 (2
01

1)
Se

a 
la

m
pr

ey
 P

et
ro

m
yz

on
 m

ar
in

us
 (a

na
dr

om
ou

s)
R

iv
er

 M
on

de
go

36
.0

R
ad

io
A

lm
ei

da
 e

t a
l. 

(2
00

2a
)

R
iv

er
 V

ou
ga

15
.6

–3
3.

4
R

ad
io

A
nd

ra
de

 e
t a

l. 
(2

00
7)

C
on

ne
ct

ic
ut

 R
iv

er
24

.0
R

ad
io

St
ie

r a
nd

 K
yn

ar
d 

(1
98

6)
Se

a 
la

m
pr

ey
 P

et
ro

m
yz

on
 m

ar
in

us
 (l

an
dl

oc
ke

d)
La

ke
 H

ur
on

28
.8

–3
6.

0
R

ad
io

V
rie

ze
 e

t a
l. 

(2
01

1)
La

ke
 S

up
er

io
r t

rib
ut

ar
ie

s
1.

3
R

ad
io

K
el

so
 a

nd
 G

ar
dn

er
 (2

00
0)

Eu
ro

pe
an

 ri
ve

r l
am

pr
ey

 L
am

pe
tr

a 
flu

vi
at

ili
s

R
iv

er
 D

er
w

en
t, 

En
gl

an
d

c.
 1

8.
0

R
ad

io
Lu

ca
s e

t a
l. 

(2
00

9)
Po

uc
he

d 
la

m
pr

ey
 G

eo
tr

ia
 a

us
tr

al
is

Pi
ge

on
 B

ay
 S

tre
am

, N
Z

<  
0.

1
R

ad
io

K
el

so
 a

nd
 G

lo
va

 (1
99

3)
O

ku
ti 

St
re

am
, N

Z
< 

0.
1

R
ad

io
Je

lly
m

an
 e

t a
l. 

(2
00

2)
M

at
au

ra
 R

iv
er

, N
Z

0.
5

R
ad

io
Je

lly
m

an
 e

t a
l. 

(2
00

2)
a  I

nc
lu

de
s r

ec
ov

er
y 

tim
e



2315 Lamprey Spawning Migration

Keefer et al. 2009a). Claridge and Potter (1975) noted that standard metabolic rates 
for both male and female European river lamprey increased by up to a factor of two 
during the final months prior to spawning. Thus, the energetic cost of the spawning 
migration increases as lamprey rates of movement increase, temperatures rise, and 
the standard metabolic rates increase as a function of gonadal maturation.

Continuous ground speed estimates (distance traveled upstream divided by time) 
for anadromous lampreys migrating in Northern Hemisphere rivers are remarkably 
similar among species. Adult Pacific lamprey traveled at rates of up to 20 km/day 
(Table 5.1), which translates to approximately 0.4 body lengths/s. These data are 
based on point-to-point estimates of movement against the current and include rest 
periods. Therefore, actual swim speeds were much greater. Stier and Kynard (1986) 
found that overall mean movement rates for anadromous sea lamprey were also ap-
proximately 0.4 body lengths/s; however, when they computed ground speed only 
during periods of continuous movement, the mean rate of migration increased to 
0.6 body lengths/s. Andrade et al. (2007) also found that sea lamprey migrating 
in the Vouga River basin, Portugal, exhibited overall mean ground speeds of 0.2–
0.4 body lengths/s. The effect of current velocity on swimming speed was clearly 
illustrated in radiotelemetry results from sea lamprey tracked in the River Mondego 
(Almeida et al. 2002a). In that study, lamprey ground speed was negatively corre-
lated with river discharge, and the median rate of movement during periods of low 
river discharge was 0.55 body lengths/s.

For some species, a protracted period of freshwater residence may be necessary 
for sexual maturation, resulting in slow and extended freshwater movements (Bird 
and Potter 1983). Radiotelemetry has revealed that pouched lamprey in New Zea-
land travel at rates of less than 100 m each day (Kelso and Glova 1993; Jellyman 
et al. 2002; Table 5.1). Moreover, this species is among the largest of lampreys, 
with mean lengths of 655 mm (range = 503–788 mm) at the start of the freshwater 
spawning migration (Potter et al. 1983). Thus, slow rates of movement cannot be 
attributed to small body size, particularly when considering the European river lam-
prey, which is considerably smaller (e.g., mean length 356–412 mm) but exhibits 
rapid rates of movement (e.g., median 18 km/day in unobstructed portions of the 
River Derwent in England; Lucas et al. 2009). Migration rate may simply be related 
to distance, with species that face the longest migrations traveling more rapidly 
(see Sect. 5.2). This is clearly seen in comparisons of anadromous sea lamprey, 
which exhibit much faster riverine rates of movement in their native range than do 
landlocked forms that do not have far to go (Clemens et al. 2010). Upon entering 
spawning tributaries, landlocked sea lamprey ground speeds are slow (0.1–1.3 km/
day), even though they are capable of very rapid ground speeds (up to 10 km/day) 
in the open lake environment prior to entering spawning tributaries (Vrieze et al. 
2011; Table 5.1).

Laboratory investigations of swimming ability have indicated that for both sea 
lamprey and Pacific lamprey, swimming speed and duration are closely correlated 
with temperature (reviewed in Moser and Mesa 2009). That is, as temperature in-
creases, lampreys are able to swim both more rapidly and for a longer time. Lam-
preys are not considered capable of high burst swimming speeds (e.g., in river lam-
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prey, the only species for which this has been measured, maximum burst velocities 
range from approximately 1.3 to 2.12 m/s; Laine et al. 1998; Kemp et al. 2011; Rus-
son et al. 2011), and velocity barriers have been reported for several species (McAu-
ley 1996; Keefer et al. 2010). Critical swimming speed (i.e., the speed at which 
a fish becomes fatigued after incremental increases in swimming speed; Beamish 
1978) for adult Pacific lamprey is 86.2 cm/s at 15 °C (Mesa et al. 2003). Thus, Mesa 
et al. (2003) predicted that at swimming speeds above this level (approximately 
1.3 body lengths/s), there would be an increased contribution of anaerobic metabo-
lism. Indeed, in this and other laboratory experiments where adult lampreys swam 
to exhaustion, significant increases in blood lactate levels and decreases in blood 
pH were recorded (Tufts 1991; Boutilier et al. 1993; Wilkie et al. 1997). In all of 
these studies, lampreys were able to recover from a single bout of exhaustive exer-
cise in a short time (1–4 h). However, field observations of anadromous sea lamprey 
monitored with electromyogram transmitters indicated that these animals exhibit 
multiple bursts of high-intensity exercise (Fig. 5.2), that the recovery time between 
bursts was short (1.5–2.5 min), and that the lamprey seemed to experience fatigue 
as a result of successive high-energy bursts (Quintella et al. 2004, 2009).

Lampreys exhibit extreme bouts of exercise when confronted with obstacles to 
upstream migration, and some species are even capable of climbing vertical sur-
faces (see Sect. 5.5.3). Large-bodied forms (pouched and Pacific lampreys) use 
this unique mode of movement to scale waterfalls and other natural barriers (James 
2008; Moser and Mesa 2009). The kinematics of climbing in Pacific lamprey have 
been described in detail for both movement on angled surfaces (Reinhardt et al. 
2008) and on perfectly vertical walls (Kemp et al. 2009). In both cases, lamprey 
used the oral disc to attach to the surface and then compressed the body upward, re-
leased, and re-attached to the surface in a highly synchronized series of movements. 
Using a genetic algorithm simulation, Zhu et al. (2011) identified the combination 
of kinematic parameters which would correspond to optimally efficient climbing 
in lamprey (i.e., the gravitational potential energy gained in each climbing step 
divided by the energy spent to activate the motion). They found that the optimized 
parameters were similar to laboratory observations of lamprey motion, suggesting 
that this unique style of lamprey locomotion has been optimized for near maximum 
efficiency via evolution.

Use of the oral disc to attach to substrate is a key component of lamprey climb-
ing, swimming, and holding during the spawning migration. Electromyogram stud-
ies of free-swimming sea lamprey indicated that they appear to move through ardu-
ous passage routes with a saltatory movement pattern, alternately bursting forward, 
attaching, and resting (Quintella et al. 2004, 2009). In both laboratory and field 
experiments, Keefer et al. (2010) demonstrated that Pacific lamprey movements 
were hindered when no suitable attachment surfaces were available. The morphol-
ogy of the oral disc allows attachment to a variety of surface types with apparently 
minimal energetic cost (Adams and Reinhardt 2008). However, if the surface is too 
porous or rough, the oral fimbriae are incapable of conforming to the surface and 
lamprey are not able to attain an adequate seal. In these situations, the cost of at-
tachment is likely increased, as lamprey must expend more energy in the creation 
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of buccal pressure (Adams and Reinhardt 2008). Clearly, the oral disc is a wonder-
fully adapted structure that is key to lamprey success during the parasitic phase 
(for attachment to the host; see Renaud and Cochran in press), through spawning 
migration (for attachment to substrate), and throughout nest building and mating 
(for attachment to nest material and mates; see Chap. 6).

5.4  Sensory Systems

As lampreys pass from the marine or lake environment and into rivers and small 
streams, their sensory systems are challenged with a new range of stimuli and func-
tional requirements. In lakes and the ocean, lampreys probably rely on a combina-
tion of vision, electrosensitivity, and olfaction to find hosts and avoid predators 
(e.g., Farmer and Beamish 1973; Farmer 1980). In addition, lampreys at sea prob-
ably rely on these senses to direct shoreward movements. For Great Lakes sea lam-
prey, olfaction is critical to detection and localization of river plumes; they do not 
find the rivers if their olfactory systems have been blocked (Vrieze et al. 2010). 
Stream odor is now known to be a mixture of pheromonal and other stream odors 
detected by the olfactory sense (Sorensen et al. 2003; see Sect. 5.6.1). Olfaction 
likely plays an important role in marine forms as well. The adult lamprey pineal 
organ is highly sensitive to changes in light (Tamotsu and Morita 1986) and may be 
implicated during orientation in open water, as described for tunas and other ver-
tebrates (e.g., Deutschlander et al. 1999; Willis et al. 2009). Southern bluefin tuna 
Thunnus maccoyii potentially use spike dives, or rapid vertical movements, at dawn 
and dusk to aid navigation. The only telemetry study of adult lamprey movement 
in open water also described extensive vertical movement, which is undoubtedly 
important for lamprey orientation (Vrieze et al. 2010, 2011).

The role of vision during passage through estuaries and rivers is poorly under-
stood, as lampreys are primarily nocturnal and can encounter extreme reductions 
in visibility due to increased turbidity (Keefer et al. 2013b). Binder and McDonald 
(2007) demonstrated that spawning migration and diel behavior patterns do not rely 
on vision, as experimentally blinded sea lamprey migrated upstream at the same 
rate as lamprey that were not blinded. Rather, although adult lampreys possess fully 
functional eyes, it appears that they continue to use dermal photophores (which 
mediate light avoidance in the blind larvae) to orient and find daytime refuge dur-
ing the spawning migration (Binder and McDonald 2007, 2008a; see Sect. 5.5.1). 
As lamprey neared the spawning areas, dermal receptor sensitivity decreased, and 
lamprey exhibited less profound patterns in diel activity (Binder and McDonald 
2007, 2008a).

The eyes of adult lampreys are used to convey images for vision (Binder and Mc-
Donald 2008b), and it appears that physiological changes occur as lampreys transi-
tion from the ocean to fresh water. Visual pigments in other fishes exhibit change as 
they adapt to light spectra more commonly encountered in fresh water than in the 
ocean (Britt et al. 2001). Wald (1957) described in detail the ontogenetic changes 
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in retinal pigment that occurred as anadromous sea lamprey metamorphosed and 
migrated to sea and again in upstream migrants. He reported that downstream mi-
grants appear to “anticipate” the transition biochemically by assuming, while still 
in fresh water, the marine type of visual system. Conversely, the freshwater form 
of visual system was once again seen in sexually mature adults. However, visual 
pigments expressed at different phases of the spawning migration have not been ex-
amined. More recently, retinal anatomy and neurochemistry have been examined in 
the Southern Hemisphere lampreys (e.g., Collin et al. 1999, 2003, 2004; Collin and 
Potter 2000; Nivison-Smith et al. 2013). Unlike the Northern Hemisphere lampreys, 
which have a dichromatic visual system (i.e., with two structurally and spectrally 
distinct photoreceptor types), the pouched lamprey potentially has a pentachromatic 
system (see Nivison-Smith et al. 2013). Anatomical changes have been reported in 
the retinas of upstream versus downstream migrating and feeding-phase pouched 
lamprey. Whereas the eyes of feeding-phase lamprey appear to be adapted to avoid 
avian predators in the well-lit surface waters of the ocean, upstream migrants show 
changes in the retina (e.g., increase in size of the retina and its photoreceptors, 
changes in retinal pigments and amino acid neurochemistry; Nivison-Smith et al. 
2013) that appear to correspond with the changing light environment as they move 
into fresh water and exhibit more nocturnal migratory activity (see Collin and Pot-
ter in press).

In recent years, a large body of research has been directed towards the descrip-
tion of olfaction in lampreys and its function in orientation during the spawning 
migration. Therefore, the following sections of this chapter provide a review of 
work on this important sensory system in lampreys.

5.4.1  Olfaction and its Role in Orientation

5.4.1.1  Olfaction

The olfactory system of lampreys is highly developed and specialized. Relative to 
brain size, it might be the most developed of all the vertebrates (Kleerekoper 1972). 
Although well studied only in sea lamprey, olfactory form and function appear simi-
lar among those lamprey species that have been examined (Imamura 1928; Kleer-
ekoper 1972). Olfactory development is especially pronounced in adult lampreys, 
and the olfactory organ of the sea lamprey has been shown to increase many-fold 
at the time of metamorphosis, growing to about a quarter of the size of the brain 
(vanDenBossche et al. 1995).

The olfactory organ is located in a deep, two-chambered nasal pit and is irrigated 
by a single nasopore which has an associated pumping organ that permits sniff-
ing (Kleerekoper and van Erkel 1960). The sensory sheet is comprised of approxi-
mately two dozen lamellae that contain three types of olfactory sensory neurons, 
including a ciliated type resembling that of teleost fishes (Laframboise et al. 2006). 
The lamprey olfactory bulb is also well-developed and receives projections from 
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the olfactory nerve. As in other craniates, the lamprey olfactory bulb is divided 
into functional units, which presumably allow for discrimination of complex odor 
mixtures (Fronti et al. 2003).

A number of studies have examined the olfactory sensitivity of adult sea lamprey 
using electro-olfactogram recordings. These studies have demonstrated that sea 
lamprey adults are acutely and specifically sensitive to only two classes of odorants: 
bile acids and their derivatives, some of which function as pheromones (Siefkes 
and Li 2004; Fine and Sorensen 2008), and a single amino acid, L-arginine, which 
presumably functions as a feeding cue (Li and Sorensen 1992). Notably, the sea 
lamprey detects petromyzonamine disulfate, at concentrations below 10-13 Molar, a 
possible record for vertebrates (Sorensen et al. 2005). This substance is the principal 
component of a pheromone released by larval sea lamprey and used by migratory 
adults to locate rearing and spawning grounds (see Sect. 5.4.1). The specificity with 
which the olfactory organ detects such bile steroids is also extraordinary in that 
a single change to odorant structure is detected by sea lamprey (Li and Sorensen 
1997; Siefkes and Li 2004; Fine and Sorensen 2008).

Interestingly, the olfactory sensitivity of adult sea lamprey peaks just prior to up-
stream migration and then declines during spawning (Sorensen et al. 1995). There 
is evidence for maturation-related change in olfactory sensitivity in the Pacific lam-
prey as well, although this species appears to be slightly less sensitive than sea 
lamprey (Robinson et al. 2009). Olfactory sensitivity in the silver lamprey appears 
similar to that of the sea lamprey, though perhaps slightly less sensitive to bile ac-
ids (Fine et al. 2004). Olfactory occlusion studies in sea lamprey have shown that 
the olfactory sense is absolutely essential to localization of both spawning streams 
(Vrieze et al. 2010; see Sect. 5.4.1.2) and mates (Johnson et al. 2006; see Chap. 6). 
Olfaction is certainly one of the most important senses to lampreys. However, much 
remains to be learned, especially regarding the role of olfaction in other species of 
lampreys.

5.4.1.2  Orientation

Diadromous fishes have evolved at least two evolutionary pathways with respect 
to stream-finding during migration. One group (e.g., salmonids, sturgeons) returns 
or “homes” to natal streams for spawning (i.e., exhibits philopatry). Fishes that 
use the second strategy simply locate the best possible nursery or spawning habitat 
independent of where they came from; Waldman et al. (2008) referred to this as the 
“suitable river strategy.” This strategy imparts considerable flexibility and seems 
well suited to species that are small or otherwise unable to control their movement 
patterns with high precision. Prominent examples of the second strategy include 
catadromous freshwater eels ( Anguilla spp.), whose larvae locate rearing streams 
using odors that seem to be innately recognized (Sorensen 1986). Amphidromous 
galaxiids are another example; these juveniles locate streams from the ocean using 
pheromones produced by adults (Baker and Hicks 2003). Evidence strongly sug-
gests that the sea lamprey (and probably other lamprey species) also use this strat-
egy (see below). Both strategies are known to be mediated by odors. Olfactory cues 
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learned as juveniles contribute to homing in salmon (Scholze et al. 1976), while in-
nate recognition of optimal habitat serves as the basis of this second strategy. These 
mechanisms are fundamentally different. A strategy based on innate recognition 
of optimal spawning/nursery habitat makes particular evolutionary sense for lam-
preys, since they are not strong swimmers and the adults are unable to control their 
whereabouts owing to the unpredictable movements of the host (Sorensen et al. 
2005; Waldman et al. 2008; Spice et al. 2012).

Evidence for the lack of homing in lampreys comes from field studies, labora-
tory experiments, and genetic work. Perhaps the strongest evidence comes from 
trapping records in the Great Lakes, which showed that adult sea lamprey are highly 
selective in the choice of spawning streams (Morman et al. 1980), choosing only 
those streams that had high densities of larval lamprey (Moore and Schleen 1980). 
Thus, tagging of out-migrant juvenile sea lamprey and recapture of them as adults 
on spawning grounds has shown no evidence of homing to natal streams (Bergstedt 
and Seelye 1995). Especially compelling is evidence that streams traditionally fa-
vored by adult lamprey failed to attract them in the year following eradication of 
larval lamprey with 3-trifluoromethyl-4-nitrophenol (Moore and Schleen 1980). 
Adults instead entered proximate, untreated streams that still contained larvae and 
their pheromonal odors (Sorensen and Vrieze 2003). A large number of laboratory 
studies have since shown that adult sea lamprey are specifically attracted to the odor 
of larval lamprey and the pheromonal compounds they release (Vrieze et al. 2010, 
2011). Finally, genetic studies of sea lamprey in the Great Lakes and along the At-
lantic seaboard have failed to provide evidence of significant stock structure (Bryan 
et al. 2005; Waldman et al. 2008).

That adult landlocked sea lamprey recognize and choose streams based on odors 
released by larval lamprey (i.e., pheromones) has been further demonstrated in a 
series of related laboratory and field behavioral studies described in detail by So-
rensen and Hoye (2007) and summarized here. Although this work has shown that 
pheromones are the most important set of olfactory cues used by adult sea lamprey 
in the Great Lakes, other stream odors and likely temperature play synergizing roles. 
The first step in this work was testing whether adult sea lamprey would consistently 
choose waters collected from streams with larval lamprey over water from streams 
without larvae (Vrieze and Sorensen 2001; Fine et al. 2004). This work has shown 
that when adult lamprey are offered the choice of lake water and water from streams 
with larval lamprey, they consistently prefer the latter, even when it is diluted over 
a thousand-fold (a dilution factor that might be expected at a stream mouth; Vrieze 
and Sorensen 2001). Experiments using larval odor showed that a single 1-g larva 
activated at least 300 L of stream water each hour (i.e., gave it attractive proper-
ties), more than enough to explain the potency of natural stream waters. Notably, 
stream water lacking larvae (which was mildly attractive) became highly attractive 
when larval water was added; indeed stream and larval odor appear to synergize 
each other’s activity (Derby and Sorensen 2008). Further, larval odor is not fully 
attractive unless found in natural stream waters, suggesting a natural synergism 
between the pheromone and its normal odor context (Vrieze and Sorensen 2001). 
These laboratory findings have been further reinforced by field studies that have 
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found that anosmic sea lamprey do not find rivers (Vrieze et al. 2010; Fig. 5.3) and, 
even after they enter rivers, their upstream movement rates are suppressed (Vrieze 
et al. 2010; Fig. 5.4). Together, these behavioral studies confirm the key role larval 
odors play in orientation during sea lamprey migration.

Bioassay guided fractionation combined with chemical synthesis has shown that 
the larval pheromone used by adult sea lamprey is comprised of at least three novel 

0

20

40

60

80

100

0 2 4 6 8 10

Cu
m

ul
a�

ve
 re

ca
pt

ur
e 

 (%
)

Below trap

0 2 4 6 8 10

Mid-river

0 2 4 6 8 10

At mouth

0 2 4 6 8 10

Above mouth

Cheboygan Ocqueoc

Days a�er release

Fig. 5.4  Recapture rates of sea lamprey captured and re-released in two Great Lakes streams after 
occluding their nasopores ( black dots) or sham treating them with gelatin ( gray). Note that while 
the olfactory sense was especially important in the river mouth (after initial entry), it became 
relatively less important with time and distance upstream. (This figure was originally published in 
Vrieze et al. (2010) and reproduced with permission of John Wiley & Sons, Inc)

 

0

10

20

30

40

50

60

70

Pe
rc

en
t r

ec
ap

tu
re

d sham

occluded (good)

occluded (poor)

Cheboygan near Cheboygan far St. Mary's

Fig. 5.3  Riverine recap-
ture rates of landlocked sea 
lamprey released into Lake 
Huron at two sites outside 
the Cheboygan River and 
at a site 65 km downstream 
from traps in the St. Mary’s 
River. The nasopore in 
these animals was either 
sham treated with gelatin 
or blocked with inert dental 
impression material. Upon 
recapture, occluded animals 
were divided into groups of 
good or poor occlusion based 
on visual inspection of the 
nasal plug. (Data from Vrieze 
et al. 2010)

 



2395 Lamprey Spawning Migration

sulfated steroids: petromyzonamine disulfate (PADS), petromyzosterol disulfate 
(PSDS), and petromyzonol sulfate (PS) (Sorensen and Hoye 2007; Fig. 5.5). These 
three steroids are released at rates of 5–25 ng/larva/h. Electro-olfactogram record-
ings by Fine and Sorensen (2008) demonstrate that the adult sea lamprey olfactory 
system detects these steroids with both great sensitivity (at concentrations between 
10-12 and 10-13 Molar) and specificity, and that these compounds drive behavioral 
activity (Sorensen et al. 2005; Fine and Sorensen 2008; Fig. 5.6). Thus, the rates 
at which steroids are released by larvae are more than adequate to account for the 
behavioral potency of both the larval holding water and whole stream water (Vrieze 
and Sorensen 2001). They also explain the potency of river plumes, in which lar-
val pheromones have been measured (Polkinghorne et al. 2001; Fine and Sorensen 
2010). To put this into perspective, approximately 500 g each of these compounds 
will, if added to stream water by larvae or managers, activate a cubic kilometer of 
water for one month. Recent field experiments suggest that other, as yet unidenti-
fied components are also found in this migratory pheromone (Meckley et al. 2012). 
Use of larval pheromones for sea lamprey control in the Great Lakes is now being 

Fig. 5.6  Behavioral responses of landlocked sea lamprey to the migratory pheromone and its 
components in a two-choice maze. (Data from Sorensen et al. (2005); Fine and Sorensen (2008))

 

Fig. 5.5  The three sulfated sterols that serve as the primary components of the sea lamprey migra-
tory (larval) pheromone. These components are complemented by other still unidentified odors. 
This figure was originally published in Sorensen and Hoye (2007) and reproduced with permission 
of John Wiley & Sons, Inc
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tested; however, synthesis is costly, and development of synthetic analogs has been 
advised (Sorensen and Hoye 2007; Burns et al. 2011; see Sect. 5.6.1). Further, be-
havioral studies suggest most if not all pheromonal components need to be present 
to effect strong behavioral activity (Fine and Sorensen 2008; Meckley et al. 2012), 
although—unlike insect pheromones—the specific ratio may not be of critical im-
portance (Derby and Sorensen 2008). Full activity is, of course, essential for control 
in natural settings where competing whole odors are present.

There is evidence that other lamprey species use migratory pheromones that re-
semble those of the sea lamprey. Because lampreys have similar nursery habitat re-
quirements regardless of species (see Chap. 3), there is apparently no evolutionary 
pressure for larvae to produce species-specific pheromones (Fine et al. 2004). At-
traction to larval pheromones has been demonstrated in adult silver lamprey which, 
like sea lamprey, is attracted to the odor of its own larvae, as well as that of Ameri-
can ( Lethenteron appendix) and northern ( Ichthyomyzon fossor) brook lampreys 
(Fine et al. 2004). Tests of caged sea lamprey in stream environments corroborate 
that this species is attracted to larval odor (Bjerselius et al. 2000; Wagner et al. 
2006, 2009). Interestingly, just as physiological sensitivity to odorants peaks in mi-
gratory sea lamprey, so does behavioral responsiveness to larval odor (Bjerselius 
et al. 2000). Gaudron and Lucas (2006) found that migratory-phase European river 
lamprey adults were highly attracted to the odor of conspecific larvae. Pacific lam-
prey has exhibited olfactory activity and behavioral attraction to water activated by 
larval conspecifics (Yun et al. 2011). However, this species reportedly exhibits rela-
tively low olfactory sensitivity to larval pheromone isolates (Robinson et al. 2009). 
This suggests that other more important components exist or that the role of this cue 
differs in species that have a much longer migratory phase (see Sect. 5.2.1). The 
continuing collapse of lamprey fisheries across the globe is consistent with their 
reliance upon larval pheromones: once larvae are extirpated from these systems, a 
natural and self-sustaining cycle is broken (see Chap. 8).

The olfactory-mediated orientation mechanisms used by landlocked sea lamprey 
to find streams have also now been elucidated. In telemetry studies, tagged sea lam-
prey released outside of river plumes pursued remarkably straight bearings while 
swimming actively and performing extensive and frequent forays from the lake 
bottom to the surface (Vrieze et al. 2011). This likely represents a form of searching 
behavior in the absence of odors. Lamprey with occluded nasopores exhibited the 
same straight-line swimming behaviors, except that they swam directly offshore. In 
contrast, adult untreated sea lamprey released into or near a river plume exhibited 
dramatic turning behaviors, and one-third of these lamprey eventually encountered 
and entered the river. This type of behavior can be classified as an odor-driven ki-
nesis that allows migrating lampreys to “sample” entire shorelines effectively and 
find suitable spawning streams no matter where they left their last host. Homing 
Atlantic salmon Salmo salar exhibit some of these orienting behaviors although, 
instead of circling after encountering stream odor, they explore and then track (via 
“zig-zagging”) home stream waters at depth (Døving et al. 1985). This strategy 
seems reasonable for a strong swimmer that is obliged to track a specific home river 
odor plume. In contrast, sea lamprey may benefit from a more flexible system that 
ultimately allows them to locate a nearby stream that is suitable for spawning.
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Very little work has been conducted on stream-finding in other lamprey species. 
A single field study, which displaced Pacific lamprey in the Columbia River basin, 
failed to show evidence of homing (Hatch and Whiteaker 2009). However, the fact 
that Pacific lamprey exhibits size differences among river systems and in migration 
timing suggests that there is some local adaptation in this species (R. J. Beamish 
1980; Kostow 2002; Keefer et al. 2009a; Hess et al. 2013). Moreover, Beamish 
and Withler (1986) demonstrated significant differences in Pacific lamprey allo-
zyme allele frequencies between two rivers in British Columbia, and a study using 
amplified fragment length polymorphism (AFLP) analysis also found significant 
differences among Pacific lamprey adults from eight sites in the Pacific Northwest, 
Alaska, and Japan (Lin et al. 2008). Other genetic studies using mitochondrial DNA 
(Goodman et al. 2008), microsatellite markers (Spice et al. 2012), and single nucle-
otide polymorphism (SNP) loci (Hess et al. 2013), however, suggest high gene flow 
among locations. This supports the hypothesis that Pacific lamprey does not home, 
since natal homing tends to minimize gene flow among locations (see Chap. 8). 
While the degree of homing in this and other anadromous lamprey species has not 
been completely resolved, future research on lamprey dispersal and orientation at 
sea are critically important to understanding stream selection in these lampreys.

5.5  Behavior of Upstream Migrants

Natural and anthropogenic physical and chemical features can impede migrating 
animals and fragment habitat, which in fluvial ecosystems results in lost longitu-
dinal and lateral connectivity. In an effort to understand how environmental bar-
riers impact fish migrations, quantitative measures of swimming (and leaping or 
climbing) performance have been developed. For lampreys, this work has largely 
stemmed from the need to mitigate the negative effects of barriers on native species 
or to control the range expansion and/or abundance of invasive species (e.g., sea 
lamprey in the Great Lakes). As is the case for other diadromous species, lampreys 
are likely influenced by multiple environmental variables over a range of scales in 
both the initiation of movement and the control of migration efficiency. The follow-
ing section explores what is currently known of lamprey migrational behavior, their 
responses to physical structures, and their ability to negotiate barriers.

5.5.1  Nocturnal Migratory Behavior

Lampreys are negatively phototaxic, moving upstream in fresh water primarily dur-
ing dusk and darkness (Almeida et al. 2000, 2002a; Moser and Mesa 2009; Nazari 
and Abdoli 2010) and seeking refuge before dawn (Kelso and Glova 1993; Andrade 
et al. 2007; Fig. 5.7). Similar nocturnal behavior was observed by Almeida et al. 
(2000) during the estuarine phase of sea lamprey migration in the Mondego River 
basin in Portugal, and telemetry studies in Lake Huron likewise indicated that the 
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landlocked sea lamprey is strongly nocturnal prior to entering tributaries (Vrieze 
et al. 2011). The adaptive value of nocturnal behavior might be related to the great-
er protection from predation afforded by darkness. Pacific lamprey exhibited al-
most purely nocturnal behavior in environments with the greatest complexity and 
evolutionary novelty (e.g., fishway entrances with high turbulent flows and high 
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abundance of predators), but moved more frequently during daylight in less chal-
lenging reservoir areas (Keefer et al. 2013b). According to Andrade et al. (2007), 
sea lamprey are more likely to search for shelter in rivers when the cumulative 
distance of their migration exceeds 6.4 km. A few weeks into their upstream migra-
tion, landlocked sea lamprey become diurnal (Manion and Hanson 1980). Binder 
and McDonald (2008a) demonstrated that these changes in activity pattern were 
associated with increasing temperature; at 20 °C, the nocturnal peak in activity was 
reduced, and lamprey became active during the day (presumably in preparation for 
spawning; see Chap. 6). European brook lamprey likewise exhibit nocturnal be-
havior early in the migration period, but become more active during the day as the 
spawning time approaches (Malmqvist 1980).

5.5.2  Environmental Triggers Initiating Migratory Behavior

In many lamprey species, run timing varies greatly both within and between years 
(see Sect. 5.2.1), suggesting that photoperiod is not the main trigger initiating up-
stream migration. Instead, temperature and flow appear to be the key triggers influ-
encing timing of upstream migration.

While temperature has profound effects on fish physiology, its influence on be-
havior is not well understood. Temperature dictates fish distribution (e.g., Buisson 
et al. 2008) and controls initiation and efficiency of movement (e.g., Jonsson 1991; 
Rodriguez-Ruiz and Granado-Lorencio 1992). In conjunction with flow, the spawn-
ing migration of Pacific lamprey in the Columbia River is strongly influenced by 
temperature, being earliest in warm years when flows are low and latest during cold 
years when flows are high (Keefer et al. 2009b). Similarly, the spawning migration 
of sea lamprey after entering tributaries of the Great Lakes has been best predicted 
by mean stream temperature (Binder et al. 2010), which peaks at approximately 
15 °C. This temperature threshold apparently triggers odor-driven rheotaxis and the 
start of upstream movement (Vrieze 2008). Change in temperature also drives mi-
gratory behavior; in Lake Ontario tributary streams, sea lamprey migration was 
stimulated when mean stream temperature increased between consecutive days and 
inhibited when it decreased (Binder et al. 2010). Change in temperature also ap-
pears to signal cessation of movement in preparation for overwintering by Pacific 
lamprey in the Columbia River basin (Robinson and Bayer 2005; Mesa et al. 2010b; 
Clemens et al. 2012).

European river lamprey in northern England (River Ouse catchment) migrate 
when river temperatures range between 2 °C and 15 °C (Masters et al. 2006; Lucas 
et al. 2009), with no relationship evident between catch per unit effort and tem-
perature over this range (Masters et al. 2006). River lamprey begin moving into 
Baltic Sea rivers (e.g., Perhonjoki and Kalajoki rivers in Finland) in early autumn at 
temperatures in excess of 10 °C, although this declines to 5–10 °C during the main 
migratory period (Jukka Tuohino, North Ostrobothnian Centre for Economic Devel-
opment, Transport and the Environment, Finland, personal communication, 2011). 
Although Kemp et al. (2011) found that upstream movement of river lamprey was 
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positively related to temperature under experimental conditions (11.5–19.2 °C), there 
was little other obvious effect on behavior, with the possible exception that a weir 
was more frequently approached from along the channel walls under warmer condi-
tions. This may have reflected some strategy to utilize low-velocity routes and mini-
mize energy expenditure at higher temperatures. Temperature-dependent migratory 
activity is presumably an adaptation to ensure arrival at the spawning grounds near 
the time that temperature is optimal for reproduction (Binder et al. 2010).

Like temperature, river discharge is known to influence movements of migratory 
fishes (e.g., Jensen et al. 1986; Jonsson and Jonsson 2002), and in many anadro-
mous lampreys, migratory activity seems to be stimulated by changes in flow. In 
the U.K., for example, European river lamprey spawning runs tend to occur dur-
ing the high winter flows (Masters et al. 2006; Lucas et al. 2009), although the 
degree to which high flows initiate upstream movement is not known. Studies on 
the anadromous sea lamprey (Almeida et al. 2002a; Andrade et al. 2007) have simi-
larly demonstrated that migratory activity increases with increased stream discharge 
(Fig. 5.8). Interestingly, in landlocked sea lamprey, water level was a reliable pre-
dictor of migratory activity in only the two smallest of six Lake Ontario tributaries 
studied (Binder et al. 2010); landlocked sea lamprey thus seem to rely more heavily 
on a thermal trigger than on flow variation. Another interesting contrast is seen in 
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Pacific lamprey in the Columbia River. Here, the peak of upstream migration occurs 
in summer, after the period of maximum discharge (Keefer et al. 2009a). It may be 
that lampreys in the Columbia River and other large river systems take advantage of 
periods when water velocity is relatively low to avoid velocity barriers and reduce 
costs of upstream movement.

Very high flows also appear to prevent migration in other lamprey species. Mas-
ters et al. (2006) observed decreases in catch per unit effort in the European river 
lamprey commercial fishery in the tidal River Ouse when flows were particularly 
high (in excess of approximately 40 m3/s). Although this decrease in catch could 
also be the result of poor trap efficiency under high-flow conditions or movement of 
lampreys outside the main channel (as suggested by Kelly and King 2001), side-trap 
catches in the River Ouse were generally lower than midstream catches, even when 
flows were very high (Masters et al. 2006). Jellyman et al. (2002) also reported 
that upstream movement in pouched lamprey in New Zealand was stimulated by 
increased flow only up to a point; after that, very high flows (approximately 10–
25 m3/s) decreased migratory activity.

Depending on the conditions, therefore, both low and high river discharge can 
result in barriers to upstream movement. For European river lamprey, high flows 
can facilitate movement past physical impediments that would be partially or fully 
exposed under lower flow conditions (Lucas et al. 2009). If the spawning migration 
coincides with periods of low flow, physical barriers, including relatively low-head 
structures, can impede or delay upstream movement [e.g., Nunn et al. (2008) for 
river lamprey; Jackson and Moser (2012) for Pacific lamprey]. Significant reduc-
tions in river discharge due to dams and weirs can thus diminish the attractive po-
tential of a river and hence the numbers of spawners entering it (see Chap. 8). On 
the other hand, performance barriers can form under high flows when water is fun-
neled through a constricted space (e.g., narrowed channel or culvert) at velocities 
greater than lamprey swimming capability (see Sect. 5.3.3).

5.5.3  Behavioral Responses to Barriers

Many non-anguilliform species assume a “burst-and-glide” gait, rather than con-
tinuous swimming, to enhance their locomotory performance under high velocities 
(e.g., Tudorache et al. 2007). Similarly, lampreys use their oral disc to attach to 
substrate and rest in between bouts of energetic swimming, a strategy referred to as 
“burst-and-attach” [Quintella et al. (2009) for sea lamprey; Keefer et al. (2010) for 
Pacific lamprey; Kemp et al. (2011) for European river lamprey]. European river 
lamprey apparently use this behavior to reduce energetic costs; this species typical-
ly attaches to structures during conditions of high flow and when encountering high 
velocities when approaching an undershot weir (Kemp et al. 2011). Experimental 
estimates of swimming capability derived using traditional swim-chamber tests can 
therefore be misleading, because lampreys prevented from attaching to substrate are 
unlikely to exhibit performance-enhancing behaviors (Mesa et al. 2003).
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As flows change, other hydraulic parameters such as water velocity and turbu-
lence do likewise. Lampreys may have particular difficulty in negotiating chaotic 
flow patterns as their elongated body morphology and lack of paired fins likely 
reduce stability (Liao 2007). Time-to-event, or “hazard analysis,” was applied to 
radiotelemetry records for adult Pacific lamprey as they approached and entered 
fishways at hydropower dams during highly turbulent periods of spill (i.e., when 
water was released over the dam spillway) and less turbulent conditions when no 
spill occurred (Moser et al. 2005). This analysis indicated that there was no sig-
nificant effect of the spill treatment, either during the period when lamprey oc-
cupied the tailrace at the base of the dam or after they had entered the fishways. 
However, behavioral observations at a much higher spatial resolution indicated that 
adult Pacific lamprey had more difficulty negotiating high-velocity areas with bot-
tom structures that created turbulence than areas of similar velocity but without the 
structures (Keefer et al. 2010, 2013a). Haro and Kynard (1997) also speculated that 
turbulent and confusing flows were impediments to sea lamprey passage through a 
Connecticut River fishway.

To overcome natural barriers, some lamprey species—especially the large anad-
romous species—have developed remarkable abilities (see Sect. 5.3.3). Pacific 
lamprey, for example, are able to ascend the 12-m-high Willamette Falls in Or-
egon (Clemens et al. 2010), and pouched lamprey have been reported successfully 
negotiating a 14-m-high dam on the Arnold River in New Zealand (McDowall 
1990). Both species exhibit strong vertical climbing on wetted surfaces out of water 
(Tweed 1987; James 2008; Reinhardt et al. 2008; Kemp et al. 2009). Sea lamprey 
can reportedly “creep” over lower obstacles (1.5–1.8 m; Scott and Crossman 1973), 
but laboratory experiments have shown that landlocked sea lamprey cannot climb 
vertically (Reinhardt et al. 2009). In laboratory studies and in the field, Pacific lam-
prey demonstrated high motivation and success after repeated ascents of a 1.5-m-
high vertical structure (Kemp et al. 2009; Moser et al. 2013a). In addition, several 
different species of lampreys use the oral disc to maintain station in high flows 
(Pacific lamprey: Moser et al. 2002; Keefer et al. 2010; sea lamprey: Quintella et al. 
2009; European river lamprey: Kemp et al. 2011). This strategy helps the animals 
to move through areas of difficult passage (Quintella et al. 2004), but can only be 
utilized if adequate attachment surface on the substrate is available (Keefer et al. 
2009b). Optimal attachment sites feature regular surfaces made of a slightly rugous 
material that allows the fimbriae and oral disc to form a tight seal (Adams and Re-
inhardt 2008).

Fine-scale observations of adult Pacific lamprey have been made at physical bar-
riers to elucidate individual behaviors as the lamprey encounter obstacles. Keefer 
et al. (2010) used both an experimental flume and field observations to document 
adult Pacific lamprey behaviors in fishways at a large hydropower dam. For pool 
and weir type fishways, they found that lamprey were obstructed by vertical steps 
and floor grating near weir orifices, which prevented attachment with the oral disc. 
In these tests, the adult lamprey also required more time to pass through orifices 
when there was an adjacent step up or floor grating immediately downstream from 
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the orifice (Keefer et al. 2010). For vertical slot fishways, Keefer et al. (2010) dem-
onstrated that more attachment surfaces were provided, and that lamprey exhibited 
higher and more rapid passage, when bulkheads were rounded rather than square. 
In similar sets of experiments, Keefer et al. (2011) found that adult lamprey were 
able to find and use relatively low-velocity routes when given a choice between 
high (2.9–3 m/s) and lower velocity (0.1–1.2 m/s) treatments. In these experiments, 
lamprey took advantage of low-velocity boundary layers along the floor and flume 
walls.

Generally, anguilliform locomotion is considered to be highly efficient when 
compared with the carangiform mode (van Ginneken and Maes 2005), but it is not 
as powerful. Hence maximum burst swimming velocities tend to be lower (Dauble 
et al. 2006). Compared to salmonids, for which screening and fish passages have 
traditionally been designed, the lower burst swimming capacities of anguilliform 
fishes, such as lampreys, may limit the effectiveness of these facilities for mul-
tiple species. This is important because the impacts of reduced habitat connectivity 
are considered to be major contributory factors in declines of European river lam-
prey populations over the past approximately 20–50 years (Masters et al. 2006; see 
Chap. 8).

Kemp et al. (2011) evaluated the ability of groups of European river lamprey to 
pass small overshot and undershot sluices or weirs under experimental conditions. 
Lamprey tended to approach the weirs along the substrate, a finding that agreed 
with field observations (Lucas et al. 2009). Lamprey approached the weirs less fre-
quently, and attached to structures using their oral disc more frequently, when flows 
were high. Overall, relatively low-elevation overshot weirs posed an impediment 
and delayed upstream movement. Similar findings have been observed for other 
weir types, such as those commonly used for gauging river flows (e.g., Crump and 
Flat-v weirs, Russon et al. 2011) and at irrigation diversions (Jackson and Moser 
2012).

5.5.4  Effect of Chemosterilization on Migration Behavior

To establish whether chemical sterilization could be used as a control technique 
(i.e., whether sterile males could compete successfully with fertile males), spawn-
ing migration behavior was examined in male landlocked sea lamprey injected with 
bisazir (P,P-bis(1-aziridinyl)-n-methylphosphinothoic amide; see Marsden and 
Siefkes in press). In this method of sterilization, hormone cycles are not disrupted 
and adult males can successfully fertilize eggs, but the embryos do not survive to 
the larval stage (Hanson and Manion 1980). Radiotelemetry revealed that chemo-
sterilized and unsterilized male sea lamprey traveled similar distances upstream, 
exhibited similar daily movement rates, selected identical habitats, and showed no 
detectable differences in nest-building or spawning behavior (Kelso and Gardner 
2000; Kelso et al. 2001).
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5.6  Management Implications

Recent advances in understanding the basic biology of the lamprey spawning mi-
gration have been funded largely to address specific management goals. For the 
invasive sea lamprey in the Great Lakes, this work stems from a need to under-
stand and control the process of lamprey colonization and proliferation in spawning 
streams (see Marsden and Siefkes in press). For native sea and river lampreys in 
Europe and for Pacific lamprey along the west coast of the United States, research 
has been directed towards identification of and mitigation for impediments to adult 
passage (see Chap. 8).

5.6.1  Pheromones

Identification of the primary olfactory cues used by sea lamprey to find and colo-
nize tributaries in the Great Lakes (see Sect. 5.4.1) has obvious management impli-
cations. By knowing the sensitivity of sea lamprey to these compounds, it may be 
possible to predict streams that lamprey are likely to find and to manipulate/disrupt 
normal patterns of colonization (Sorensen and Vrieze 2003). Additionally, the sea 
lamprey migratory pheromone and several inexpensive analogs have now been syn-
thesized (Burns et al. 2011), making it possible to examine use of these substances 
and related ones to increase trapping efficiency (Sorensen and Hoye 2007) or to 
divert adult sea lamprey to locations where spawning might fail. Clearly, however, 
given the complexity of adult orientation behavior and the role of other odorants 
(Fine and Sorensen 2008; Meckley et al. 2012), as well as the cost of producing 
these components and gaining regulatory approval for their use (Sorensen and Hoye 
2007), this pest control strategy would need to be carefully targeted. Another much 
more practical application would be to use the amount of naturally-produced phero-
mone in the water to gauge larval abundance (Fine and Sorensen 2005; Fine et al. 
2006; Stewart et al. 2012). This method could aid in directing lampricide treatments 
as part of an integrated pest management plan. A similar idea has recently been 
proposed for measurement of adult male abundance using sex pheromone (Xi et al. 
2011; see Chap. 6). Finally, another option would be to selectively nurture (manage) 
populations of native Great Lakes lampreys (e.g., northern and American brook 
lampreys) already located above barriers and traps so that that their pheromone 
plumes (which appear identical to those of the sea lamprey) would aid in attract-
ing adult sea lamprey to block their spawning or perhaps remove them (Sorensen 
and Vrieze 2003). This idea is promising because the upper reaches of many Great 
Lakes tributaries already support substantial but presently unmanaged native brook 
lampreys (see Chap. 3), but have barriers with traps in the lower stretches. These ar-
eas could be simultaneously managed to promote native lampreys (whose numbers 
are threatened in some locations) while serving to improve trapping of sea lamprey. 
Thus, the identification of potent pheromones has opened the door to more efficient 
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upstream trapping and removal of invasive sea lamprey while also supporting na-
tive lamprey conservation.

Detailed information on the cues native lampreys use to find spawning streams 
has equally important management applications for lamprey conservation (Fine 
et al. 2004; Yun et al. 2011). If native lampreys primarily use pheromones to find 
spawning areas, it may be possible to predict the minimum levels of recruitment 
needed to sustain a detectable pheromone plume (Nunn et al. 2008). Moreover, 
positive feedback is likely when lamprey numbers start to rebound (Sorensen and 
Vrieze 2003). Information on pheromones could lead to direct management actions 
that employ pheromones either in directing lamprey to benign passage routes or as 
a method to improve trapping and translocation activities (Ward et al. 2012).

The role of chemical signaling also has important implications for lamprey res-
toration via artificial propagation or translocation. Use of lamprey hatcheries for 
research or supplementation of wild stocks is underway in Europe (e.g., Finland, 
Estonia, and Latvia; Sjöberg 2011) and is a management tool being considered in 
North America (Ward et al. 2012). Hatchery operations have a high potential to 
alter the natural distribution and/or concentration of pheromone signals. This could 
have unforeseen consequences for wild stocks attracted to hatchery effluents. In 
the northwestern United States, translocation of Pacific lamprey from lower parts 
of the Columbia River to upper portions of the drainage has been gaining traction 
in recent years (Close et al. 2009; see Chap. 8). Such efforts to “re-seed” lamprey 
in areas where populations are diminished or extirpated need to account for the 
potential effects of pheromone production by the offspring of successful spawners 
(Ward et al. 2012).

5.6.2  Passage Performance

Over the past century, native populations of anadromous lampreys have declined 
in the U.K. (Masters et al. 2006), the Baltic countries (Tuunainen et al. 1980; Thiel 
et al. 2009), Portugal (Cabral et al. 2005), France, Switzerland, the Czech and Slo-
vak republics (Kelly and King 2001), and in the U.S.A. (Beamish and Northcote 
1989; Close et al. 2002). In extreme cases, populations have been extirpated (e.g., 
the European river lamprey from Switzerland and the Rhine-Meuse hydro-system; 
Renaud 1997). Of current concern in several European countries is the status of 
river lamprey (Masters et al. 2006), which as a species listed under the European 
Commission Habitats Directive 92/43/EEC (EC 1992) must be afforded Special 
Areas of Conservation by member states (Bell and McGillivray 2006; see Chap. 8).

The decline of lamprey populations has been attributed to multiple factors, in-
cluding commercial fishing (Masters et al. 2006), pollution (Renaud 1997), adverse 
oceanic conditions (Close et al. 2004), and loss of or reduced access to key habitat 
due to river engineering (Tuunainen et al. 1980; Renaud 1997; Close et al. 2002; 
Oliveira et al. 2004; Nunn et al. 2008; Lucas et al. 2009; see Chap. 8). Lucas et al. 
(2009) noted that 98 % of lamprey spawning habitat in the River Derwent, England, 
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occurred more than 51 km upstream. However, only 1.8 % of radio-tagged European 
river lamprey were recorded there due to the presence of multiple small-scale bar-
riers to migration. However, even though it is acknowledged that adult anadromous 
lampreys must have access to upstream spawning areas, these species are rarely 
considered during the design or modification of traditional fish passage structures 
(Kemp et al. 2011; Moser et al. 2011). Consequently, most fish passage facilities 
are not efficient for lampreys (Bochechas 1995; Haro and Kynard 1997; Laine et al. 
1998; Lucas and Baras 2001; Moser et al. 2002). This is due to both the relatively 
poor swimming performance of lampreys (Dauble and Moursund 2000; Mesa et al. 
2003) and their unique use of the oral disc to attach and rest in high velocity situa-
tions (Haro and Kynard 1997; Moser et al. 2002; Keefer et al. 2010; see Sect. 5.3.3).

Furthermore, to be effective, fishway design must match the capability and be-
havior of each lamprey species (Moser et al. 2011), which can vary considerably, 
especially depending on body size (see Sect. 5.5.3). According to Quintella et al. 
(2009), vertical slot and pool-and-weir type fishways are favorable for success-
ful adult sea lamprey passage. Small, near-vertical barriers, rock-ramp fishways, 
and nature-like bypass structures are also likely to be highly successful for passing 
adult sea lamprey (Martyn C. Lucas, Durham University, Durham, U.K., personal 
communication, 2011). Pacific lamprey are able to rapidly negotiate pool-and-weir 
fishways that have orifices flush with the bottom, but are obstructed by serpentine 
weirs that present them with confusing and turbulent flows (Moser et al. 2002; 
Keefer et al. 2010). Sea lamprey also appear to be obstructed by turbulence in fish-
ways (Haro and Kynard 1997). Recent work showed that the rate of passage for 
upstream-migrating adult European river lamprey is higher for undershot than over-
shot weirs, and negatively related to the maximum velocity at the weir (Kemp et al. 
2011). On the other hand, Denil fishways are almost impassable for this species 
(Laine et al. 1998), although there are some records of them being used by Pacific 
and sea lampreys (Slatick and Basham 1985; Martyn C. Lucas, personal communi-
cation, 2011). In a study performed on the Garonne and Dordogne rivers in France, 
it was documented that pool-type fish passage facilities with vertical slots and fish 
elevators were successfully used by sea lamprey during their upstream migration, 
although the efficiency of each type of installation was never estimated (Travade 
et al. 1998). According to Bochechas (1995), the Borland-type fish pass installed in 
1986 in the Berver Dam (Tagus River, Portugal) frequently fails to work, and has 
proved inefficient for anadromous lamprey species. In contrast, the Holyoke Dam 
fish lift on the Connecticut River (at river kilometer 140) regularly passes sea lam-
prey upstream (Stier and Kynard 1986). In some cases, however, dam removal may 
be the only recourse to restore access to upstream spawning habitats (e.g., Gardner 
et al. 2012).

Fishway entrance areas are usually designed to accommodate strong-swimming 
salmonids, and often present water velocities that exceed the critical adult lamprey 
swim speed (Sect. 5.3.3). This is the case for Pacific lamprey in the Columbia River 
basin (Keefer et al. 2009b); however, recent efforts to reduce fishway velocities at 
night show promise for reducing velocity barriers during periods when lamprey are 
most active (Johnson et al. 2012). Besides the hydraulic conditions at fishway en-
trances, other structural challenges reduce passage efficiency and lengthen  passage 
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times (Keefer et al. 2010). These include lack of suitable attachment surfaces, 
sharp-edged corners, turbulent flows, grates embedded in the fishway floors and 
walls, and unscreened channels that allow lampreys access to dead-end locations 
(Moser et al. 2002, 2008; Daigle et al. 2005; Keefer et al. 2010).

Despite lamprey-friendly modifications to aid Pacific lamprey passage at large 
hydropower dams in the Columbia River basin (i.e., elimination of vertical steps 
at orifices, rounding of entrance bulkheads, and installation of plates over floor 
grates), only modest passage improvements were realized (Keefer et al. 2010). In 
some cases, it is necessary to provide lamprey-specific routes at impassable obsta-
cles (Moser et al. 2011). Structures designed specifically for adult Pacific lamprey 
take advantage of the climbing ability demonstrated by this species (Reinhardt et al. 
2008; Kemp et al. 2009). Laboratory testing of lamprey fishways, in conjunction 
with field deployments, has resulted in development of passage structures that al-
low lamprey to surmount obstacles and have achieved very high rates of passage 
efficiency (Keefer et al. 2011; Moser et al. 2011). Thus, by providing Pacific lam-
prey with climbing routes at dams, they may be afforded passage at a relatively low 
metabolic cost (Zhu et al. 2011).

Although spawning migration is the focus of this chapter, impediments to down-
stream migration and direct mortality of juvenile lampreys during their seaward 
migration are also important management concerns (see Chaps. 3 and 8). A study 
performed in the Columbia River by Dauble et al. (2006) showed that the low burst 
speeds of juvenile Pacific lamprey (i.e., mean of 71 ± 5 SD cm/s) are not sufficient 
to avoid impingement at intake screens or other in-water structures designed either 
to collect debris or to bypass fishes at dams. Downstream migration of juvenile lam-
preys is seldom considered during mitigation planning and/or population recovery 
strategies (Moser and Mesa 2009). However, as recovery strategies that encompass 
translocation and propagation of lampreys are considered, it will be important to 
ensure the safe passage of both downstream migrating juveniles and upstream mi-
grating adults.

5.7 Conclusions

Recent research using advanced telemetry methods, large-scale marking programs, 
and elegant laboratory studies have provided a wealth of information on the spawn-
ing behavior and movements of anadromous lampreys. However, as is often the 
case, a review of the state of our knowledge highlights the large gaps in informa-
tion that remain. Of note is the lack of information on initiation, timing, extent, and 
rate of the marine phase of the spawning migration in anadromous forms. What 
cues do anadromous lampreys use to orient and enter coastal streams and rivers? 
How long do they reside in estuaries, and what are survival rates during this phase 
of the lamprey life history? Capturing and monitoring lamprey movements at sea 
will be challenging, but new research on the European eel Anguilla anguilla dem-
onstrates that technologies are available to tackle these questions (Aarestrup et al.  
2009).
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Research is needed to determine the effects of dams and other water control struc-
tures on adfluvial parasitic lampreys and stream-resident non-parasitic forms. The 
movements of potamodromous lampreys have largely been ignored, even though 
they are probably as susceptible or more susceptible to anthropogenic obstacles to 
passage. Adfluvial parasitic and brook lampreys, with their smaller body sizes rela-
tive to anadromous species, probably have reduced swimming performance and no 
ability to climb. Movement of small potamodromous lampreys are likely impeded 
by seemingly inconsequential structures such as poorly designed culverts, irrigation 
diversions, or low-elevation weirs (see Chap. 8).

Innovations in pheromone research have moved from conceptualized models to 
identification of specific compounds and their synthesis. Questions remain regard-
ing the degree to which various lamprey species use this orientation mechanism, the 
complete identity of the entire suite of cues used, ontogeny of olfactory sensitivity, 
and how sensitivity to pheromones translates to lamprey orientation and movement 
in oceans, rivers, and streams. How precisely does the bile acid pheromone model 
identified in landlocked sea lamprey apply to its anadromous form as well as to 
other species? There are clear synergies of both chemical signals and the environ-
mental conditions where they occur. Further research is needed to elucidate these 
mechanisms.

With the increasingly urgent need for conservation of native lampreys and for 
new methods to control invasive sea lamprey in the Great Lakes, management ap-
plications for research on lamprey spawning migration abound. A better under-
standing is needed of the role pheromones play in controlling lamprey distribution. 
Such information is critical to decisions regarding propagation and translocation 
of native lampreys for conservation. Elaboration of the existing research is needed 
to develop more effective (and less expensive) methods of sea lamprey control. 
Fine-scale measurements of the effects of turbulence, light, and chemical signals 
on lampreys as they approach dams and other passage impediments are needed to 
understand the environmental factors that control lamprey behavior. Armed with 
this information, more rapid advances could be made in the development of aids to 
native lamprey passage and recovery of imperiled native stocks (Nunn et al. 2008). 
Hopefully, in the course of addressing these management concerns, new insights 
into the basic biology of both parasitic and non-parasitic lampreys will also emerge.
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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.

Keywords Agnatha · Behavior · Heterospecific matings · Mate choice · Mating 
system · Pheromones · Sex ratio · Spawning habitat · Sympatric speciation
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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 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., Holčík 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; 
McIntyre 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 Kefalárion 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 



276 N. S. Johnson et al.

 
H

ab
ita

t
N

es
t s

iz
e

Sp
ec

ie
s

A
du

lt 
si

ze
 

(c
m

)
W

at
er

 d
ep

th
 

(c
m

)
Su

bs
tra

te
 d

ia
m

et
er

 
(c

m
)

Ve
lo

ci
ty

 (c
m

/s
)

W
id

th
 (c

m
)

D
ep

th
 b

el
ow

 
su

bs
tra

te
 (c

m
)

R
ef

er
en

ce

Ic
ht

hy
om

yz
on

Si
lv

er
 la

m
pr

ey
 I.

 
un

ic
us

pi
s

9–
39

60
0.

4–
3

–
30

11
M

or
m

an
 (1

97
9)

; M
an

io
n 

an
d 

H
an

so
n 

(1
98

0)
; C

oc
hr

an
 a

nd
 L

yo
ns

 (2
00

4)
C

he
st

nu
t l

am
pr

ey
 I.

 
ca

st
an

eu
s

9–
36

38
1

–
60

5
C

as
e 

(1
97

0)

So
ut

he
rn

 b
ro

ok
 la

m
-

pr
ey

 I.
 g

ag
ei

9–
13

15
–

35
–

–
B

ea
m

is
h 

(1
98

2)

M
ou

nt
ai

n 
br

oo
k 

la
m

-
pr

ey
 I.

 g
re

el
ey

i
11

–1
7

10
–2

0
–

–
20

–2
5

5
R

an
ey

 (1
93

9)
; B

ea
m

is
h 

an
d 

M
ed

la
nd

 
(1

98
8)

Pe
tr

om
yz

on
Se

a 
la

m
pr

ey
 (l

an
d-

lo
ck

ed
) P

. m
ar

in
us

11
–6

0
13

–1
70

0.
9–

5.
1

50
–1

50
45

20
A

pp
le

ga
te

 (1
95

0)
; M

an
io

n 
an

d 
H

an
-

so
n 

(1
98

0)
Se

a 
la

m
pr

ey
 (a

na
dr

o-
m

ou
s)

 P
. m

ar
in

us
60

–9
0

40
–6

0
1–

5
10

0–
20

0
40

–2
25

20
–4

0
H

ar
di

st
y 

(1
98

6b
); 

G
ar

dn
er

 e
t  a

l. 
(2

01
2)

; S
ou

sa
 e

t  a
l. 

(2
01

2)
E

nt
os

ph
en

us
M

ill
er

 L
ak

e 
la

m
pr

ey
 E

. 
m

in
im

us
12

–1
4

30
–

–
10

3
Lo

rio
n 

et
 a

l. 
(2

00
0)

Pa
ci

fic
 la

m
pr

ey
 E

. 
tr

id
en

ta
tu

s
10

–8
0

28
2.

7
20

–
7

B
ea

m
is

h 
(1

98
0)

; S
to

ne
 (2

00
6)

Le
th

en
te

ro
n

A
rc

tic
 la

m
pr

ey
 L

. 
ca

m
ts

ch
at

ic
um

11
–6

3
10

–3
0

3–
5

60
–8

0
20

–5
0

5–
10

H
ol

čí
k 

(1
98

6b
); 

K
uc

he
ry

av
yi

 e
t a

l. 
(2

00
7a

)
Fa

r E
as

te
rn

 b
ro

ok
 la

m
-

pr
ey

 L
. r

ei
ss

ne
ri

11
–2

0
22

–
20

–
–

Ta
ka

ya
m

a 
(2

00
2)

A
m

er
ic

an
 b

ro
ok

 la
m

-
pr

ey
 L

. a
pp

en
di

x
10

–2
2

31
1–

2
14

16
4

M
an

io
n 

an
d 

H
an

so
n 

(1
98

0)
; M

un
da

hl
 

an
d 

Sa
ga

n 
(2

00
5)

Ta
bl

e 
6.

2  
A

du
lt 

le
ng

th
, s

pa
w

ni
ng

 h
ab

ita
t, 

an
d 

ne
st

 si
ze

 o
f 1

6 
N

or
th

er
n 

H
em

is
ph

er
e 

la
m

pr
ey

 sp
ec

ie
s



2776 Reproductive Ecology of Lampreys

H
ab

ita
t

N
es

t s
iz

e
Sp

ec
ie

s
A

du
lt 

si
ze

 
(c

m
)

W
at

er
 d

ep
th

 
(c

m
)

Su
bs

tra
te

 d
ia

m
et

er
 

(c
m

)
Ve

lo
ci

ty
 (c

m
/s

)
W

id
th

 (c
m

)
D

ep
th

 b
el

ow
 

su
bs

tra
te

 (c
m

)
R

ef
er

en
ce

La
m

pe
tr

a
Eu

ro
pe

an
 ri

ve
r l

am
-

pr
ey

 L
. f

lu
vi

at
ili

s
9–

49
20

–1
50

–
–

10
5

7
Ja

ng
 a

nd
 L

uc
as

 (2
00

5)
; N

ik
a 

an
d 

V
irb

ic
ka

s (
20

10
)

Eu
ro

pe
an

 b
ro

ok
 la

m
-

pr
ey

 L
. p

la
ne

ri
9–

17
10

0.
2–

1.
9

70
28

4
H

ar
di

st
y 

(1
96

1a
); 

M
cI

nt
yr

e 
(1

96
9)

; 
N

ik
a 

an
d 

V
irb

ic
ka

s (
20

10
)

W
es

te
rn

 b
ro

ok
 la

m
pr

ey
 

L.
 ri

ch
ar

ds
on

i
8–

15
20

1.
5

12
–

3
St

on
e 

(2
00

6)

Le
as

t b
ro

ok
 la

m
pr

ey
 

L.
 a

ep
yp

te
ra

8–
18

–
–

10
0

20
–

B
rig

ha
m

 (1
97

3)

E
ud

on
to

m
yz

on
U

kr
ai

ni
an

 b
ro

ok
 la

m
-

pr
ey

 E
. m

ar
ia

e
12

–2
2

20
–3

0
–

10
–1

5
5–

10
–

H
ol

čí
k 

an
d 

R
en

au
d 

(1
98

6)

Ta
bl

e 
6.

2  
(c

on
tin

ue
d)

 



278 N. S. Johnson et al.

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 20–90 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. Holčík (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 Holčík 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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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 
(Malmqvist 1983; Hardisty 1986a), European river lamprey (Hagelin and Steffner 
1958), American brook lamprey (Young and Cole 1900), and in Siberian brook lam-
prey Lethenteron kessleri (Holčík 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; Holčík 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 

 Rock movement  Tail  fan 

 Tac�le communica�on  Rock movement using tail leverage 

a c

b d

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. c 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)
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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 Holčík 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, McIntyre 
(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 
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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 Māori 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 
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(see Table 6.1 for additional references). A thorough description of European river 
lamprey spawning behavior has been provided by Hagelin and Steffner (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 (McIntyre 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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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.

 Male approach 

 Male touching female dorsal region 

 Male a�achment to female head 

 Male back arch  

 Female back arch, male back drop  

 Male tail wrap   

 Post spawning separa�on   

 Vibra�on and gamete release   

a e

b f

c g

d h

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. c 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)
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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 2006).

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 7α,12α,24-trihydroxy-3-one-5α-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 10−11 M to 
10−13 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 15α-hydroxyprogresterone concentrations 
and forebrain gene expressions (Chung-Davidson et al. 2013b). However, exposure 
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of immature males to 7α,12α-dihydroxy-5α-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., 10−12 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 Steffner (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 Holčík 
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.
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Abstract This chapter reviews the knowledge of the hypothalamic-pituitary axis 
in the control of reproduction in lampreys. In gnathostomes, the hypothalamus and 
pituitary have well-defined roles in the control of reproduction. Up until the late 
1970s, it was thought that the agnathan lampreys did not have the same neuroendo-
crine control of reproduction seen in the jawed vertebrates, in part due to their lack 
of the typical anatomical hypothalamic-pituitary connection. Since then and during 
the past three decades, there have been rapid advances in our knowledge of the 
structure and function of the hypothalamic and pituitary hormones and respective 
receptors in lampreys. This chapter highlights the delineation of the neuroendocrine 
system that has come from 30 years of research on the biochemical, molecular, 
anatomical, immunohistochemical, and functional studies that have established that 
lampreys, similar to the jawed vertebrates, have a hypothalamic-pituitary-gonadal 
axis and that there is a high conservation of the mechanisms of gonadotropin-
releasing hormone action. These findings also show that the neuroendocrine factors 
share common functional and developmental features compared to later evolved 
vertebrates.

Keywords Estradiol · GABA · Glycoprotein receptors · Gonadotropin · 
Gonadotropin inhibiting hormone · Gonadotropin-releasing hormone · GnIH · 
GnRH · GnRH receptors · Hypothalamus · Hypothalamic-pituitary-gonadal axis · 
Kisspeptin · Neuropeptide Y · NPY · Pituitary · Pituitary glycoprotein hormones · 
Petromyzon marinus · RFamide peptides · Thyrostimulin

7.1  Introduction

In the late 1970s, it was thought that lampreys did not have the same neuroendo-
crine control of reproduction as in the gnathostomes (i.e., the jawed vertebrates), in 
part due to their lack of the typical anatomical hypothalamic-pituitary connection. 
The question whether there is hypothalamic control over reproduction in lampreys 
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has special significance since these fishes, along with the hagfishes, represent the 
oldest lineage of extant vertebrates and hold a basal position to all other vertebrates 
(see Chaps. 1, 2). However, considering that lampreys are seasonal animals and 
responsive to environmental cues such as temperature and photoperiod (e.g., see 
Chaps. 4, 6), it was postulated that there would be some sort of neuroendocrine 
control over various physiological processes such as metamorphosis and reproduc-
tion. Testing this concept, Drs. Joe Crim (Crim et al. 1979a) and Stacia Sower et al. 
(1983), as postdoctoral associates of Professor Aubrey Gorbman, performed the 
first immunohistochemical study and experimental study, respectively, suggesting 
that lampreys may have neuroendocrine control of reproduction. Since then and 
during the past three decades, there have been rapid advances in our knowledge of 
the structure and function of the hypothalamic and pituitary hormones and respec-
tive receptors in lampreys. This chapter highlights the delineation of this reproduc-
tive neuroendocrine system that has come from 30 years of research.

Modern vertebrates are classified into two major groups, the gnathostomes 
(jawed vertebrates) and the agnathans (jawless vertebrates). There are only two sur-
viving agnathan lineages—the hagfishes (order Myxiniformes) and lampreys (Pet-
romyzontiformes)—while the gnathostomes constitute all other living vertebrates 
including the bony and cartilaginous fishes and the tetrapods (see Chap. 1). In this 
chapter, lampreys and hagfishes are considered to be monophyletic. Although the 
phylogenetic relationship between hagfishes, lampreys, and the jawed vertebrates 
is still not completely resolved (e.g., Forey and Janvier 1994; Near 2009), recent 
studies have provided strong evidence for “cyclostome” (i.e., agnathan) monophyly 
(Ota et al. 2007; Heimberg et al. 2010; Janvier 2010; see Chap. 2).

It is generally believed that two large-scale genome duplications (2R) occurred 
during the evolution of early vertebrates, although there is controversy on whether 
the 2R duplications occurred in the lineage leading to all extant vertebrates (includ-
ing the hagfishes and lampreys) or whether there was one round of duplication prior 
to and one round of duplication after divergence of the jawless vertebrates (Ohno 
1970; Holland et al. 1994; Vandepoele et al. 2004). The sequencing, annotation and 
synteny analysis (i.e., examining similar blocks of genes in the same relative posi-
tions in genomes from different species) of the sea lamprey Petromyzon marinus 
whole genome—a monumental effort performed by an international group of re-
searchers led by Professor Weiming Li (Michigan State University)—now provides 
support for the first hypothesis (i.e., two rounds of genome-wide duplication in the 
ancestor to both agnathans and gnathostomes; Smith et al. 2013). Genome duplica-
tions, which provide a source of genetic material for subsequent mutation, drift, and 
selection, are generally considered to make new evolutionary opportunities possible 
(Crow and Wagner 2006).

The hypothalamic-pituitary system is considered to be a vertebrate innovation 
and seminal event that emerged prior to or during the differentiation of the ances-
tral agnathans (Sower et al. 2009) likely due to the two whole rounds of genome 
duplication. Reproduction in vertebrates is controlled by a hierarchically orga-
nized endocrine system (Fig. 7.1). In spite of the very diverse patterns of life cy-
cles, reproductive strategies, and behaviors, this endocrine system is remarkably 



3077 The Reproductive Hypothalamic-Pituitary Axis in Lampreys

conserved throughout the vertebrate lineages. As this chapter describes, it has now 
been clearly demonstrated that lampreys possess a hypothalamic-pituitary system. 
Evidence for neuroendocrine control of reproduction in hagfishes is more recent 
and far less extensive, but it likewise suggests that hagfishes possess a hypotha-
lamic-pituitary system (Sower et al. 1995a; Sower and Kawauchi 2011; Uchida 
et al. 2010, 2013). The vertebrate neuroendocrine system consists of neurosecre-
tory neurons located in specific nuclei within the hypothalamus of the brain and 
the pituitary gland or hypophysis. The vertebrate pituitary is composed of two 
structural components, the neurohypophysis (posterior pituitary) that is actually 
part of the brain floor and the adenohypophysis (or anterior pituitary) that is com-
posed mostly of cords of secretory cells. The neurohypophysis in most vertebrates 
(except agnathans and most teleost fishes; see Sect. 7.2) is further divided into two 

Fig. 7.1  Schematic diagram of the reproductive hypothalamic-pituitary-gonadal (HPG) system 
in lampreys highlighting the GnRH-GTH system. Lampreys have three gonadotropin-releasing 
hormones released from the hypothalamus in the brain (lGnRH-I, lGnRH-II, lGnRH-III), one pitu-
itary glycoprotein hormone/gonadotropin (lGpH or GTH), and one glycoprotein receptor (lGpHR-
1) in the gonad (Sower et al. 2009). In comparison, gnathostomes generally have one or two 
GnRHs that act as hypothalamic hormones, two pituitary gonadotropins (LH and FSH), and one 
gonadal FSH receptor and one LH receptor (see Table 7.3). The hypothalamus integrates photo-
period, temperature, seasonal changes, and feedback cues and, in response, releases one or more 
GnRHs that act at the pituitary controlling the pituitary-gonadal axis. (Lamprey figure courtesy of 
Dr. Marty Wong; environmental icons courtesy of Wayne A. Decatur)
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components: the pars nervosa and the median eminence that is the neurohemal 
structure that conveys the neurohormones to the adenohypophysis via portal blood 
vessels (Gorbman 1965).

Although the hypothalamic-pituitary-gonadal (HPG) and hypothalamic-pitu-
itary-thyroid (HPT) systems overlap (Sower et al. 2009), this chapter focuses on the 
hypothalamic-pituitary axis as it relates to reproduction. Gonadotropin-releasing 
hormone (GnRH, previously called luteinizing hormone releasing hormone LHRH) 
produced in the hypothalamus is a regulatory neurohormone controlling reproduc-
tion in all vertebrates (see Guilgur et al. 2006; Kah et al. 2007; Kavanaugh et al. 
2008; Okubo and Nagahama 2008). Upon response to external and internal cues, 
GnRH is released and acts at specific G-protein coupled receptors (GPCR) at the 
pituitary gland to stimulate the synthesis and release of the gonadotropin(s), which 
in turn travel via the blood and act via specific GPCRs at the gonads to stimulate 
and/or regulate steroidogenesis and gametogenesis. Generally, gnathostomes have 
one or two GnRHs that act as hypothalamic hormones, two pituitary gonadotro-
pins—luteinizing hormone (LH or lutropin) and follicle stimulating hormone (FSH 
or follitropin), and one gonadal FSH receptor and one LH receptor. In comparison, 
lampreys have three hypothalamic GnRHs, only one pituitary gonadotropin-type 
hormone, and one gonadal glycoprotein receptor (Fig. 7.1; Sower et al. 2009). This 
chapter summarizes the latest information on the hypothalamic-pituitary axis in 
lampreys, with a focus on its regulation of reproduction; coverage of the lamprey 
gonad itself is provided by Docker et al. (in press). Most of the information avail-
able on the lamprey neuroendocrine system is from the well-studied sea lamprey, 
with some information from some of the other 40 species of lampreys. Although 
our knowledge of the neuroendocrine axis in lampreys is far from complete, the 
following information—acquired from 30 years of research—will serve as a basis 
for future studies that will continue to extend our understanding of this system in 
lampreys and vertebrates in general.

7.2  Neuroanatomy of the Hypothalamus

Within all vertebrate brains, there is a region called the hypothalamus. The hypo-
thalamus contains a number of small nuclei and is located below the thalamus, just 
above the brain stem, and forms the ventral part of the diencephalon. The telen-
cephalon and the diencephalon constitute the forebrain.

In lampreys, the hypothalamus comprises the largest part of the diencephalon 
(Butler and Hodos 2005). Although there is a considerable body of reported infor-
mation on the neuroendocrinology of the lamprey hypothalamus, there are rela-
tively few modern reports on its cytoarchitecture or connections (Butler and Hodos 
2005). The most ventral part of the hypothalamus surrounds the infundibular re-
cess, a widening of the third ventricle (Nieuwenhuys 1977). The hypothalamus 
receives afferent axons from all parts of the telencephalon, including the olfactory 
bulb, and from both the rectum and tegmentum of the mid- and dorsal thalamus 
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(Nieuwenhuys 1977; Butler and Hodos 2005). Efferents from the lamprey hypo-
thalamus are mainly to the tegmentum of the midbrain (the mesencephalon) and the 
hindbrain (rhombencephalon), as well as to the dorsal thalamus, ventral thalamus, 
and the olfactory bulb (Nieuwenhuys 1977; Butler and Hodos 2005).

In mammals, releasing hormones are secreted from the terminal boutons in the 
median eminence and enter the vascular portal network through capillary beds (But-
ler and Hodos 1996). The releasing hormones subsequently act on the glandular 
tissue of the adenohypophysis, inducing the synthesis and release of the anterior 
pituitary hormones (Butler and Hodos 1996). Of all vertebrates, only the agnathan 
and non-osteoglossomorph teleost fishes lack a portal vascular system (median emi-
nence) for transferring neurohormones from the hypothalamus to the adenohypoph-
ysis (Gorbman 1965; Tsuneki and Nozaki 1989; Fig. 7.2). The adaptive importance 
of such a portal system is that it makes possible central nervous regulation of such 
vital processes as reproduction by external (and internal) cycling environmental 
conditions. The teleosts have solved this structural problem by direct innervation 
of the pars distalis in the anterior pituitary by appropriate neurosecretory neurons 
from the adjacent hypothalamus (Gorbman et al. 1983). The agnathans, however, 
have no nervous or vascular communication between the brain and neurohypophy-
sis (Tsuneki and Gorbman 1975), leading to speculation that nervous regulation of 
the agnathan pars distalis is by diffusion of brain peptides from the adjacent neuro-
hypophysis, across the thin connective tissue layer that separates the neural from the 
glandular tissues (Nozaki et al. 1975).

Proof that diffusion is an adequate basis for brain regulation of the pars distalis 
has rested on such experiments as those of Nozaki et al. (1975) and Tsukahara et al. 
(1986), who injected substances of varying molecular size (a colloidal particulate 
dye, a protein, and an ion) into the third ventricle of the inshore hagfish Eptatretus 
burgeri. Staining revealed that, within minutes of injection, significant amounts of 
molecular substances as large as the protein horseradish peroxidase (44 kDa) had 
diffused from the third ventricle, through the neurohypophysis, to the pars distalis. 
These authors also suggested that tanycytes, special ependymal cells located in the 
floor of the third ventricle and with processes extending deep into the hypothalamus, 
might also be responsible for transport. There were concerns that experiments with 
hagfishes might not represent the diffusion hypothesis fairly (Nozaki et al. 1994)—
e.g., because of aberrant features of their adenohypophysis (Norris and Carr 2013) 
and because they may not have an environmentally regulated reproductive cycle 
(Gorbman and Dickhoff 1978)—but subsequent anatomical evidence also support-
ed the concept of a “diffusional median eminence” in lampreys (King et al. 1988; 
Tsuneki 1988; Nozaki et al. 1994). In both sea lamprey and Pacific lamprey Ento-
sphenus tridentatus, GnRH-like neurons identified by immunocytochemistry were 
shown to project their fibers primarily into the neurohypophysis from the preoptic 
region (PO; also abbreviated POA for preoptic area, or PON for preoptic nucleus) 
of the hypothalamus (Crim et al. 1979a, b; Nozaki and Kobayashi 1979; Nozaki 
and Gorbman 1984; King et al. 1988). Crim (1981) and King et al. (1988) also 
showed that GnRH neurons project into the third ventricle, and likewise suggested 
that there might be an additional route of GnRH movement via secretion into the 
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third ventricle and transport by tanycytes to the adenohypophysis (King et al. 1988). 
As in hagfish, experimental studies in sea lamprey showed that horseradish peroxi-
dase, injected into the third ventricle of the brain of adults, rapidly passed (within 
5–15 min) through the neurohypophysis, which forms the floor of the third ventri-
cle, and diffused throughout the connective tissue separating the adenohypophysial 
follicles from the neurohypophysis and into intracellular spaces in the adenohy-
pophysis (Nozaki et al. 1994). These authors concluded that neurosecretory peptides 
like GnRH diffuse from the brain (neurohypophysis) to the adenohypophysis, and 
thus regulate its secretory activity in lampreys.

It thus appears that, in the evolutionary sense, there have been three types of 
brain regulation of the adenohypophysis developed in the vertebrates: the agnathan 
diffusional type, the teleostean direct innervational type, and the vascular type seen 
in all other vertebrates (Nozaki et al. 1994; Fig. 7.2). These authors suggested that 
the principal advantage of the vascular median eminence type of control of the pars 
distalis by the brain is that it permitted development of larger and thicker glands as 
vertebrates became larger and more complicated in form and the distance between 
the hypothalamus and pituitary increased significantly. Teleost fishes secondarily 
acquired a new system of integration with direct release of the neurohormones into 

Protochordates Lampreys Mammals

1R
2R

Acquisition of
Hypothalamic-Pituitary Axis 

Teleosts

Diffusional Median 
Eminence

Direct 
Innervation

Vascular Median 
Eminence

Fig. 7.2  Schematic of the three types of regulation of the adenohypophysis (anterior pituitary) 
developed in the vertebrates: the agnathan diffusional type (in hagfishes and lampreys), the teleos-
tean direct innervational type (in non-osteoglossomorph teleosts), and the vascular type seen in all 
other vertebrates (e.g., cartilaginous fishes, most non-teleost bony fishes, and tetrapods). Adeno-
hypophysis ( AH), neurohypophysis ( NH), neurohypophysial axonal extensions ( NE), portal blood 
vessel ( P) from vascular median eminence, and first ( 1R) and second round ( 2R) of whole genome 
duplication in vertebrates are shown. (Adapted from Nozaki et al. 1994)
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the adenohypophysis (Lagios 1970; Peter et al. 1990), whereas in extant agnathans, 
structural features of the pituitary and surrounding tissues appear to have evolved 
to make diffusion as efficient as possible for pituitary regulation by brain peptides 
(Nozaki et al. 1994).

7.3  Pituitary: Neurohypophysis and Adenohypophysis

As stated above, the pituitary gland of lampreys (as in all other vertebrates) consists 
of the neurohypophysis and adenohypophysis. The neurohypophysis, which is not 
as highly developed in lampreys as it is in hagfishes (Gorbman et al. 1983), consists 
of a thin anterior section that is the floor of the diencephalon. The posterior part is 
somewhat thickened and is the terminating neurohemal structure for neurons whose 
cell bodies are in the preoptic region of the hypothalamus (Fig. 7.3b, c); it is thus 
similar to the pars nervosa found in most other vertebrates (Gorbman et al. 1983). 
The lamprey adenohypophysis, in contrast to the neurohypophysis, is much better 
differentiated than in hagfishes (see Sower and Kawauchi 2011). As in the jawed 
fishes, it is differentiated into the rostral pars distalis (RPD), the proximal pars dis-
talis (PPD), and the pars intermedia (PI). Neither the hagfishes nor lampreys have 
the anatomical equivalent of a median eminence to convey the neurohormones to 
the adenohypophysis; brain regulation of the pituitary is achieved instead via diffu-
sion (see Sect. 7.2).

The adenohypophysis of the pituitary gland in turn secretes a number of protein 
hormones that regulate a variety of physiological processes in vertebrates. The ad-
enohypophysial hormones can be classified, on the basis of structural and functional 
similarity, into three groups: (1) the proopiomelanocortin (POMC) family; (2) the 
growth hormone/prolactin/somatolactin (GH/PRL/SML) family; and (3) the glyco-
protein hormone (GpH) family which includes gonadotropins (GTHs) and thyroid-
stimulating hormone (TSH or thyrotropin) and that now also includes thyrostimu-
lin (Kawauchi and Sower 2006; Sower et al. 2009); another member of the GpH 
family, chorionic gonadotropin (CG), is not expressed in the pituitary and is only 
found in placental mammals (see Sect. 7.10). The POMC family includes adreno-
corticotropin (ACTH) and melanocyte stimulating hormone (MSH). The classical 
GpH family hormones each consist of two non-covalently bound subunits, α and β 
(Kawauchi et al. 1989); within a species, the α subunit is the same among all the 
GpH family hormones, while the β subunits are different and convey hormone spec-
ificity (Kawauchi et al. 1989; Swanson et al. 1991; Huhtaniemi 2005). Somatolactin 
is only found in bony fishes (including sturgeons, teleosts, and lungfishes; Ame-
miya et al. 1999; Fukamachi and Meyer 2007). Each hormone family is believed 
to have evolved from an ancestral gene by duplication and subsequent mutations 
(Kawauchi and Sower 2006; Fukamachi and Meyer 2007).

The pituitary hormones in agnathans had been an enigma until the laboratories of 
Professors Kawauchi and Sower with other collaborators characterized hormones 
from these three families in the sea lamprey (Kawauchi and Sower 2006). In general, 
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pituitary cells of a given type are located in specific regions of the adenohypophysis 
(Fig. 7.3a). ACTH and MSH, together with distinct endorphins in the sea lamprey, 
are encoded by two distinct genes, proopiocortin (POC) and proopiomelanotropin 
(POM), respectively, while they are encoded by the same POMC gene in the jawed 
vertebrates (Heinig et al. 1995; Takahashi et al. 1995a, b). The POC and POM are 

PPD

c

a

lGnRH-I
lGnRH-II
lGnRH-III

b

Identified Hormones of the Lamprey Pituitary

Lamprey GnRH System in the Hypothalamic-Pituitary Axis

Fig. 7.3  a A schematic diagram of the lamprey pituitary consisting of the adenohypophysis 
(divided into the rostral pars distalis RPD, proximal pars distalis PPD, and pars intermedia PI) and 
neurohypophysis. Main sites of expression of the following adenohypophysial hormones are indi-
cated (along with date of discovery in lampreys): adrenocorticotropin ( ACTH), gonadotropin-β 
( GTH-β), growth hormone ( GH), melanocyte stimulating hormone ( MSH). ACTH (and one 
β-endorphin) are encoded by the proopiocortin ( POC) gene; MSH (and a different β-endorphin) 
are encoded by the proopiomelanotropin ( POM) gene (Drawing courtesy of Professor Hiroshi 
Kawauchi). b Diagrammatic representation of the system of GnRH cells and their projections in 
the brain of the lamprey. The brain is viewed from the front so that the telencephalon appears as 
large rounded masses, the optic chiasm ( oc) is seen on the ventral surface rostral to the adeno-
hypophysis ( A) and neurohypophysis ( N). Projections of ventral preoptic cells join those of the 
dorsal preoptic cells to form the preoptico-hypophyseal tract; both these cell groups project along 
the external surface of the brain to the neurohypophysis and their processes directly contact the 
midline third ventricle. c Distribution of irGnRH containing cell bodies ( circles) and fibers ( bro-
ken lines) in approximate mid-sagittal planes in the brain of the sea lamprey. Dorsal thalamus 
( DT), hypothalamus ( Hyp), neurohypophysis ( NH), pars intermedia ( PI), proximal pars distalis 
( PPD), preoptic nucleus ( PON), rostral pars distalis ( PD), and optic tectum ( T) are shown; T is 
found within the midbrain; Hyp (including PO) and DT are located within the forebrain. (Adapted 
from Nozaki and Gorbman (1984). b was originally published in King et al. (1988) and reproduced 
with kind permission from Springer Science+Business Media)
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expressed specifically in the RPD and PI, respectively. ACTH cells are distributed 
in most parts of the RPD, as well as some in the PPD, whereas MSH cells are found 
in almost all parts of the PI (Nozaki et al. 1995). Growth hormone (GH) appears 
to be the only member of the GH/prolactin/somatolactin family in the sea lamprey 
(Kawauchi et al. 2002). Its gene consists of five exons and four introns spanning 
13.6 kilobases, which is the largest among known GH genes. GH is expressed in the 
cells of the dorsal half of the PPD (Fig. 7.3a).

Within the glycoprotein hormone (GpH) family, although two GTHs (LH and 
FSH) were known from all taxonomic groups of gnathostomes by the 1990s (Su-
zuki et al. 1988; Kawauchi et al. 1989; Quérat et al. 2000, 2004), only one GTH 
has been identified in the agnathans, in both lampreys (Sower et al. 2006) and 
hagfishes (Uchida et al. 2010, 2013; see Sect. 7.10). Further discussion of the 
potential origin and/or divergence of the GTHs among vertebrates is provided in 
Sect. 7.10. In lampreys, the GTHβ is expressed in the ventral portion of the PPD 
(Fig. 7.3b).

7.4  Gonadotropin-Releasing Hormone (GnRH) Isoforms

The primary structure of the first GnRH (GnRH-I) in lampreys was determined by 
Sherwood and Sower and colleagues in 1986 (Sherwood et al. 1986). The primary 
structure of a second form (GnRH-III) was determined in 1993 (Sower et al. 1993), 
and the complementary DNA (cDNA) encoding a third form (GnRH-II) was cloned 
and identified in 2008 (Kavanaugh et al. 2008). In the 1986 Sherwood et al. paper, 
the amino acids but not the sequence of a second putative form of GnRH were 
identified and it was called lamprey GnRH-II. Therefore, when lamprey GnRH-III 
was discovered in 1993, it was called -III instead of -II. This was fortunate since 
the lamprey GnRH-II (which was not the same as identified in 1986) turned out 
to be a GnRH-2 type form. Like GnRH in all other vertebrates (see below), lam-
prey GnRH is a decapeptide (Table 7.1). Similar to other neuropeptides, GnRH is 
derived from a larger precursor protein (or prohormone), prepro-GnRH, which is 
then processed to the final decapeptide (Suzuki et al. 2000). The precursor protein 
is a tripartite molecule, consisting of a signal peptide; the GnRH decapeptide and 
cleavage (or processing) site; and a GnRH-associated peptide, GAP (Suzuki et al. 
2000). The GnRH-I, -II, and -III prohormone peptides consist of 87, 105, and 93 
amino acid residues, respectively, in the sea lamprey. Each of the GnRH precursor 
proteins are expressed by separate genes (Suzuki et al. 2000; Silver et al. 2004); the 
cDNA encoding these precursors are 638, 694, and 718 nucleotides (or base pairs, 
bp) in length in sea lamprey for prepro-lamprey GnRH-I, -II, and -III (Suzuki et al. 
2000; Silver et al. 2004; Kavanaugh et al. 2008). In seven other lamprey species 
(including representatives from all three families; see below), the cDNA encoding 
prepro-lamprey GnRH-II was 666–774 bp in length and encoded 92 or 94 amino 
acids (Silver et al. 2004).
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The GnRH family currently includes at least 32 GnRHs, with 15 having been 
identified from representative vertebrate species (Kavanaugh et al. 2008), 10 from 
non-vertebrate chordates (all from the urochordates or tunicates; Adams et al. 
2003), at least six from protostomian invertebrate species (molluscs and annelids; 
Tsai and Zhang 2008; Zhang et al. 2008; Sun et al. 2012), and one putative GnRH 
from the deuterstome echinoderms (Rowe and Elphick 2012). Whereas all chor-
date GnRHs are decapeptides, non-chordate GnRHs identified to date consist of 
11 or 12 amino acids (Tsai and Zhang 2008; Sun et al. 2012). Each new GnRH 
was named according to the first species in which that particular peptide sequence 
was found (see Fernald and White 1999; Table 7.1), although these GnRHs are 
not restricted to these taxa; chicken-II, for example, is found in all gnathostomes 
(Fernald and White 1999; Kavanaugh et al. 2008). To date, two to three GnRHs 
have been identified in lampreys (see above) and representative species of all class-
es of gnathostomes (Gorbman and Sower 2003; Guilgur et al. 2006; Kah et al. 
2007; Kavanaugh et al. 2008; Okubo and Nagahama 2008), and growing evidence 
suggests that at least two GnRH forms are expressed within the brain of any one 
species (Kah et al. 2007; Kavanaugh et al. 2008). Chromatographical and immuno-
cytochemical studies have identified a GnRH molecule in the brain of both Pacific 
hagfish Eptatretus stouti (Braun et al. 1995) and Atlantic hagfish Myxine glutinosa 
(Sower et al. 1995a). This GnRH was characterized as being more structurally sim-
ilar to lamprey GnRH-III than to any other vertebrate GnRH (Sower et al. 1995a), 
but its gene and primary structure has not yet been identified. Lampreys are thus 
the earliest evolved group for which multiple GnRH isoforms have been identified.

Early analyses by Grober et al. (1995) and Fernald and White (1999) suggested 
that there were three paralogous (i.e., related by duplication) groups of GnRH 
(GnRH-1, GnRH-2, and GnRH-3) in gnathostome brains. Most vertebrate species 
have forms from the GnRH-1 and GnRH-2 groups; GnRH-3 has been found only 
in teleosts (Fernald and White 1999; Chen and Fernald 2008), although not all 
teleost species possess three forms (Guilgur et al. 2006). The primary amino acid 
sequences of GnRH-2 and GnRH-3 forms are highly conserved in gnathostomes. 
The primary amino acid sequence of chicken GnRH-II (GnRH-2) is identical from 
sharks to mammals, and only one other GnRH-2 sequence, dogfish GnRH (Love-
joy et al. 1992), is known. Salmon GnRH found only in teleosts is the only known 
GnRH-3 in gnathostomes (Kah et al. 2007). GnRH-1 sequences, however, have 
diverged within the gnathostome lineage (Table 7.1). The GnRH-1 neurons are 
primarily located in the forebrain (i.e., the preoptic area of the hypothalamus or 
telencephalon); GnRH-2 is produced primarily in the midbrain or mesencephalon, 
and the teleost-specific GnRH-3 neurons are located in the terminal nerve gan-
glion near the olfactory bulb (Fernald and White 1999; Guilgur et al. 2006; Kah 
et al. 2007; Chen and Fernald 2008).

More recent reviews of GnRHs and their respective receptors have proposed 
various other scenarios on the phylogenetic relationships among gnathostome 
GnRHs and receptors (e.g., Guilgur et al. 2006; Kah et al. 2007; Okubo and Naga-
hama 2008), but agnathan GnRHs were not included. Inclusion of lamprey GnRHs, 
including prepro-lamprey GnRH-III cDNAs from all three lamprey families, had 
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previously suggested four paralogous lineages: GnRH1, -2, -3, and -4 (Silver et al. 
2004). This study, using phylogenetic analysis, function, neural distribution, and 
developmental origin, confirmed the model of three gnathostome GnRH lineages 
and placed lamprey GnRH-I and -III into a fourth group. Identification of two mol-
lusc GnRHs and one annelid GnRH suggested a fifth group consisting of inverte-
brate GnRHs, and upheld the fourth group of lamprey GnRH-I and -III (Tsai and 
Zhang 2008; Zhang et al. 2008).

The subsequent discovery of a third lamprey GnRH, GnRH-II, however, offered 
a new paradigm of the origin of the vertebrate GnRH family (Kavanaugh et al. 
2008). Phylogenetic analyses suggested that, although lamprey GnRH-I and -III 
were included within a fourth vertebrate GnRH group, lamprey GnRH-II appeared 
sister to all the gnathostome GnRHs. These authors thus hypothesized that, likely 
due to a genome/gene duplication event, an ancestral gene gave rise to two lineages 
of GnRHs—the gnathostome GnRH and lamprey GnRH-II. The gene duplication 
events that generated the different fish and tetrapod paralogous groups likely took 
place within the gnathostome lineage, after its divergence from the ancestral agna-
thans (Kavanaugh et al. 2008).

However, recent synteny data provide evidence for an alternate view of the 
evolution of the GnRH family and suggest that all duplication events that gener-
ated the different fish and tetrapod GnRH groups likely took place before the split 
of the ancestral lamprey and gnathostome lineages (Decatur et al. 2013; Smith 
et al. 2013). GnRH-1 has been lost from lampreys, as it has in zebrafish Danio 
rerio (Kuo et al. 2005). In addition, the analysis corroborates recent views (Kim 
et al. 2011; Tostivint 2011) that GnRH-3 was lost in the tetrapod lineage and 
did not arise in the teleost lineage as a result of a third round of whole genome 
duplication (3R; Decatur et al. 2013). There is not any biochemical evidence in 
lampreys for an extant GnRH-4-like paralog which was proposed to have arisen 
from tetraploidizations in the early stages of vertebrate evolution (Tostivint 2011). 
Furthermore, there was not any obvious GnRH-4-like candidate identified from 
preliminary analysis of the genome, suggesting that the homolog of this gene was 
lost in lampreys, similar to its loss in the other vertebrate lineages. With respect to 
the agnathans and GnRH, the analysis of the synteny agrees with the previous pro-
posal in that lamprey GnRH (lGnRH)-I and -III resulted from a duplication event 
within the lamprey lineage (Kavanaugh et al. 2008; Decatur et al. 2013). However, 
the data now suggest a substantially different view of the evolutionary history of 
the GnRH family in vertebrates. Significantly, the current evidence suggests that 
all of the genome duplication events that generated the different fish and tetrapod 
paralogous groups (Kuraku et al. 2009) likely took place before the divergence of 
the ancestral agnathan and gnathostome lineages and that the GnRHs in lampreys 
that were previously proposed (erroneously) as members of group IV (lGnRH-I 
and -III) share a more recent common ancestry with GnRH-2 and -3 (GnRH-2/3; 
Table 7.1). Given the single amino acid difference between mature lGnRH-II and 
GnRH-2, it is proposed that a GnRH-2-like gene existed before the lamprey/gna-
thostome split (Decatur et al. 2013).
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7.5  Immunolocalization of GnRH in the Brain

As stated above (see Sect. 7.4), in gnathostomes, the GnRH-1 neurons are primarily 
located in the preoptic area of the hypothalamus, GnRH-2 predominates in extra-
hypothalamic regions (i.e., the midbrain and numerous peripheral tissues, although 
there are species in which chicken GnRH-II is found in the hypothalamic region), 
and the teleost-specific GnRH-3 neurons are located in the terminal nerve ganglion 
near the olfactory bulb (Fernald and White 1999; Guilgur et al. 2006; Chen and 
Fernald 2008; Kavanaugh et al. 2008). As described in the following sections, it 
appears that lampreys may possess three hypothalamic GnRHs, and their respec-
tive predominance during different stages of the life cycle may help to infer their 
functions.

7.5.1  GnRH-I and GnRH-III Distribution and Localization

In lampreys, there is a general pattern of GnRH distribution in the anterior-preoptic-
neurohypophysial tract to the neurohypophysis of adult lampreys as determined by 
immunocytochemical studies using mammalian GnRH antisera (e.g., Crim et al. 
1979a, b; Nozaki and Kobayashi 1979; Nozaki et al. 1984; King et al. 1988) or, 
following determination of the primary amino acid structure of lamprey GnRH-
I (Sherwood et al. 1986), with specific lamprey GnRH antisera (e.g., Tobet et al. 
1995, 1996; Eisthen and Northcutt 1996). These findings were later verified with 
antisera to lamprey GnRH-III and -II (e.g., Tobet et al. 1996; Fig. 7.4). In the earlier 
studies using mammalian GnRH or lamprey GnRH-I antisera, GnRH immunoreac-
tive cells were shown to project their fibers primarily into the neurohypophysis 
from the preoptic area in adult Pacific lamprey (Crim et al. 1979b), western brook 
lamprey Lampetra richardsoni (Crim et al. 1979a), sea lamprey (Nozaki and Ko-
bayashi 1979; Nozaki et al. 1984; King et al. 1988), and silver lamprey Ichthyo-
myzon unicuspis (Eisthen and Northcutt 1996). As described by King et al. (1988), 
immunopositive neuronal perikarya (i.e., cell bodies) were present in an arc-shaped 
population extending from ventral to dorsal preoptic areas. Fibers from these cells 
projected to the neurohypophysis via the preoptico-hypophyseal tract, but in addi-
tion also protruded into the third ventricle. Additionally, some fibers coursed along 
the external surface of the brain, suggesting the release of GnRH into meningeal 
compartments.

In a later study designed to distinguish GnRH-I and -III, specific antisera were 
generated, followed by the use of two kinds of immunostaining: one was a single 
immunostaining by one of the two GnRH antisera using two successive sections; 
the other was double immunostaining of a single section (Nozaki et al. 2000). In 
adult sea lamprey brain, a dense accumulation of neuronal cells immunoreactive 
(ir) to antisera against either lamprey GnRH-I or -III was found in the arc-shaped 
preoptico-anterior hypothalamic area. Additional smaller numbers of irGnRH 
cells were found in the periventricular zone of the posterior hypothalamus. In the 
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above-mentioned locations, the distribution of both irGnRH-I and -III cells was 
intermixed and very similar, but the cells exhibiting GnRH-III immunoreactiv-
ity were distinctly different from those exhibiting GnRH-I immunoreactivity. The 
relative numbers of irGnRH-III cells were larger than those of irGnRH-I cells 
in the preoptico-anterior hypothalamic area, and more than 90 % of GnRH cells 
in the posterior hypothalamus were irGnRH-III cells (Nozaki et al. 2000). Both 
irGnRH-I and -III cells projected their fibers primarily into the neurohypophy-
sis. The relative densities of the accumulated irGnRH-III fibers were similar to 
those of irGnRH-I fibers in the anterior neurohypophysis but higher than those 
of irGnRH-I fibers in the posterior neurohypophysis. In larval sea lamprey, the 
majority of irGnRH in the brain was lamprey GnRH-III (Tobet et al. 1995; see 
Sect. 7.5.2). However, in contrast to the findings above where irGnRH-III cells 
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Fig. 7.4  Schematic diagrams of coronal sections illustrate the position of cells containing immu-
noreactive lamprey GnRH-III in a representative 47-day-old larval lamprey. Immunoreactive (ir) 
cells are represented by solid black circles. Different shades of gray indicate the cell-rich medial 
zone and the fiber-rich lateral zone of the diencephalon (sections A–G) and mesencephalon (sec-
tion H), and the telencephalon (T) that was comprised of more loosely packed cells (sections A–C). 
The cell-rich medial zone of the diencephalon was only 10–20 cells deep at this point in develop-
ment. The sections are arranged from rostral (A) to caudal (H) and are approximately 30 μm apart. 
Ventricle ( V), habenula ( Hb), thalamus ( Th), preoptic area ( PA), hypothalamus ( Hy), and mesen-
cephalon ( M) are shown. Representative photomicrographs (C’ and E’) from a 66-day-old larval 
lamprey at schematic levels C and E are presented on the right. Arrows in the photomicrographs 
indicate the positions of cells containing ir lamprey GnRH-III. Dark but immunonegative mela-
nophores are visible at the edges of the tissue. The scale bar in E’ also applies to C’ and = 50 μm. 
(This figure was originally published in Tobet et al. (1996) and reproduced with permission of 
John Wiley & Sons, Inc.)
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in adults appeared to be distinct from irGnRH-I cells (Nozaki et al. 2000), these 
authors showed co-localization of GnRH in cells (i.e., when lamprey GnRH-I was 
seen, it was in cells that appeared to contain both forms of GnRH). A later study 
using in situ hybridization also supported co-localization of the mature GnRH-I 
and -III proteins in cells of the preoptic region of adult sea lamprey, as did Youson 
et al. (2006) throughout the life cycle of the non-parasitic American brook lamprey 
Lethenteron appendix (see Sect. 7.5.2). Further detailed studies using multiple im-
munostaining will be needed to distinguish whether the three different forms (i.e., 
including the more recently-discovered GnRH-II; Kavanaugh et al. 2008) are co-
localized or found in distinct cells.

Immunohistochemical studies also provide evidence for the presence of lamprey 
GnRH-I and -III in the brain of representatives of the two Southern Hemisphere 
lamprey families, Geotriidae and Mordaciidae (Sower et al. 2000). Moreover, the 
distribution pattern of irGnRH cell bodies and fibers in adult specimens from these 
families was similar to that observed in the Holarctic lampreys (e.g., sea and Pacific 
lampreys). The situation in the larvae, however, was somewhat different. Wright 
et al. (1994) and Tobet et al. (1995) studied the distribution of lamprey GnRH in 
the brain of larval and metamorphosing sea lamprey, and found extensive irGnRH 
cell bodies and tracts. In the pouched lamprey Geotria australis, Sower et al. (2000) 
found some of these irGnRH cell bodies and tracts, but they were less widely dis-
tributed, being confined to the dorsal preoptic area (POA), with simple tracts pro-
jecting only to the rostral and caudal neurohypophysis. The more extensive tracts 
described for sea lamprey larvae were found only in the adult pouched lamprey. 
This reduced distribution of lamprey GnRH in the brain of the pouched lamprey 
larvae may be related to the later development of the gonads in this species as com-
pared to sea lamprey. In large, premetamorphic pouched lamprey, the testis is still 
small and apparently undifferentiated with only a few germ cells present among 
numerous somatic cells (Hardisty et al. 1986; see Docker et al. in press). A more 
intriguing difference between pouched and sea lampreys is the presence of irGnRH 
cells in the adenohypophysis (anterior pituitary) of both larvae and adults of the for-
mer species. There is no mention of these cells in any of the sea or Pacific lamprey 
studies (Nozaki et al. 1984; King et al. 1988; Wright et al. 1994; Tobet et al. 1995), 
which suggests that they were not observed in these Northern Hemisphere species. 
The significance of these cells in the pituitary of pouched lamprey remains to be in-
vestigated, but they may indicate an additional regulatory pathway that is unknown. 
With the identity of a third lamprey GnRH, further detailed studies will be needed 
to examine GnRH in the anterior pituitary.

7.5.2  Distribution and Activity of GnRH at Different Stages  
of the Life Cycle

Several studies have examined GnRH distribution at different stages of the lam-
prey life cycle and show that GnRH activity is not restricted to the final reproduc-
tive phase. There have been many immunohistochemical studies showing GnRH 
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distribution in the brain throughout the life cycle of the sea lamprey (King et al. 
1988; Wright et al. 1994; Tobet et al. 1995, 1996, 1997; Nozaki et al. 2000; Reed 
et al. 2002; Root et al. 2005), for example, and in the pouched lamprey from the 
Southern Hemisphere (Sower et al. 2000). Prominent changes have been demon-
strated during embryogenesis (Tobet et al. 1996), larval development (e.g., Tobet 
et al. 1995), and metamorphosis (e.g., Youson and Sower 1991, 2001). In larval sea 
lamprey, both lamprey GnRH-I and -III are found in the cell bodies in the rostral 
hypothalamus and preoptic area (Wright et al. 1994; Tobet et al. 1995). However, 
the majority of irGnRH in developing larval lampreys was GnRH-III, which sug-
gests that this is the more active form during early gonadal development (Tobet 
et al. 1995). A small number of cells found in the caudal hypothalamus contain only 
irGnRH-III, which may constitute a functional subgroup within the population of 
GnRH neurons (Tobet et al. 1995). In lampreys undergoing metamorphosis, there 
is a large increase in reaction product in all GnRH-containing cells and fibers in the 
rostral and preoptic hypothalamic areas (Crim et al. 1979a; Wright et al. 1994; To-
bet et al. 1995). In addition, there is a noted increase of irGnRH cells in the ventral 
hypothalamic area in larger larvae and during metamorphosis, which suggests that 
these cells play a unique role during metamorphosis (Tobet et al. 1995).

In the most comprehensive study of its kind to date, Youson et al. (2006) in-
vestigated brain GnRH immunoreactivity throughout the entire lamprey life cycle 
(with the exception of embryogenesis) in the non-parasitic American brook lam-
prey. Whereas both the sea and pouched lamprey are parasitic as adults (i.e., delay-
ing sexual maturity for one or more years after metamorphosis, during which time 
the sexually immature juveniles feed on actinopterygian fishes), non-parasitic lam-
preys begin sexual maturation before the completion of metamorphosis and bypass 
the adult feeding phase altogether (see Docker 2009; Docker and Potter in press). 
Youson et al. (2006) found neurosecretory cells and fibers that were immunoreac-
tive (ir) with sea lamprey GnRH-I and -III antisera in the neurohypophysis and 
preoptic area of the brain of late larval, metamorphosing (stages 1–7; see Chap. 4), 
juvenile, and prespawning and spawning adults. Using the antisera and preabsorp-
tion testing first validated by Tobet et al. (1995) and then again by Nozaki et al. 
(2000), this study found that there were some cells and fibers that seem to contain 
both forms of the hormone (see Sect. 7.5.1). An earlier immunohistochemical study 
on larval and maturing adult western brook lamprey, also non-parasitic, used an 
antiserum to mammalian GnRH to show some life-cycle differences in immuno-
reactivity that were related to the events of metamorphosis and sexual maturation 
(Crim et al. 1979a).

Consistent with previous studies in larval sea lamprey (Tobet et al. 1995), You-
son et al. (2006) also found that intensity of immunoreactive staining in the pre-
optic area of the American brook lamprey is higher (or at least equivalent) for the 
GnRH-III peptide than it is for GnRH-I prior to metamorphosis. Brain concentra-
tions based on radioimmunoassay (RIA) likewise indicate that most of the immu-
noreactivity for GnRH in sea lamprey during the larval stage and early metamor-
phosis is GnRH-III (Sower 2003). The situation is reversed, however, following 
metamorphosis. In the American brook lamprey, staining intensity of GnRH-III is 
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superseded at mid-metamorphosis (stage 4) by GnRH-I (Youson et al. 2006). Like-
wise, the RIA data indicate that—although GnRH-III seems to predominate in sea 
and western brook lamprey up to stages 6 and 4 of metamorphosis, respectively—
GnRH-I appeared to be the dominant adult form (Youson et al. 1995; Youson and 
Sower 2001). This provides further evidence that metamorphosis is a prominent 
phase of upregulated activity for GnRHs to act either locally or on other compo-
nents of the reproductive axis. This activity is likely consistent for all lampreys, 
irrespective of their adult life history, although Youson et al. (1995) observed that 
levels of both forms were lower in the non-parasitic western brook lamprey than in 
the parasitic sea lamprey. The dominance of GnRH-III in larvae, however, seems 
to run counter to the view that it is the more active form during gonadal maturation 
(Sower 2003), since the histological observations indicate that the gonads of stage 
4 American brook lamprey were in a maturation phase and GnRH-I intensity is the 
most prominent (Youson et al. 2006). However, the intensity of staining for GnRH-
III indicates a continuous rising trend up until the last stage (7) of metamorphosis. 
Tobet et al. (1995) noticed a large increase in immunoreactive product (mostly 
GnRH-III) in GnRH-containing cells and fibers during sea lamprey metamorphosis 
and suggested that GnRH-III is important during maturation of GnRH cells and fi-
bers. This role of maturation of GnRH cells, that attained their positions in the pre-
optic and hypothalamic areas before metamorphosis, is possibly a key event at this 
interval of ontogeny. If GnRH-III is to be accepted as the form that is most active 
during gonadal maturation, then what—given that GnRH-I is the dominant GnRH 
in both mid- to late metamorphic American brook and sea lampreys—is the func-
tion of GnRH-I at the same stage of metamorphic development of a non-parasitic 
and parasitic lamprey when the latter will not undergo sexual maturation for at least 
another year (see Sect. 7.7)?

The aforementioned results of the distribution of the immunoreactive cell bodies 
and fibers in the brain of American brook lamprey (Youson et al. 2006) corresponds 
to that described in earlier immunohistochemical studies of lampreys of different 
species (Crim et al. 1979a, b; King et al. 1988; Wright et al. 1994; Tobet et al. 
1995; Nozaki et al. 2000; Sower et al. 2000; Reed et al. 2002; Root et al. 2005). 
In larval and metamorphic stage 1–3 animals, most ir fibers were confined to the 
dorsal region of the neurohypophysis, directly beneath the ventricular lining of 
ependymal cells. The lower irGnRH in larvae followed by apparently more peptide 
with which to immunoreact during metamorphosis is similar to that found in other 
studies (Crim et al. 1979a; Wright et al. 1994; Tobet et al. 1995; Root et al. 2005). 
However, the apparent increased synthesis of GnRH peptide is further suggested 
by the changing appearance of the ir neurons in the Youson et al. (2006) study. The 
ir neurons in the larval, metamorphic, and adult stages of this study were rounded, 
early elongated cuboidal, and pear-shaped, respectively. This pattern of changes 
in neuronal shape is similar to that found in sea lamprey (King et al. 1988; Tobet 
et al. 1995). The striking increase during metamorphosis in irGnRH in a ventral 
hypothalamic cell group caudal to the optic chiasm that was barely detectable in 
larvae, coupled with their location and the orientation of their processes, led the au-
thors to speculate that the cell group might have a role during metamorphosis or in 
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subsequent development of the reproductive system. This cell group was also noted 
in sea lamprey at the same time in the life cycle (Tobet et al. 1995). Unfortunately, 
the RIA study of the non-parasitic western brook lamprey did not have data for the 
last stage (7) of metamorphosis or juveniles for comparison with this study (Youson 
et al. 1995). The intensity data of the preoptic area indicate that this is the peak time 
for GnRH-I, and perhaps GnRH-III, in American brook lamprey. Furthermore, the 
western brook lamprey whole brains showed a prominent increase of both forms 
during metamorphosis, with GnRH-I being the dominant form at maturity (Youson 
et al. 1995), perhaps indicating its role in reproductive behavior (Sower 2003; see 
Sect. 7.7). At the time of maturity, the preoptic area of the brain of American brook 
lamprey had declining intensity of immunoreactivity. Given that the neurohypho-
physis shows intense immunostaining during the immediate time preceding and 
during spawning in this species, it may not be feasible to compare whole brain 
concentrations of western brook lamprey with intensity of immunoreactivity in the 
preoptic area of American brook lamprey. Histological comparisons of mammalian 
LHRH immunoreactivity in non-reproductive and reproductive adults of western 
brook lamprey show intense staining of the neurohypophysis in both adult types 
but only intense staining of PO cells and fibers during reproduction (Crim et al. 
1979a). The Youson et al. (2006) study provided monthly observations of immuno-
reactivity during the critical period of final sexual maturation from January to May 
to show, in the PO area, a relatively constant intensity of staining until the spawn-
ing period when this area of the brain was greatly depleted of immunoreactivity 
but the neurohypophysis was intensely stained. During their spawning migration, 
sea lamprey have equal numbers of GnRH-I and -III fibers in the anterior neurohy-
pophysis but higher numbers of GnRH-III fibers in the posterior neurohypophysis 
(Nozaki et al. 2000). It appears that, in agnathans, hormones such as GnRH can 
diffuse from the neurohypophysis to the adenohypophysis (Nozaki et al. 1994; see 
Sect. 7.2); the existence of this diffusion pathway would explain the intense stain-
ing of the neurohypophysis in reproductive adults of non-parasitic species (Crim 
et al. 1979a; Youson et al. 2006).

In summary, these results collectively suggest that metamorphosis is an impor-
tant phase of stimulation to the reproductive system of lampreys, irrespective of 
their adult life history type, and that GnRH-I and -III may have different roles in the 
development of sexual maturation in both adult types (Sower 2003; see Sect. 7.7). 
These studies were done before the identification of lamprey GnRH-II; therefore, it 
is likely that lamprey GnRH-II also has a distinct role in sexual maturation.

7.5.3  GnRH-II Distribution

With the identification of the third form of lamprey GnRH, lamprey GnRH-
II, specific antisera were also generated (Kavanaugh et al. 2008). In this case, 
both in situ hybridization and immunohistochemical studies were done. In situ 
hybridization of the brain showed expression and localization of the transcript 
in the hypothalamus, medulla, fourth ventricle, and olfactory regions, whereas 
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immunohistochemistry using a specific antiserum showed mostly ir-lamprey 
GnRH-II nerve fibers originating from cells in the arc-shaped hypothalamic/pre-
optic areas ending at the neurohypophysis, and proposed to form the preoptico-
hypophyseal GnRH tract. The distribution of irGnRH-II neurons was quite similar 
to distributions of lamprey GnRH-I and -III neurons, which were studied previ-
ously in the sea lamprey brain (Nozaki et al. 2000). In the Kavanaugh et al. (2008) 
study, there did not appear to be irGnRH processed to protein in the olfactory or 
midbrain regions of the adult brain. This is similar to previously reported immu-
nohistochemical studies, both irGnRH-I and -III were found in the cell bodies of 
the rostral hypothalamus and preoptic area in larval and adult sea lamprey and not 
expressed in extra-hypothalamic regions of the brain (Tobet et al. 1995; Nozaki 
et al. 2000; see Sect. 7.5.1). Although dual-label in situ hybridization indicated 
that GnRH-I and -III messenger RNA (mRNA) are co-localized in the same cells 
in the preoptic nucleus/hypothalamic regions in adult lamprey (Root et al. 2005; 
see Sect. 7.5.1), in the Kavanaugh et al. (2008) study, it was difficult to know 
whether GnRH-II is co-localized in GnRH-I and/or -III cells or present in differ-
ent GnRH cells because anti-GnRH-II used in the present study exhibited slight 
cross-reactivity to both GnRH-I and -III. These in situ and immunohistochemistry 
data show that lamprey GnRH-II is expressed and processed in the hypothalamus-
preoptic region, but further detailed examination of all three GnRH ligands and 
receptors during the developmental and maturational stages will be critical in our 
full understanding of the neuroendocrine system in lampreys.

7.6  Developmental and Spatial Relationship Studies  
of GnRH and GABA

7.6.1  Origin of GnRH Neurons

The system of GnRH neurons is intimately connected to the olfactory system 
from the earliest points in development and functionally into adulthood in all 
vertebrates that have been studied (Tobet et al. 1996). Neurons that contain forms 
of GnRH that govern the hypothalamic-pituitary-gonadal axis are thought to be 
derived from progenitor cells in embryonic olfactory placodes (Tobet et al. 1996). 
The early data from the late 1980s and early 1990s from gnathostomes including 
mouse Mus musculus (Schwanzel-Fukuda and Pfaff 1989; Wray et al. 1989a, b), 
chicken Gallus gallus (Akutsu et al. 1992; Murakami and Arai 1994; Norgren 
and Gao 1994) and amphibians (Murakami et al. 1992; Northcutt and Muske 
1994) showed that these critical neurons migrate from birth sites in epithelia of 
medial olfactory placodes, across the nasal compartment and cribriform plate to 
the forebrain. Although these results led to suggestions that some GnRH neurons 
have a nasal origin in all vertebrates, there is evidence (outlined below) to sug-
gest that GnRH neurons in lampreys are not derived from the olfactory placode  
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(Muske 1993; Tobet et al. 1996). The characterization of GnRH neuronal system 
development and function has become much more complicated because there are 
many different forms of GnRH (see Sect. 7.4), and some GnRHs such as GnRH-2 
may not regulate pituitary gonadotropin (Tobet and Schwarting 2006). It is likely 
that neurons producing different forms within the same species may have differ-
ent developmental origins (Gorbman and Sower 2003; Amano et al. 2004).

As described above, data showing GnRH immunoreactive neurons in adult 
(Crim et al. 1979a, b; King et al. 1988; Wright et al. 1994; Tobet et al. 1995) 
and larval (Crim et al. 1979a; Wright et al. 1994; Tobet et al. 1995) lampreys 
showed cells restricted to a single bilateral dense arc along the third ventricle in 
the rostral hypothalamus and preoptic area. Neurons containing lamprey GnRH-
III, which is a more prevalent form of GnRH in early development (Youson and 
Sower 1991), were found in the preoptic area/hypothalamus of larval lampreys, 
and the only fibers visible in olfactory regions originated from these more caudal 
cells (Tobet et al. 1995). The absence of GnRH cells and fibers in the olfactory 
system is consistent with the suggestion that lamprey GnRH neurons are not 
derived from the olfactory placode (Muske 1993). To experimentally address the 
question of the origin of GnRH in lampreys, experiments were conducted in the 
mid-1990s to characterize the earliest development of neurons containing lam-
prey GnRH using antisera directed against lamprey GnRH-I or -III in relation to 
the developing olfactory system by collaborators Stuart Tobet and Stacia Sower 
(Tobet et al. 1996). Eggs from fertile adult sea lamprey were fertilized in the 
laboratory, and larvae were maintained for up to 100 days. GnRH neurons were 
visualized within the lamprey preoptic area and hypothalamus as soon as GnRH 
was detectable (22 days after fertilization). The number of neurons increased 
with age through day 100. GnRH neurons were never seen within the olfactory 
system. As shown in a representative schematic diagram and data from immu-
nohistochemistry, the position of cells containing irGnRH-III in a representative 
47-day old larval lamprey were noted in the same location in the preoptic-area/
anterior hypothalamus (Fig. 7.4). No immunoreactive cells were noted in the 
telencephalic lobes.

In addition, in these same studies, the cells and fibers of the olfactory system 
were identified using the lectin, Grifonia Simplicifolia-1 (GS-1) (Tobet et al. 1996). 
Overlap between the olfactory and GnRH systems were at the level of fiber projec-
tions. GS-1 reactive cells of apparent placodal origin did not enter the region of 
the preoptic area or hypothalamus that contained GnRH neurons. Recently-divided 
cells were labeled with the thymidine analog, bromodeoxyuridine (BrdU). The po-
sitions of BrdU-labeled cells after different survival times suggested a predominant 
medial-lateral radial neuron migration with a small number in positions suggestive 
of migration between the olfactory epithelium and the telencephalic lobes. Regard-
less of survival time, these cells were always found close to their entry point into 
the brain, suggesting minimal rostral-caudal migration. Based on these results, To-
bet et al. (1996) hypothesized that GnRH neurons in developing lamprey originate 
within proliferative zones of the diencephalon and not in the olfactory system. 
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Based on the overlap of olfactory- and GnRH-containing fibers from prolarval 
stages to metamorphosis, olfactory stimuli may play a major role in the regulation 
of GnRH secretion in lamprey.

7.6.2  Distribution of GABA Neurotransmitter

The distribution of the amino acid neurotransmitter gamma-aminobutyric acid 
(GABA) in neurons in the brain and central nervous system has been examined in 
adult animals representing several classes of vertebrates. In the vertebrate species 
examined, GABA neurons were shown to be distributed throughout the brain and 
have been found consistently in the preoptic area of the hypothalamus and in the 
olfactory bulbs of the telencephalon (Domenici et al. 1988; Franzoni and Morino 
1989; Martinoli et al. 1990; Bennis et al. 1991; Lauder 1993; Medina et al. 1994; 
Barale et al. 1996). Co-localization of dopamine and GABA neurons were also 
observed in the dopaminergic populations of adult sea lamprey (Barreiro-Iglesias 
et al. 2009). A few studies have examined the spatial relationship of GABA-
containing neurons to regions of the brain containing gonadotropin-releasing 
hormone (GnRH or LHRH) neurons. GABA is considered the primary inhibitory 
neurotransmitter in the central nervous system across all vertebrates, although 
its action can be excitatory if chloride concentrations are higher inside target 
cells than outside (Cherubini and Conti 2001). GABA plays an important role 
in the regulation of GnRH and gonadotropin (GTH) release in vertebrates (Kah 
et al. 1992; Sloley et al. 1992; Trudeau et al. 1993a, b, c, 2000). In the rat Rattus 
rattus, GABAergic axons synapse on LHRH neurons found in the preoptic area 
(Leranth et al. 1985). In teleost fishes, GABA-containing cell bodies were found 
in the preoptic area and tuberal regions of the hypothalamus (Martinoli et al. 
1990), and studies suggest that GABA is important in the early development of 
the teleost central nervous system (Ekstrom and Ohlin 1995; Doldan et al. 1999). 
Furthermore, direct innervation of the neurohypophysis and adenohypophysis by 
GABA neurons has been demonstrated in goldfish Carassius auratus (Kah et al. 
1987; Kah and Dufour 2010). Only a limited number of studies examining the 
distribution and functions of GABA as related to GnRH have been completed in 
fish, and only one in developing lamprey (Reed et al. 2002).

In the Reed et al. (2002) study, the topographic distribution of GABA- and GnRH-
containing cells was examined in the brains of developing and adult sea lamprey 
using immunocytochemistry and in situ hybridization. In the prolarval sea lamprey, 
distinct populations of GABA-containing cells were visible in the forebrain by 20 
days after fertilization. These GABA-containing cells occurred throughout the ol-
factory bulb region of the telencephalon and in the diencephalon, particularly in the 
periventricular region of the rostral preoptic area. The GABAergic cells remained 
distributed in these separate populations throughout the lamprey prolarval develop-
mental stages. In the adult sea lamprey, GABAergic elements appeared ubiquitous 
throughout the brain, making cell bodies of origin difficult to discern. Nonetheless, 
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cell bodies were discernible in the rostral hypothalamus. The distribution of cells 
containing GABA was then compared to that of GnRH-I cells using brain sections 
matched for coronal or horizontal planes within the diencephalon from both larval 
and adult lamprey. The GnRH-containing cells were found in the same distribution 
as described previously (Tobet et al. 1996), with GnRH-containing cells arising in 
the rostral diencephalon after 20 days of development. This study showed that in 
the lamprey, GABA-containing cells are discernable earlier in development than 
GnRH-containing cells. The GABA-containing cells were first visualized in the 
hypothalamus at 10–20 days after fertilization, whereas GnRH appeared in the same 
region as GABA between 20 and 30 days after fertilization. The matched section 
analysis in the Reed et al. (2002) study suggested that GABA and GnRH cell popu-
lations in the rostral hypothalamus and preoptic area are closely apposed, yet likely 
distinct (Fig. 7.5).

To further establish a proximate relationship between GABA and GnRH, glu-
tamate decarboxylase (GAD, the GABA-synthesizing enzyme) and GnRH mRNA 
expression were examined by in situ hybridization in the brains of larval lamprey, 
thus providing the first GAD expression data for an agnathan (Reed et al. 2002). 
Similar to the results obtained by immunocytochemistry, GnRH and GAD mRNA 
were present in cell populations in and around the third ventricle of the hypothala-
mus. If the close proximity of these elements in the developing and adult hypo-
thalamus provides for specific neural communication, then there is the potential 
for a regulatory role for GABA on GnRH neuronal development and reproductive 
function in the lamprey (Reed et al. 2002).

GABA is one of the earliest neurotransmitters to appear in the brain during 
development (Lauder et al. 1986; Roberts et al. 1987; Barale et al. 1996; Anadόn 
et al. 1998), thus it is not surprising that GABA might affect GnRH neuronal 
development in the lamprey. Studies in the zebrafish demonstrated that GABA 
was distributed in discrete brain regions during early development (Doldan et al. 
1999). Another study also described the developmentally dependent appearance 
of GABA-ir neurons in the early brain of another teleost, the threespine stickle-
back Gasterosteus aculeatus; GABA appeared to be expressed in the first differ-
entiated neuronal populations of the brain (Ekstrom and Ohlin 1995). In the Afri-
can clawed frog Xenopus laevis tadpole, GABA was found in the prosencephalon 
(which later forms the telencephalon and diencephalon) along the prosencephalic 
vesicle, and in the ventral thalamus and the hypothalamus early in embryonic 
development (Barale et al. 1996). In the rat, a population of GABAergic neurons 
was found in the diencephalon, including the hypothalamus, early in develop-
ment. In teleosts, GABA neurons emerge early in development within the rostral 
prosencelphalon (Ekstrom and Ohlin 1995; Doldan et al. 1999). In amphioxus 
Branchiostoma lanceolata, GABA-ir cells were localized caudal to the infun-
dibular organ, which is thought to correspond to the GABA-ir fibers observed in 
the ventral hindbrain of Xenopus embryos (Anadón et al. 1998). Taken together 
with the results obtained in the Reed et al. (2002) study, it appears that the early 
establishment and development of GABAergic systems is a phylogenetically old 
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developmental pattern. The early appearance of GABA could be due to its sug-
gested dual role as a trophic factor as well as a neurotransmitter (Lauder 1993).

If the GABA-containing cells defined in the Reed et al. (2002) study communi-
cate with the GnRH-containing cells that were found in close proximity, then this 
could provide a mechanism for GABA in influencing the development and estab-
lishment of GnRH cell populations in the sea lamprey. Studies on the physiological 
role of GABA, in relation to GnRH, at any stage during the life cycle of the sea 
lamprey are limited (Root et al. 2004, 2005). In the mouse, it has been shown that 
GABA influences the development of the GnRH system (Fueshko et al. 1998; Bless 
et al. 2000). GABA is transiently expressed during development (von Bartheld and 
Rubel 1989; Barale et al. 1996; Tobet et al. 1996), and in explants from embryonic 

Fig. 7.5  Schematic diagrams 
of sagittal (a), coronal (b), 
and horizontal (c) sections 
illustrating the positions of 
GABA and lamprey GnRH 
immunoreactive (ir) cells 
in the heads and brains of 
larval sea lamprey (days 
30 or 40). Round circles 
represent GABA ir cells 
and filled teardrop shapes 
represent lamprey GnRH ir 
cells within the preoptic area/
rostral hypothalamus. The 
horizontal plane chosen (c) 
shows the different rostral-
caudal populations for cells 
containing ir GABA and is 
located dorsal to the region 
containing GnRH neurons. 
Habenula ( HB), diencephalon 
( Di), midbrain ( m), olfactory 
bulb/telencephalon ( OB/T), 
olfactory epithelium ( OE), 
ventricle ( V) are shown. 
(This figure was originally 
published in Reed et al. 
(2002) Copyright © 2002 
Karger Publishers, Basel, 
Switzerland)
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mice, synaptic input from GABAergic cells caused spontaneous activity in GnRH 
neurons (Kusano et al. 1995). The published results in other species suggest that 
GnRH neurons possess GABA receptors and are responsive to GABA early in de-
velopment. The data to date show that GABA is present early in the development 
of the prolarval sea lamprey as well as in the larval and adult stage lamprey brains 
(Reed et al. 2002; Root et al. 2005). The GABA cells clustered in several distinct 
populations within the forebrain. One of the populations of GABA cells, in the 
rostral hypothalamus/preoptic area, was closely apposed to GnRH cells in the same 
region. Based on the results of this study, the authors hypothesized that GABA in-
fluences the development and function of GnRH neurons in the sea lamprey (Reed 
et al. 2002). As stated above, this suggests that the early establishment and develop-
ment of GABAergic systems within the lamprey brain, particularly the forebrain, is 
a phylogenetically ancient pattern.

The cDNA of lamprey GnRH-III had not yet been identified at the time of the 
Reed et al. (2002) study. With the cloning of lamprey GnRH-III (Silver et al. 2004) 
and lamprey GAD (Lariviere et al. 2002) cDNAs, the relationship between mRNA 
expression of these genes in the sea lamprey were compared using dual-label in situ 
hybridization in adult, juvenile, and larval sea lamprey (Root et al. 2005). In this 
study, GAD-expressing cells were distributed in several populations throughout the 
adult sea lamprey brain (Fig. 7.6). A population of GAD-expressing cells was lo-
calized in the olfactory bulb of the telencephalon, a second smaller cell population 
was seen in the ventral anterior hypothalamic region, and a third larger cell popu-
lation was identified, stretching from the medial ventral hypothalamus and neu-
rohypophysis along the dorsal and ventral divisions of the periventricular arcuate 
nucleus to the anterior region of the rhombencephalon (Fig. 7.6; Root et al. 2005). 
GAD-expressing cells were also detected in the dorsal thalamus, widely scattered 
between the habenular region and the optic tectum. A similar distribution of GAD 
populations was observed in larval and metamorphosing lampreys, although the 
reaction product did not appear to be as concentrated as in adults.

These data suggested a relationship of the GnRH- and GABA-expressing neu-
rons in the ventral hypothalamus. Dark reaction product was detected in the hypo-
thalamus near the preoptic region stretching along the ventral hypothalamus and 
neurohypophysis in the adult sea lamprey. In the brain of parasitic-phase lampreys, 
GAD-expressing neurons were detected in this same region of the hypothalamus 
along the neurohypophysis. In larvae, GAD mRNA was seen in the developing 
medial and ventral hypothalamic regions. What is significant is that these GAD-
expressing cells were observed in similar regions of the hypothalamus as GnRH-
expressing cell populations in all three lamprey life stages. Under the fluorescent 
microscope, GAD-expressing cells were seen remarkably close to those popula-
tions expressing GnRH in the preoptic area suggesting direct interaction between 
these neurons. These data are in agreement with previous immunocytochemistry 
data from Reed et al. (2002) where GABA-immunoreactive neurons were detected 
near GnRH-immunoreactive neurons. This possible interaction between GABAer-
gic neurons and GnRH neurons is further supported by recent in vitro and in vivo 
studies. In vitro administration of muscimol (GABA receptor A agonist) in adult 



3297 The Reproductive Hypothalamic-Pituitary Axis in Lampreys

female sea lamprey showed an increase in GnRH-III release compared to controls, 
whereas in vivo administration of GABA and muscimol showed an increase of both 
forms of GnRH compared to controls in adult female sea lamprey brains (Root et al. 
2004). These data suggested that GABA has a direct action on GnRH neurons as a 
neurotransmitter.

The occurrence of GAD mRNA expression in the forebrain of the sea lamprey 
is further supported by previous immunocytochemical studies for GABA in larval 
(Melendez-Ferro et al. 2001, 2002; Reed et al. 2002) and adult (Pombal et al. 1997; 
Pombal and Puelles 1999) lamprey, by a GAD microassay study (Wald et al. 1981), 
and by GAD in situ hybridization studies in other fishes (Anglade et al. 1999). 
These studies have shown collectively that both GABA and GAD are present and 
that GAD is functionally active in the sea lamprey. Melendez-Ferro et al. (2002) and 
Reed et al. (2002) separately demonstrated that GABA is present in the forebrain of 

Fig. 7.6  Digoxigen ( DIG)-labeled in situ hybridization for lamprey glutamate decarboxylase 
( GAD) in adult lamprey and schematic diagram illustrating GAD expression. Digital photographs 
of sagittal tissue sections from adult (a–d) sea lamprey brains showing distinct cell populations 
expressing lamprey GAD mRNA. Reaction product was detected in the olfactory bulb (a), preop-
tic nucleus and ventral hypothalamus (b), dorsal thalamus extending to the base of the habenular 
region (c), and ventral and dorsal periventricular arcuate nuclei (d). Scale bars = 25 μm. (Adapted 
from Root et al. 2005)
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the embryonic and larval lamprey, appearing in the telencephalon and diencephalon 
20 days after fertilization. In the olfactory bulb, Melendez-Ferro et al. (2001) re-
ported that at least five types of cells containing GABA were present in all of the ol-
factory layers, with the majority present in the glomerular layer and the regions sur-
rounding the olfactory nerve. In the Root et al. (2005) study, GAD-expressing cells 
were detected in the glomerular layer and mitral and granular cell layers, agreeing 
well with data presented by Melendez-Ferro et al. (2001) with regard to distribu-
tion and intensity. These data suggested that GABA is involved in processing in the 
olfactory bulb of lampreys. GAD-expressing cells located in the dorsal thalamus 
near the optic tectum suggest a possible role for GABA as a neurotransmitter affect-
ing the optic nerve in the lamprey. Neurons projecting to the medial hypothalamus 
and eventually to the rhombencephalon support a role in the oculomotor system as 
suggested by Melendez-Ferro et al. (2001). Although these data offer support to the 
above hypotheses, they are not definitive evidence and, as such, further research is 
needed. The Root et al. (2005) study has shown that GAD mRNA is expressed in 
four distinct cell populations in the lamprey brain, ranging from the telencephalon 
and diencephalon of the forebrain to the mesencephalon and rhombencephalon of 
the midbrain and hindbrain. The close distribution of GAD and lamprey GnRH in 
the preoptic region also reported further supports the hypothesis that GABA might 
act on the reproductive axis through the feedback on GnRH neurons (Reed et al. 
2002; Root et al. 2005).

7.7  Biological Activity of GnRHs

Prior to the 1980s, there was little evidence for a regulatory influence of the hy-
pothalamus on the pituitary-gonadal axis in agnathans (Sower 1997, 2003). The 
first experimental evidence of the neuroendocrine control of reproduction in lam-
preys was obtained using a mammalian GnRH analog (Sower et al. 1983). This was 
followed by the subsequent identification of lamprey GnRH-I in 1986 (Sherwood 
et al. 1986), lamprey GnRH-III in 1993 (Sower et al. 1993), and lamprey GnRH-II 
in 2008 (Kavanaugh et al. 2008; see Sect. 7.4). The many functional studies that 
followed in testing these GnRHs and respective analogs along with the immuno-
histochemical and anatomical studies have clearly demonstrated that lampreys are 
the most basal vertebrates for which there are demonstrated functional roles for 
multiple GnRH neurohormones that are involved in pituitary-reproductive activ-
ity (Sower 2003; Sower et al. 2009) (Table 7.2). Investigations on the role of each 
of the GnRHs in lampreys had and have been impeded by the lack of a purified 
gonadotropin that can be used in assays to directly measure pituitary response/func-
tion. Even though gonadotropin(s) have not been fully identified from lamprey pi-
tuitaries, there is substantial direct and indirect evidence of pituitary responsiveness 
to lamprey GnRHs. As each of the GnRHs has been identified, biological activity 
has been assessed by indirect measures of determining steroidogenesis or game-
togenesis in in vivo or in vitro studies (Sower et al. 1985b, 1987, 1995b; Sower 
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1989; Deragon and Sower 1994; Barannikova et al. 1995; Gazourian et al. 1997, 
2000; Kavanaugh et al. 2008). The first direct evidence of GnRH stimulating the 
pituitary was provided by Knox et al. (1994), in which the lamprey pituitary was 
shown to contain two high-affinity binding sites for GnRH. Other methods for di-
rectly measuring pituitary responsiveness were done using co-cultures of pituitar-
ies and gonads with varying doses of GnRH (Sower 1990; Gazourian et al. 2000; 
Kavanaugh et al. 2008) and receptor binding studies (Materne et al. 1997; Knox 
et al. 1994). Most recently, the cDNAs of three GnRH pituitary receptors have been 
identified, and it has been shown that each receptor activated the inositol triphos-
phate (IP3) or cAMP signaling system; stimulation with lamprey GnRH-I, -II or -III 
led to dose-dependent responses in COS7 cells transiently transfected with lamprey 
GnRH-R-1, -2, -3 (Silver et al. 2005; Silver and Sower 2006; Joseph et al. 2012). 
In addition, seasonal correlations between changes in brain GnRHs and gameto-
genic and steroidogenic activity of the gonads in adult male and female sea lamprey 
have been demonstrated (Fahien and Sower 1990; Bolduc and Sower 1992; Sower 
et al. 2011). While these studies strongly support the actions of GnRHs directly 
or indirectly at the pituitary, it will be unknown how these GnRHs differentially 
regulate the pituitary-gonadal axis until the gonadotropin/glycoprotein hormone(s) 
responses can be measured.

As stated previously, in 1986, the primary structure of GnRH-I was identified 
in the sea lamprey (Sherwood et al. 1986). Using synthetic lamprey GnRH-I and 
analogs, various studies provided the first evidence of neuroendocrine control of re-
production in lampreys (Sower et al. 1983, 1985b; Sower 1987, 1989, 1990; Fahien 
and Sower 1990; Sower and Larsen 1991; Youson and Sower 1991; Bolduc and 
Sower 1992). Once lamprey GnRH-III was identified in 1993, the first experimental 
studies were done and showed that lamprey GnRH-III was also a neurohormone 
involved in reproduction, based on its ability to produce a significant elevation of 
estradiol in adult female sea lamprey (Sower et al. 1993) and on the occurrence of 
this peptide in lampreys at different stages of metamorphosis coinciding with the 
acceleration of gonadal maturation (Youson and Sower 1991).

7.7.1  Plasma Sex Steroid Responses to GnRH

Concentrations of plasma estradiol (E2) and progesterone (P) have been used as 
measures of pituitary response to GnRH, reproductive development, and gonadal 
activity in sea lamprey (Sower 1987, 1989, 1990) and other lampreys (reviewed 
in Bryan et al. 2008). E2 is considered to be a major reproductive hormone in both 
male and female lampreys (Sower et al. 2011). The role of E2 in reproduction is 
further supported by the cloning of an estrogen-like receptor in sea lamprey (Thorn-
ton 2001). In sea lamprey and Arctic lamprey Lethenteron camtschaticum, E2 con-
centrations increased during spermiation (Fukayama and Takahashi 1985; Sower 
et al. 1985a; Fahien and Sower 1990) and decreased during ovulation (Sower et al. 
1985a; Bolduc and Sower 1992). In the first reported study examining sex steroid 
profiles in the Pacific lamprey during overwintering and sexual maturation, E2 



3337 The Reproductive Hypothalamic-Pituitary Axis in Lampreys

concentrations were usually higher in males than in females and increases coincided 
with the development of secondary sex characteristics (Mesa et al. 2010). In another 
study, there were higher plasma concentrations of E2 in females compared to males 
and, in both sexes, plasma E2 significantly increased as the season progressed, cor-
relating with a temperature increase that is in general agreement with these earlier 
studies (Sower et al. 2011). In males, higher E2 concentrations corresponded to 
males that have mature sperm (Fukayama and Takahashi 1985; Sower et al. 1985a; 
Linville et al. 1987) and are consistent with the presence of an estrogen receptor in 
the testis (Ho et al. 1987). While E2 is considered to be a major steroid involved 
in reproductive processes, the precise function(s) of E2 in both male and female 
lampreys need to be elucidated. There are still many questions remaining as to the 
type of steroids that are synthesized and their respective functions (reviewed in 
Bryan et al. 2008; Docker et al. in press). For example, there is growing evidence 
that all lampreys produce gonadal steroids that are different from those of other 
vertebrates by possessing an additional hydroxyl group at the C15 position (Bryan 
et al. 2006, 2008). Plasma concentrations of 15α-hydroxylated steroids increased 
in both sea and Pacific lampreys when GnRH was administered (Bryan et al. 2004; 
Young et al. 2004). These studies suggested that GnRH-III was more potent than 
GnRH-I in Pacific lamprey (Young et al. 2004), but only in some instances for sea 
lamprey (Bryan et al. 2004; Young et al. 2004). In addition, there is evidence that 
15α-hydroxyprogesterone is a hormone in lampreys and that androstenedione, a 
precursor to vertebrate androgens, is the main androgen (Bryan et al. 2008), but 
much more detailed research will be required on the steroids and respective recep-
tors in lampreys.

Sower (1989) demonstrated that lamprey GnRH-I stimulated plasma P and E2 
in adult male sea lamprey after single and two successive injections of lamprey 
GnRH-I. In this same study, lamprey GnRH-I was determined to induce spermia-
tion in adult male sea lamprey compared to controls after four successive injec-
tions of lamprey GnRH-I. Lamprey GnRH-III was also shown to stimulate plasma 
concentrations of both P and E2 in the adult male lamprey after a single injection 
of lamprey GnRH-III, and induce spermiation after four successive injections of 
lamprey GnRH-III (Deragon and Sower 1994). In both studies, neither lamprey 
GnRH-III nor lamprey GnRH-I appeared to produce a dose-related response in 
plasma concentrations of E2 and P. The percent spermiation data demonstrated that 
the injection of adult male sea lamprey with lamprey GnRH-III induced a higher 
percent spermiation after days 16 and 21, indicating that lamprey GnRH-III may be 
more potent as a neurohormone than lamprey GnRH-I in the adult male sea lam-
prey. This is supported by the fact that lamprey GnRH-III brain content concentra-
tion was determined to be three times greater than that of lamprey GnRH-I (Sower 
et al. 1993) and about four times greater than that of lamprey GnRH-II (Sower et al. 
2011). In another study, both lamprey GnRH-I and -III stimulated steroidogenesis 
and induced ovulation in adult female sea lamprey during their final reproductive 
stage (Gazourian et al. 1997). One injection of lamprey GnRH-III at 0.1 or 0.2 μg/g 
lamprey stimulated plasma E2 concentrations in lamprey held at each of three water 
temperatures, 13, 17, and 19 °C, corresponding to increasing stages of maturation. 
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Four successive injections, 3–4 days apart, of lamprey GnRH-III at 0.1 or 0.2 μg/g 
body weight induced ovulation in 100 or 88 % of lampreys, respectively, compared 
to 21 % in controls by day 31. In contrast to the Deragon and Sower (1994) study, in 
which lamprey GnRH-III was more potent than lamprey GnRH-I in inducing sper-
miation in adult male sea lamprey, the results from the Gazourian et al. (1997) study 
indicated that lamprey GnRH-I and -III are equally potent in inducing ovulation and 
stimulating steroidogenesis in female sea lamprey. The varying results from these 
studies are likely reflected in the timing of injections, water temperature, and slight 
differences in reproductive stages.

The hypothalamic role of lamprey GnRH-II is not well understood at this time. 
Lamprey GnRH-II was shown to be biologically active as determined by signifi-
cantly increased concentrations of plasma E2 in the in vivo studies and significantly 
increased media E2 in the co-culture ovary/pituitary in vitro studies (Kavanaugh 
et al. 2008). Lamprey GnRH-III was slightly less effective, compared with lamprey 
GnRH-II. In these co-culture ovary/pituitary studies, media E2 was significantly 
potentiated, compared with media E2 from ovary culture treated with lamprey 
GnRH-II. In the ovary culture only, and similar to earlier studies on lamprey GnRH-
I and -III (Gazourian et al. 2000), lamprey GnRH-II also had a slight direct effect 
on stimulating media E2, compared with controls. In the Kavanaugh et al. (2008) 
study, administration of GnRH-II in vivo and in vitro induced significant pituitary-
gonadal responses. However, until the release rates of lamprey GnRH-I, -II and 
-III are known, and gonadotropins directly measured, the differences in potency 
between the GnRHs can only be inferred.

7.7.2  Effect of Temperature on GnRH Activity

Early experiments in sea lamprey suggested that injections of salmon gonadotro-
pin or a mammalian GnRH analog (see below) were insufficient to evoke ovula-
tion at lower temperatures (13 °C) despite being sufficient to elevate plasma E2 
(Sower et al. 1983), but did induce ovulation when the temperature was increased 
to 21 °C (Table 7.2). Temperature has been considered an important environmen-
tal factor for the final maturational processes in adult sea lamprey (Fahien and 
Sower 1990; Sower 1990; Bolduc and Sower 1992). Upstream spawning sea lam-
prey kept at temperatures below 15.5 °C will not ovulate or spermiate unless the 
temperature is elevated close to their optimal spawning temperatures of 21 °C 
(Sower 1990), and decreased spawning activity has been associated with sudden 
drops in temperature (Applegate 1950; Manion and Hanson 1980; Linville et al. 
1987). In the European river lamprey Lampetra fluviatilis, a rise in temperature 
(from 6 to 8 °C) was shown not to be a necessary factor for development of sec-
ondary sex characteristics and spermiation/ovulation, but there was a delay in 
sexual maturation of more than one month compared to controls held at increasing 
temperatures (6–11 °C; Larsen 1973). However, the normal spawning tempera-
ture is only 8–11 °C for the river lamprey (Hagelin and Steffner 1958; Jang and 



3357 The Reproductive Hypothalamic-Pituitary Axis in Lampreys

Lucas 2005), so the low temperatures were not as extreme as those used in the 
sea lamprey studies. Temperature is considered to be an important environmental 
factor for initiating spawning activity in lampreys in general (see Chap. 6). Thus, 
it would be of great interest to know the dynamic and temporal patterns of the 
GnRH ligands and receptors held under varying photoperiod and temperature re-
gimes during the reproductive cycles.

7.7.3  Structure-Function Activity of GnRH and Analogs

A series of studies, summarized in the following paragraphs, evaluated the biologi-
cal effects of mammalian and lamprey GnRH and respective analogs (i.e., synthetic 
peptides designed to interact with the GnRH receptor and modify its effect). Be-
cause GnRH molecules are simple decapeptides (see Sect. 7.4), they can be easily 
synthesized and different amino acids can be inserted at any position to produce 
analogs that can be more or less potent than the natural form (Harvey and Carolsfeld 
1993). Such analogs can either activate the receptor (i.e., be agonists) or block the 
receptor (i.e., be antagonists). In the above-mentioned Sower et al. (1983) study 
(Sect. 7.7.2), injections of the synthetic agonist of mammalian GnRH ([D-Ala6, 
Pro9] NEt mammalian GnRH) significantly elevated plasma E2 and advanced ovu-
lation by at least several weeks in adult female lamprey. Note that in these analogs, 
D means that a D-amino acid, the mirror image form of the naturally occurring 
L-forms, has been inserted at that position (making the analog more resistant to 
degradation), and NEt means that the analog is missing the tenth amino acid and 
instead ends with an ethylamide (Harvey and Carolsfeld 1993). In the same 1983 
study, a mammalian GnRH antagonist ([Ac-3 Pro1, 4-FD-Phe2, D-Trp3,6] mamma-
lian GnRH), which is a competitive inhibitor of GnRH in mammalian systems, had 
no apparent effect on plasma E2 concentrations or on timing of ovulation. These 
data confirmed that the receptors for GnRH in the sea lamprey are specific and can 
distinguish between variants in this molecule.

[D-Phe2,6, Pro3] lamprey GnRH was one of the first lamprey GnRH analogs 
tested and found to be a putative antagonist (Sower 1987). It inhibited ovula-
tion in mature female lamprey, and inhibited spermiation and reduced plasma P 
concentrations in male sea lamprey (Sower 1987, 1989). Some GnRH-I analogs 
(but not GnRH-III) have been shown to influence spawning behavior in lampreys 
(Sower 2003). Such effects of GnRH-I and analogs on spawning behavior in adult 
male and female sea lamprey were investigated by Sower and Hanson (1992) 
during three successive spawning seasons. In each of these experiments, three 
or four groups of 12 sea lamprey each were injected two times with saline, lam-
prey GnRH-I, lamprey GnRH-I agonist [D-Ala6, Pro9 NEt lamprey GnRH], or a 
GnRH-I antagonist [D-Phe2,3, Pro3 lamprey GnRH]. After the second injection, the 
lamprey were introduced into an artificial stream channel and behaviors of spawn-
ing activity, resting, nest building, swimming, and fanning were monitored. In 
one of the experiments, spawning behavior was inhibited in females treated with 
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a lamprey GnRH-I agonist or antagonist compared to controls. However, in the 
males, lamprey GnRH-I agonist or antagonist stimulated earlier spawning activ-
ity compared to the controls. In another experiment of this study, lamprey GnRH 
antagonist induced earlier spawning activity in males, while lamprey GnRH ago-
nist inhibited spawning activity, and lamprey GnRH delayed spawning activity 
compared to the controls. These data suggested that lamprey GnRH-I influences 
spawning behavior in sea lamprey. Furthermore, the responses to lamprey GnRH-I 
and analogs were different in males compared to females, suggesting that differ-
ent neuroendocrine mechanisms may be involved (Sower 2003). In later stud-
ies examining the effects of lamprey GnRH-III on behavior, it was shown that 
this GnRH ligand did not influence the lamprey spawning behaviors (Sower and 
Hanson unpublished data).

The above studies evaluating the biological effects of lamprey GnRH-I and -III 
and analogs were done prior to the discovery of lamprey GnRH-II, a type 2-like 
GnRH (see Sect. 7.4). The expression pattern of GnRH-2 varies from species to 
species in jawed vertebrates, but is generally expressed in the brain and numerous 
peripheral tissues (Gorbman and Sower 2003; Kah et al. 2007). The function(s) 
of GnRH-2 in peripheral tissues and brain, however, have not been established. In 
the brain of gnathostomes, GnRH-2 predominates in extrahypothalamic regions 
and has been suggested to act as a neuromodulator/neurotransmitter, although 
there are species in which GnRH-2 is found in the hypothalamic regions and acts 
at the pituitary in stimulating gonadotropin function (King and Millar 1991). Sev-
eral laboratories have been examining the role of gnathostome GnRH-2 in re-
productive behavior. GnRH-2 appears to have one or more regulatory functions 
acting as a neurohormone or neuromodulator distinct from stimulation of LH se-
cretion (Rissman et al. 1995). In several mammalian species, exogenous GnRH-2 
treatments can regulate various behaviors such as promoting mating and reducing 
short-term food intake (Temple et al. 2003; Kauffman and Rissman 2004a, b). In 
birds, it was shown that the GnRH system in songbirds is modulated by social 
context (Stevenson et al. 2008). Confirming that lamprey GnRH-I (and its recep-
tor) is involved in lamprey behavior and examining the potential roles of lamprey 
GnRH-II and -III (and their receptors) will require detailed studies and is ripe for 
investigation.

The effects of lamprey GnRH-I, -III, and analogs on plasma E2 in male land-
locked sea lamprey were determined at different temperatures and different stages 
of reproduction (Gazourian et al. 2000). Both lamprey GnRH-I and lamprey GnRH-
III significantly elevated plasma E2 levels for 24 h at 8 °C, but not at 16 °C. This is 
consistent with a previous study, where injections of lamprey GnRH-I significantly 
elevated plasma E2 levels in male sea lamprey for up to 48 h at a low temperature, 
10 °C (Sower 1989). In female sea lamprey, it was found that plasma E2 remained 
significantly elevated for 24 h after injections of lamprey GnRH-I and -III at 13 °C, 
but not at 19 °C (Gazourian et al. 1997). These combined data suggest a greater 
metabolic turnover or degradation of lamprey GnRH, GTH, or their respective re-
ceptors at higher temperatures or later stages of reproductive maturity. In an in vitro 
study, lamprey GnRH-I and -III significantly stimulated the pituitary to release a 
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putative GTH capable of stimulating the ovaries to release E2 when incubated at 
18 °C (Gazourian et al. 2000). [D-Glu6] lamprey GnRH-I at all doses suppressed 
pituitary response on the testis at 14 °C, whereas cyclo-[Glu6-Trp7-Lys8] lamprey 
GnRH-I only suppressed the pituitary at a dose of 100 and 1,000 ng/ml. It was pro-
posed that the constrained analogs might interact with the pituitary GnRH receptor 
and in turn inhibit putative GTH release or cause the release of a substance capable 
of inhibiting steroidogenesis in the lamprey testis.

Lamprey GnRH-I and lamprey GnRH-III are the only vertebrate GnRHs that 
do not have glycine in the sixth position (see Sect. 7.4); instead they have amino 
acid substitutions glutamate and aspartate, respectively (Sower et al. 1993). Thus, 
in earlier studies, cyclized GnRH analogs were examined to test whether the close 
proximity of the N and C termini is important for binding of GnRH-I to its recep-
tor in lampreys. Sower et al. (1995b) determined the in vivo effects of two lam-
prey GnRH-I analogs with substitutions of D-glutamate and glycine in the sixth 
position of the molecules, [D-Glu6] lamprey GnRH-I and [Gly6] lamprey GnRH-I, 
respectively. Two additional analogs, cyclo-[Glu6-Trp7-Lys8] lamprey GnRH-I and 
cyclo-[D-Glu6-Trp7-Lys8] lamprey GnRH-I, with their respective R groups linked 
by amide bonds at positions six and eight, were also studied to determine how 
restricting the flexibility of the molecule would influence its activity. In the Sower 
et al. (1995b) study, [Gly6] lamprey GnRH-I acted antagonistically by delaying 
ovulation by 3 weeks as compared to controls, while [D-Glu6] lamprey GnRH-I 
advanced ovulation. All GnRH-I analogs tested significantly elevated plasma E2 
levels compared to controls, suggesting that the sixth position of the lamprey GnRH 
peptide is important for its function. The suggested active conformation of mam-
malian GnRH contains a type IIβ-bend at the level of Gly6-Leu7, which brings the 
putative binding sites on the amino and carboxy termini into proximity (Struthers 
et al. 1985). Considering that lamprey GnRH-I and -III have different amino acids 
in the sixth position, it is possible that lamprey GnRH-I or -III have a different 
conformation compared to the putative conformation of the other members of the 
vertebrate GnRH family.

In the Gazourian et al. (2000) study, GnRH analogs were tested which had modi-
fications in the second and third positions of the native molecule. The putative bind-
ing domains of the mammalian GnRH molecule are considered the amino and car-
boxy termini (Struthers et al. 1985); therefore, substitutions of amino acids in these 
termini may affect receptor binding and/or activation. In this study, the activity of 
[Phe2] lamprey GnRH-I, [Trp3] lamprey GnRH-I, and others was examined. In the 
in vivo studies, [Phe2] lamprey GnRH-I elevated plasma E2 levels after 4 hours, but 
had no effect after 24 h. In the in vitro studies, [Phe2] lamprey GnRH-I only stimu-
lated E2 production with 1,000 ng/ml at 14 and 18 °C. Since this analog initially had 
a stimulatory effect on plasma E2 levels and acted directly on the testis, it appar-
ently was able to bind, and subsequently activate, the GnRH receptor. The inability 
of this analog to sustain elevated plasma E2 levels for 24 h suggests that this analog 
was susceptible to enzymatic degradation which shortened its plasma half-life. The 
presence of an endopeptidase capable of degrading mammalian GnRH analogs at 
the His2-Trp3 position has been suggested (Brudel et al. 1994); however, it is not 
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known whether this enzyme is active in the lamprey system. Lamprey GnRH-I is 
the only member of the vertebrate GnRH family to have an amino acid other than 
tryptophan in the third position. In the Gazourian et al. (2000) study, replacement of 
the native Tyr3 of lamprey GnRH-I with tryptophan rendered the analog completely 
inactive, suggesting that the third position of lamprey GnRH-I is critical for binding 
and/or activation of the receptor.

The effects of [Gly6] lamprey GnRH-I, [Gly6] lamprey GnRH-III, [D-Glu6] lam-
prey GnRH-I, and cyclo-[Glu6-Trp7-Lys8] lamprey GnRH-I were examined in the 
male sea lamprey (Gazourian et al. 2000). Substitution of the native sixth position 
amino acid of lamprey GnRH-I or -III with glycine resulted in increased potency of 
the analogs for 24 h in vivo. Cyclo-[Glu6-Trp7-Lys8] lamprey GnRH-I or [D-Glu6] 
lamprey GnRH-I also stimulated plasma E2 in vivo. In the in vitro studies, [Gly6] 
lamprey GnRH-I at all doses and [Gly6] lamprey GnRH-III at 100 and 1,000 ng/
ml directly stimulated E2 production in the testis of the male lamprey incubated 
at 14 °C. At 18 °C, only 1,000 ng/ml of [Gly6] lamprey GnRH-I and -III directly 
elevated E2 production. These data support the Gazourian et al. (2000) in vivo data 
with both [Gly6] lamprey GnRH-I and -III elevating E2 levels. In addition, cyclo-
[D-Glu6-Trp7-Lys8] lamprey GnRH-I at 10 and 1,000 ng/ml directly stimulated the 
testis at 14 °C, whereas [D-Glu6] lamprey GnRH-I at 100 and 1,000 ng/ml signifi-
cantly stimulated E2 production at 18 °C. Sower et al. (1995b) also showed that 
cyclo-[D-Glu6-Trp7-Lys8] lamprey GnRH-I and [D-Glu6] lamprey GnRH-I elevated 
E2 levels in vivo. The lower activity of [Gly6] lamprey GnRH-I and -III at 18 °C, as 
compared to 14 °C, may be due to increased enzymatic degradation of the peptide 
or the inability of the peptide to interact with the receptor, which may be enhanced 
at lower temperatures. In the in vivo studies, it is possible that the noted increase in 
E2 was due to both the direct activation of the GnRH analogs on steroidogenesis in 
the testis and the action of the lamprey GnRH analog acting through the pituitary-
gonadal axis.

It is proposed that the substitution of Gly6 may have modified the structure of the 
molecule, possibly promoting the conformation required for receptor interaction, or 
that the substitution of Gly6 augmented the resistance of the molecule to enzymatic 
degradation (Gazourian et al. 2000). Enzymatic degradation of both mammalian 
GnRH and salmon GnRH primarily results in cleavage of the Tyr5-Gly6 or Gly6-
Leu7 bond (Goren et al. 1990). If these enzymes are present in the sea lamprey, a 
substitution of the less-bulky glycine in the sixth position should have resulted in 
increased degradation and decreased activity of the molecule. Since the Gly6 substi-
tuted analogs consistently acted as the more potent analogs, this suggests that there 
may be different enzymes at work in the sea lamprey compared to other vertebrates.

In light of the newly identified lamprey GnRH receptors (see Sect. 7.8) and 
tools of molecular biology, testing the lamprey GnRH analogs in GnRH recep-
tor assays can provide critical information on the functions of each of the amino 
acid residues of the GnRHs and analogs. New methods in molecular biology now 
allow one to screen many different GnRH analogs using transiently transfected 
cell lines all year long (e.g., Kavanaugh et al. 2008); the studies described above 
tested GnRH and analogs on sexually maturing lamprey, and were thus limited 
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to the final reproductive period of approximately six weeks every spring. There 
is now the opportunity of being able to fully evaluate the structure-function of 
each GnRH and respective analogs with each of the three GnRH receptors using 
transient cell lines.

7.7.4  Direct Gonadal Effects of GnRH

In a number of different species of vertebrates, GnRH has been detected in a wide 
range of tissues including the ovary and testis, although the functions in these tis-
sues are not well understood and most often suggest that it acts in a paracrine func-
tion, that is, through release into adjacent cells or surrounding tissue rather than into 
the bloodstream (Gore 2002). In the goldfish, the expression of GnRH-2 and GnRH 
receptor were observed in the testis (Yu et al. 1998). In lampreys, it has been shown 
that lamprey GnRH-III has a direct steroidogenic effect on sea lamprey gonads, as 
evidenced by an increase in E2 levels (Gazourian and Sower 1994; Gazourian et al. 
2000). Both lamprey GnRH-I and -III (1,000 ng/ml) had significant direct effects 
on sea lamprey testes. Based on the evidence that neither lamprey GnRH-I (Millar 
and King 1987; Fahien and Sower 1990) nor lamprey GnRH-III (Sower unpub-
lished data) had been detected in the plasma of the sea lamprey, it was proposed 
that GnRH does not exert direct effects on the gonads via systemic circulation in 
the lamprey. In addition, GnRH binding sites have been demonstrated in both the 
testis and the ovary of the adult sea lamprey using an analog of mammalian GnRH 
([D-Lys6] mammalian GnRH) as a labeled ligand (Gazourian et al. 1997). Scatchard 
analysis suggested the presence of a high-affinity binding site in both the testis 
and the ovary (Gazourian et al. 1997). In this study, a single class of high affinity/
high capacity binding sites was characterized in the testes with an equilibrium dis-
sociation constant (Kd) of 0.187 nM and binding capacity of 1.55 pmol/mg protein. 
Ovarian data also demonstrated the presence of a single class of high affinity/high 
capacity binding sites with a Kd of 0.286 nM and binding capacity of 2.08 pmol/mg 
protein, respectively. The tissue expression data from the cloning of the first GnRH 
receptor (lamprey GnRHR-1) showed that the GnRH receptor was expressed in tes-
tis (Silver et al. 2005). The direct gonadal effects of GnRH and presence of high af-
finity binding sites suggest that there is a GnRH-like factor produced locally in sea 
lamprey gonads acting via GnRH receptors that may modulate gonadal function.

7.8  GnRH Receptors

7.8.1  Early Studies, 1990s

Many studies on the binding characteristics and kinetics of the GnRH receptor in 
vertebrates were performed throughout the 1970s and 1980s. In the early 1990s, 
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Tsutsumi et al. (1992) reported the first successful cloning of a GnRH receptor 
from the mouse using a homology-based PCR amplification scheme (Tsutsumi 
et al. 1992). Since this landmark study, more than 83 GnRH receptors have been 
cloned in invertebrates and vertebrates (see Millar et al. 2004; Sower et al. 2004; 
Silver et al. 2005). In lampreys, the first successful cloning of the receptor was re-
ported in 2005 (Silver et al. 2005). Prior to this identification and during the 1990s, 
GnRH binding assays were performed using lamprey pituitaries. In 1994, it was 
reported that two high-affinity, specific classes of binding sites occurred in the lam-
prey pituitary (Knox et al. 1994). Quantitative in vitro autoradiography was used 
to characterize and localize these GnRH receptors in the anterior pituitary of the 
adult female sea lamprey. Scatchard analysis revealed two classes of high-affinity 
binding sites with Kds of 1.5 × 10−12 M and 5 × 10−9 M. Binding to the GnRH recep-
tors was saturable, reversible, tissue specific, and time and temperature dependent. 
At the time, with the exception of the goldfish, only a single class of GnRH bind-
ing sites had been demonstrated in the following teleosts: stickleback (Andersson 
et al. 1989), African catfish Clarias gariepinus (De Leeuw et al. 1988), seabream 
Sparus aurata (Pagelson and Zohar 1992), and winter flounder Pseudopleuronectes 
americanus (Crim et al. 1988). Since the Sower laboratory has now cloned three 
GnRH receptors (GenBank accession numbers: lGnRHR-1, AF439802; lGnRH-R2, 
HM641828; lGnRH R3, HM641829; Silver et al. 2005; Joseph et al. 2012), it is 
likely that the two high affinity-binding sites in the lamprey pituitary from the Knox 
et al. (1994) study reflect two distinct receptors.

Displacement studies showed that a labeled mammalian GnRH analog could be 
displaced by chicken GnRH-I (GnRH-1), chicken GnRH-II (GnRH-2), synthetic 
mammal and salmon GnRHs, lamprey GnRH-I, lamprey GnRH-III, D-Ala6-Pro9 
NEt mammalian GnRH, and D-Phe2,6-Pro3 lamprey GnRH (Knox et al. 1994). The 
proximal pars distalis region of the anterior pituitary contained most of the GnRH 
binding sites with slight binding in the rostral pars distalis. Subsequent studies on 
the identification of the lamprey gonadotropin-β (Sower et al. 2006) showed that the 
immunoreactive GTH cells are located in the proximal pars distalis of the pituitary, 
confirming the findings of the location of the lamprey GnRH receptors.

These described studies on the characterization of two high-affinity GnRH-
binding sites were the first to show direct action of GnRH on the lamprey pituitary 
(Knox et al. 1994). In later studies, in vitro binding analysis was performed on 
pituitary sections in an effort to better understand the differential roles of the two 
GnRH binding sites throughout the development and sexual maturation (stage I, 
II, III, and ovulation) of the female sea lamprey, and to characterize the affinity for 
GnRH binding sites of four potential lamprey GnRH antagonists in the sexually ma-
ture male landlocked sea lamprey (Materne et al. 1997). Two high-affinity GnRH 
binding sites were observed throughout the development and final sexual matura-
tion of female sea lamprey (Materne et al. 1997). Concentration of sites increased 
in correlation with increased gonadal maturation and brain GnRH concentration, 
peaking near and at ovulation. All four lamprey GnRH analogs demonstrated two 
specific binding compartments of high- and low-affinity with inhibition constants 
comparable to those of the native lamprey GnRH-I and -III.
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7.8.2  Cloning, Identification and Functional Studies of Lamprey 
GnRH Receptors

GnRH action is mediated through high affinity binding with the GnRH receptor 
(GnRH-R), a class A or rhodopsin-like seven transmembrane G-protein coupled re-
ceptor (GPCR). GnRH receptors have been classified typically as type-1 (without a 
C-terminal tail) and type-II (with a C-terminal tail) (Silver et al. 2005; Guilgur et al. 
2006). The type-1 GnRH receptor is unique among all GPCRs in that this receptor 
lacks the highly conserved intracellular carboxy-terminal (C-terminal) tail. A full-
length transcript encoding a functional GnRH-R-1 was isolated and cloned from the 
pituitary of the sea lamprey (Silver et al. 2005; Guilgur et al. 2006). Recently, the 
full-length cDNA of lGnRHR-2 and lGnRHR-3 were cloned (Joseph et al. 2012). 
The cloned receptors retain the conserved structural features and amino acid motifs 
of other known GnRHRs and include C-terminal tails. lGnRHR-1 was shown to 
activate the inositol triphosphate (IP3) signaling system; stimulation with lamprey 
GnRH-I, -II or -III led to dose-dependent responses in COS7 cells transiently trans-
fected with lamprey GnRH-R-1 (Silver et al. 2005; Kavanaugh et al. 2008). The 
phylogenetic placement, structural, and functional features of lGnRHR-1 suggested 
that it is representative of an ancestral GnRH receptor.

More than 83 GnRH receptor cDNAs have been cloned since 1992 (Sect. 7.8.1). 
With the description of the catfish GnRH receptor 1, which was the first identified 
GnRH receptor to retain the evolutionarily conserved intracellular C-terminal tail, 
it has become evident that a major structural difference within the GnRH recep-
tor family is the presence or absence of the intracellular C-terminal tail. This tail 
has been shown to affect not only effective GnRH binding and activation of signal 
transduction, but desensitization and internalization pathways as well (Heding et al. 
1998; Pawson et al. 1998; Blomenrohr et al. 1999; McArdle et al. 1999; Willars 
et al. 1999; Vrecl et al. 2000; Hislop et al. 2005). Multiple GnRH receptors have 
been characterized in several species of vertebrates, suggesting that most organisms 
likely contain two or more functional GnRH receptors in the pituitary and brain (Il-
ling et al. 1999; Millar et al. 2001; Neill et al. 2001; Okubo et al. 2001; Wang et al. 
2001; Bogerd et al. 2002; Seong et al. 2003). Investigations in these organisms have 
demonstrated differential tissue distribution of GnRH receptor subtypes, as well as 
changes in receptor transcript expression based on reproductive stage (Illing et al. 
1999; Wang et al. 2001).

A full-length transcript encoding a functional type-II GnRH receptor (lGn-
RHR-1) was isolated and cloned from the pituitary of the sea lamprey (Silver et al. 
2005). This study was the first to identify a pituitary GnRH receptor transcript in an 
agnathan. The cloned receptor retains the conserved structural features and amino 
acid motifs of other known GnRH receptors (Fig. 7.7) and notably includes a C-
terminal intracellular tail of about 120 amino acids, the longest C-terminal tail of 
any vertebrate GnRH receptor identified to date. The lamprey GnRH receptor-1 
was shown to activate the inositol phosphate (IP) signaling system; stimulation with 
either lamprey GnRH-I or lamprey GnRH-III led to dose-dependent responses in 
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transiently transfected COS7 cells. Furthermore, analyses of serially truncated lam-
prey GnRH receptor-1 mutants indicate that perturbations of the C-terminal tail 
disrupt IP accumulation; however, the tail-less lamprey GnRH receptor-1 was not 
only functional but was also capable of stimulating IP levels equal to wild type. 
Expression of the receptor transcript was demonstrated in the pituitary and testes 
using reverse transcriptase PCR (RT-PCR), whereas in situ hybridization showed 
expression and localization of the transcript in the proximal pars distalis of the 
pituitary. The phylogenetic placement and structural and functional features of this 
GnRH receptor suggested that it is representative of an ancestral GnRH receptor. 
In addition to having an important role in lamprey reproductive processes, the ex-
tensive C-terminal tail of this lamprey GnRH receptor may have great significance 
for understanding the evolutionary change of this vital structural feature within the 
GnRH receptor family.

Silver and Sower (2006) performed a series of experiments examining cAMP 
responses, binding kinetics, whole cell competitive binding assays, and internaliza-
tion studies of the lamprey GnRH receptor-1 using a series of three C-terminal tail 
truncations (80, 40, and 0 amino acids) to better describe the functional significance 
of this unique vertebrate GnRH receptor. Activation of the lamprey GnRH receptor 
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was shown to stimulate cAMP production in a dose-dependant manner when treated 
with either lGnRH-I or lGnRH-III. Truncation analysis indicated that the mem-
brane-proximal 40 amino acids (aa) of the lamprey GnRH receptor C-terminal tail 
contain a motif required for cAMP accumulation. Saturation binding assays using 
the wild type and truncated lamprey GnRH receptors revealed that all of the three 
truncated lamprey GnRH receptors were capable of binding lGnRH-I. Competitive, 
intact cell-binding assays suggested that the lamprey GnRH receptor is lamprey 
GnRH-III selective, based on the observed pharmacological profile. Finally, the 
lamprey GnRH receptor-1 was shown to undergo rapid ligand-dependent internal-
ization, which was significantly diminished in the tail-less truncated form. These 
studies showed that this unique lamprey GnRH receptor-1 shares several character-
istics of both type I and type II GnRH receptors which suggests that this receptor 
has retained ancestral characteristics that can provide insight into the function and 
evolution of the vertebrate GnRH receptor family (Silver et al. 2005; Silver and 
Sower 2006).

Pituitary GnRH receptors are thought to primarily signal through Gq/11, resulting 
in the stimulation of the IP3s messenger system; however Gs activation and cAMP 
signaling has been reported as well (Arora et al. 1995; Stanislaus et al. 1998; Grosse 
et al. 2000; Liu et al. 2002; Oh et al. 2005). G-protein coupling to type I GnRH 
receptors clearly occurs within the intracellular loops (ILs), where several motifs 
have been identified that may be involved in G-protein coupling. For instance, the 
DRxxxI/VxxPL motif in IL2 and a conserved Ala residue in IL3 have been linked to 
Gq/11 coupling (Arora et al. 1995; Myburgh et al. 1998), while a BBxxB (where B is 
any basic amino acid) in IL1 was shown to be required for Gs coupling (Arora et al. 
1998). Furthermore, the presence or absence of the C-terminal tail in the type II or 
type I GnRH receptors could possibly explain the signaling disparity between the 
two groups, whereas an HFRK motif in the membrane proximal region of the bull-
frog type II GnRH receptor-1 was recently shown to be required for cAMP signal-
ing, but not for IP signaling (Oh et al. 2005). In the Silver and Sower (2006) study, 
lamprey GnRH receptor-1 was shown to activate the cAMP signaling system, in a 
dose-dependent manner, in transiently transfected COS7 cells. Lamprey GnRH-III 
was a more potent activator of this system compared with lamprey GnRH-I, which 
supports the previous hypothesis, based on IP activation (Silver et al. 2005), that the 
lamprey GnRH receptor-1 is lamprey GnRH-III selective. These data have several 
interesting implications. The lamprey GnRH receptor-1 activates both the cAMP 
and IP signaling systems; however, the IP system is activated at an approximately 
10-fold lower concentration of both lamprey GnRH-I and lamprey GnRH-III, and 
is also activated to a greater magnitude of approximately 4.5-fold, compared with 
c. 1.7-fold (lamprey GnRH-I) or c. 2.1-fold (lamprey GnRH-III) accumulation of 
cAMP. Not unexpectedly, truncation of the lamprey GnRH receptor C-terminal tail 
interfered with cAMP signaling; this is partially recovered by the 40 aa tail mutant, 
and lost again in the tail-less mutant form. The exact nature of GPCR/G-protein 
coupling is still in question since no conserved motifs that can be generally used 
to define G-protein specificity have been identified, nor has any particular domain 
been shown to be required. These current data indicate that a motif within the first 
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40 aa of the lamprey GnRH receptor-1 is involved in the Gs coupling, which is pro-
posed by these authors to be the ‘HFRK’-like motif (histidine–valine–arginine–ar-
ginine (HVRR) in lamprey) located within the membrane proximal region of the C-
terminal tail (Silver and Sower 2006). Furthermore, this region contains the BBxxB 
shown to be involved in Gs coupling in type I GnRH receptors, in which case this 
motif is located in the first IL (Arora et al. 1998).

Two full-length cDNAs encoding novel GnRH receptors, lGnRH-R-2 and 
lGnRH-R-3, were identified and classified as type III receptors (Joseph et al. 2012). 
Analysis of the encoded amino acid sequences showed conservation of the charac-
teristic motifs of GnRH receptors and high overall similarity to previously identi-
fied GnRH receptors. The ligand specificity and activation of intracellular signaling 
studies showed ligands lGnRH-II and -III induced an IP response in lGnRH-R-2 
and lGnRH-R-3, whereas no response was detected at either receptor with lGnRH-I 
stimulation. lGnRH-II was a more potent activator of lGnRH-R-3 than lGnRH-III. 
lGnRH-R-2 has a higher binding affinity in response to lGnRH-III than lGnRH-II, 
whereas lGnRH-R-3 has a higher binding affinity in response to lGnRH-II than 
IGnRH-III. Stimulation of lGnRH-R-2 and lGnRH-R-3 with increasing doses of 
each of the three GnRH ligands did not elicit a cAMP response supporting evidence 
that a key motif (HVRR-like) in the C-terminal tail is required for cAMP activation. 
Lamprey GnRH-R-2 precursor transcript was detected in a wide variety of tissues 
including the pituitary in both male and female adult lampreys. Lamprey GnRH-
R-3 precursor transcript was not as widely expressed and was primarily expressed 
in the brain and eye of male and female lamprey. A more recent study showed the 
presence of all three receptor transcripts in brain tissues for adult and parasitic-
phase lamprey and all three receptor transcripts were expressed in the adult pituitar-
ies, but not in the parasitic pituitaries (Hall et al. 2013). In this same study, in the 
larval phase, only lGnRH-R-1 was expressed in the larval brain and pituitary. From 
the phylogenetic analysis, lGnRH-R-1 is proposed to have evolved from a common 
ancestor of all vertebrate GnRH receptors, and lGnRH-R-2 and lGnRH-R-3 likely 
occurred due to a local gene duplication within the lamprey lineage. In summary, 
the findings of three receptor subtypes in the sea lamprey suggest that the plastic-
ity in evolutionary recruitment of specific pituitary GnRH receptor subtypes for 
particular physiological functions seen in later evolved vertebrates was an ancestral 
character that first arose in a basal vertebrate.

The highly conserved DRY (Asp-Arg-Tyr) motif located at the end of the third 
transmembrane of G-protein-coupled receptors has been described as a key motif 
for several aspects of GPCR functions (Rovati et al. 2007). However, in the case of 
the vertebrate gonadotropin-releasing hormone receptor (GnRHR), the amino acid 
in the third position in the DRY motif is variable. The other notable characteristic 
of GnRHRs is the variation of a DRY motif of GPCRs that is a highly conserved 
amino acid triplet at the end or junction of the third transmembrane domain and the 
second intracellular loop. There are variable substitutions of the third amino acid in 
the DRY motif of GnRHRs from different classes of vertebrates. This region poten-
tially contributes to GnRHR function. In many cases, type I receptor DRY motif is 
substituted with DR‘S’, while type II has DR‘H/Q’. To date, there are few reports 
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about the functional significance of the Ser in DRS of type I receptors (Arora et al. 
1995, 1997; Byrne et al. 1999). Thus, the functional significance of this variation 
of the DRY motif, particularly the type II GnRHR, has not been established. In the 
lamprey, the third amino acid of the DRY motif in lGnRHR-1 is His, while it is most 
often His/Gln in the type II GnRHR. To investigate the functional significance of 
the substitution of DRY to DRH in the GnRHR-1, second messenger signaling, li-
gand binding, and internalization of the wild-type and mutant lGnRH receptors were 
characterized with site-directed mutagenesis (Kosugi and Sower 2010). Treatment 
of the DRE151 and DRS151 mutant receptors with lamprey GnRH-I significantly 
reduced IP compared to wild-type (DRH151) and DRY151 receptors. The LogIC50 of 
wild-type receptor (−9.554+/−0.049) was similar to the LogIC50 of DRE151, DRS151, 
and DRX151 mutants, yet these same mutants were shown to significantly reduce 
cell-surface expression. However, the DRY151 mutant compared to the wild-type re-
ceptor increased cell-surface expression, suggesting that the reduction of IP produc-
tion was due to the level of the cell-surface expression of the mutant receptors. The 
rate of internalization of DRX151 (35.60 %) was reduced compared to wild-type and 
other mutant receptors. These results suggested that His151 of the lamprey GnRH 
receptor-1 may play a critical role in the retention of a certain level of cell-surface 
expression for subsequent cellular second messenger events.

7.9  Other Brain Neurohormones Potentially Involved in 
the Hypothalamic-Pituitary Axis: NPY, GnIH, TRH

There are several important brain neurohormones/factors that have been shown 
to stimulate/modulate gonadotropin releasing hormone (GnRH) and/or gonado-
tropin synthesis and/or release in vertebrates. In some teleost fishes, those neuro-
hormones/factors include dopamine, neuropeptide Y (NPY), gamma-aminobutyric 
acid (GABA), and more recently gonadotropin-inhibitory hormone (GnIH) and 
kisspeptin (KiSS) (Kah and Dufour 2010). In lampreys, GABA (as described in 
Sect. 7.6.2) and NPY have been shown to be involved with brain GnRH and repro-
duction (Conlon et al. 1994; Root et al. 2004, 2005; Fig. 7.8).

Many factors have been identified in vertebrates that are able to modulate repro-
ductive events through the influence on the hypothalamic-pituitary-gonadal axis. 
Two such modulators have been found to establish relationships with GnRH neu-
rons from the earliest stages of their development. Thus, NPY, GABA, and dopa-
mine (teleost fishes only) have been shown to influence reproductive processes in 
vertebrates, and have been found in and around GnRH neurons during their migra-
tion in several different species. In sea lamprey, both NPY (originally called pep-
tide methionine-tyrosine, PMY, a neuropeptide Y-like hormone) and GABA were 
determined to interact with the reproductive neuroendocrine axis (MacIntyre et al. 
1997; Reed et al. 2002). NPY is a 36 amino acid peptide that has been shown to 
act at the level of the hypothalamus and pituitary to alter GnRH and gonadotropin 
(GTH) release, respectively (reviewed in Larhammar 1996). Immunocytochemical 
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studies have determined that, in both teleosts and mammals, NPY-containing cells 
can be identified in close proximity to GnRH-containing cells (Larhammar 1996). 
In teleosts, NPY is able to stimulate GnRH and GTH release from the hypothalamus 
and pituitary and potentiate GnRH-induced GTH release when conducive steroidal 
conditions exist (Larhammar 1996). Whether NPY exerts a stimulatory or inhibi-
tory effect at either of these levels has proven to be highly dependent on the hor-
monal milieu. In some cyprinid fishes, dopamine has been demonstrated to inhibit 
GTH release (Peter et al. 1978; Peter and Paulencu 1980; Chang et al. 1983) while 
in many other teleost fishes, particularly marine species, dopamine has not been 
shown to inhibit GTH release (Copeland and Thomas 1989). The role of dopamine 
has not been examined in lamprey neuroendocrinology.

Lamprey NPY was isolated first from the intestine and then from the brain of the 
sea lamprey (Conlon et al. 1991, 1994). Lamprey NPY is structurally more similar 
to mammalian NPY than other NPY-family members as it has the same amino acid 

lGnRHR-1
lGnRHR-2
lGnRHR-3 

Lamprey Brain
GnIH/RF amide peptides+/?
Kisspeptin?
NPY+/?
GABA-/?
TRH?
Neurosteroids?

Thyrostimulin?

Fig. 7.8  Schematic diagram of the lamprey hypothalamic-pituitary-gonadal (HPG) axis. The 
following have been identified in lampreys: three GnRH ligands (lGnRH-I, -II, and -III); three 
GnRH receptors, all expressed in the pituitary (lGnRHR-1, -2, and -3); one gonadotropin β or 
lamprey glycoprotein hormone (lGpH) from the pituitary; and two glycoprotein hormone recep-
tors (lGpHR-1 in the gonads and lGpH-R II in thyroid tissues). In addition, thyrostimulin has 
been identified in the lamprey but its function is unknown (see Sect. 7.10). There are several other 
important brain neurohormones/factors that have been shown to stimulate/modulate GnRH syn-
thesis and/or release in vertebrates; their potential role in lampreys awaits further studies. Abbre-
viations: central nervous system ( CNS), gonadotropin inhibiting hormone ( GnIH), neuropeptide 
Y ( NPY), gamma-aminobutyric acid ( GABA), thyrotropin hormone releasing hormone ( TRH), 
triiodothyronine ( T3), thyroxine ( T4). (Figure courtesy of Dr. Mihael Freamat)
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residues at key positions identified in all other vertebrate forms of NPY (Conlon 
et al. 1991). Studies showed that lamprey NPY suppressed estradiol (E2) levels 
in female sea lamprey (MacIntyre et al. 1997). It was further demonstrated that 
lamprey NPY elevated brain lamprey GnRH-I and -III content, which is consistent 
with the function of NPY observed in other vertebrates (MacIntyre et al. 1997). At 
this time, it is undetermined whether NPY altered E2 concentration through direct 
action at the ovaries or if it affected pituitary function. Our understanding of NPY 
in lamprey reproduction is far from complete; further research would elucidate the 
interrelationships of lamprey NPY with the neuroendocrine system.

In 2000 and 2003, two new brain hormones were identified called GnIH and 
kisspeptin, respectively, which act on the hypothalamic-pituitary axis (Tsutsui 
et al. 2000; Seminara et al. 2003). GnIH is a dodecapeptide first identified in quail 
Coturnix japonica and shown to inhibit the synthesis and release of gonadotro-
pins (Tsutsui et al. 2000). Subsequently, GnIH, which belongs to the LPXRF-amide 
family of peptides (see below), has been described in fish but its actions on the 
hypothalamic-pituitary axis have not been elucidated (Tsutsui et al. 2007). The 
Kiss1/GpR54 system was discovered and shown to be the central gatekeeper in the 
regulation of GnRH and puberty in mammals (Seminara et al. 2003; Seminara and 
Crowley 2008). In mammals, the kisspeptin system acts in regulating many aspects 
of reproductive functions including the mediation of steroid feedback (Roa et al. 
2009). In adult sea lamprey brains, estrogen receptor expression was shown in the 
hypothalamic region using RT-PCR and in situ hybridization (Sower and Baron 
2011). A key question remains as to whether E2 acts directly on GnRH-expressing 
neurons, or indirectly through a mechanism utilizing GABA or kisspeptin. Root 
et al. (2005) identified GABA-expressing neurons in close proximity to neurons 
expressing lamprey GnRH (see Sect. 7.6.2), supporting the possibility of an indirect 
action of E2 on GnRH. However, the critical evidence needed in order to establish 
the direct and/or indirect nature of E2–GnRH interaction in lampreys lies in the de-
termination of cellular co-localization between GABA, GnRH, kisspeptin, and es-
trogen receptor. In teleosts, there are two KiSS genes, KiSS1 and KiSS2, expressed 
in hypothalamic and preoptic neurons; however, similar to GnIH, our knowledge 
of the functions of these new neurohormones on the hypothalamic-pituitary axis 
are limited (Felip et al. 2009; Kitahashi et al. 2009). While two kisspeptin genes 
(KiSS-1 and KiSS-2) were identified in the lamprey genome (Lee et al. 2009), the 
cloning and function of kisspeptin(s) and respective receptors in lampreys has not 
yet been elucidated.

RF (Arg-Phe) amide peptides, first discovered in invertebrates, have been identi-
fied in a few species of vertebrates (e.g., in birds: Tsutsui et al. 2000) and recently, 
in the lamprey also (Osugi et al. 2006). In fact, over the past decade (2000–2010), 
neuropeptides that have the RFamide motif at their C-termini have been identified 
in the brains of several vertebrates (Osugi et al. 2006). Based on the structures of 
vertebrate RFamide peptides, to date, at least five groups of the RFamide peptide 
family have been documented as follows: (a) PQRFamide peptide group (Yang 
et al. 1985; Yang and Martin 1995; Bonnard et al. 2001, 2003; Burlet-Schiltz et al. 
2002); (b) LPXRFamide (X = L or Q) peptide group, including GnIH (Tsutsui et al. 
2000; Fukusumi et al. 2001; Satake et al. 2001; Chartrel et al. 2002; Koda et al. 
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2002; Sawada et al. 2002; Ukena et al. 2002, 2003a, b; Ubuka et al. 2003; Yoshida 
et al. 2003; Osugi et al. 2004); (c) prolactin-releasing peptide (PrRP) group (Fuji-
moto et al. 1998; Hinuma et al. 1998; Moriyama et al. 2002; Seale et al. 2002); (d) 
metastin group, including metastin and kisspeptin (Kotani et al. 2001; Ohtaki et al. 
2001); and (e) pyroglutamylated RFamide peptide (QRFP) group (Chartrel et al. 
2003; Fukusumi et al. 2003).

Among the RFamide peptide groups, PQRFamide peptides, such as neuropep-
tide FF (NPFF) and neuropeptide AF (NPAF), share a common C-terminal Pro-
Gln-Arg-Phe-NH2 motif. LPXRFamide (X = L or Q) peptides, such as GnIH, frog 
growth hormone-releasing peptide (fGRP), goldfish LPXRFamide peptide, and 
mammalian RFamide-related peptides (RFRPs), also share a C-terminal Leu-Pro-
Leu/Gln-Arg-Phe-NH2 motif (Osugi et al. 2006). Such a similar C-terminal struc-
ture suggests that these two groups may have diverged from a common ancestral 
gene. Osugi et al. (2006) sought to clarify the evolutionary origin and divergence 
of these two groups, by identifying novel RFamide peptides from the brain of sea 
lamprey. A novel lamprey RFamide peptide was identified by immunoaffinity puri-
fication using the antiserum against LPXRFamide peptide. The lamprey RFamide 
peptide did not contain a C-terminal LPXRFamide motif, but had the sequence 
SWGAPAEKFWMRAMPQRFamide (lamprey PQRFa). A cDNA of the precur-
sor encoded one lamprey PQRFa and two related peptides. These related peptides, 
which also had the C-terminal PQRFamide motif, were further identified as ma-
ture endogenous ligands. Phylogenetic analysis revealed that lamprey PQRFamide 
peptide precursor belongs to the PQRFamide peptide group. In situ hybridization 
demonstrated that lamprey PQRFamide peptide mRNA is expressed in the regions 
predicted to be involved in neuroendocrine and behavioral functions. This was the 
first demonstration of the presence of RFamide peptides in an agnathan brain. In 
subsequent studies, lamprey PQRFa at 100 µg/kg increased brain concentrations 
of lamprey GnRH-II in adult female lamprey compared to controls (Daukss et al. 
2012). In these same studies, PQRFa, PQRFa-RP-1 and PQRFa-RP-2 did not sig-
nificantly change brain protein concentrations of either lamprey GnRH-I, -III, or 
lamprey GTH-β mRNA expression in the pituitary. These data suggest that one of 
the PQRFamide peptides may act as a neuroregulator of at least the lamprey GnRH-
II system in adult female lamprey. Lamprey PQRFamide peptides are considered to 
have retained the most ancestral features of PQRFamide peptides.

In another study, an LPXRFamide peptide gene was identified encoding three 
peptides (LPXRFa-1a, -1b and -2) from the brain of sea lamprey by synteny analy-
sis and cDNA cloning, and the mature peptides by immunoaffinity purification and 
mass spectrometry (Osugi et al. 2012). The expression of lamprey LPXRFamide 
peptide precursor mRNA was localized in the brain and gonad by RT-PCR and in 
the hypothalamus by in situ hybridization. Immunohistochemistry showed appo-
sitions of lamprey LPXRFamide peptide immunoreactive fibers in close proxim-
ity to GnRH-III neurons, suggesting that lamprey LPXRFamide peptides act on 
GnRH-III neurons. In addition, lamprey LPXRFa-2 stimulated the expression of 
lamprey GnRH-III protein in the hypothalamus and gonadotropin β mRNA expres-
sion in the pituitary. Synteny and phylogenetic analyses provide evidence that the 



3497 The Reproductive Hypothalamic-Pituitary Axis in Lampreys

LPXRFamide peptide gene diverged from a common ancestral gene likely through 
gene duplication in the basal vertebrates. These results suggest that one ancestral 
function of LPXRFamide peptides may be stimulatory compared to the inhibitory 
function seen in later-evolved vertebrates (i.e., birds and mammals). In time, the 
elucidation of the functions of these peptides will contribute to our understanding 
of the interrelationships of these peptides and the GnRH-GTH system.

In mammals, thyrotropin-releasing hormone (TRH) is considered a major hypo-
thalamic hormone that acts on the pituitary to stimulate the synthesis and release 
of thyrotropin hormone (TSH, a member of the pituitary glycoprotein family; see 
Sect. 7.3); TSH in turn acts on the thyroid gland to stimulate the synthesis and/or 
release of the thyroid hormones, thyroxine and triiodothyronine. TRH has also been 
shown to release pituitary growth hormone (GH) (Guillemin 1978; Schally 1978) 
and prolactin (PRL) (Jackson and Reichlin 1977). The role of TRH in non-mam-
malian vertebrates is much less established (reviewed in De Andrés et al. 2002). To 
date, there are only two reports on TRH in lampreys. Youngs et al. (1985) showed 
that TRH was present in the pituitary, brain, and spinal cord of larval and adult sea 
lamprey and adult European river lamprey, as determined by radioimmunoassay. 
A more extensive immunocytochemistry study was done, in which the distribu-
tion of TRH mainly occurred in the preoptic region and the hypothalamus in large 
larvae and adult upstream migrating sea lamprey (De Andrés et al. 2002). Sower 
et al. (1985b) reported that treatment of adult lamprey with a partly purified salmon 
gonadotropin or a GnRH analog significantly elevated plasma thyroxine. It was 
hypothesized from these studies that one hypothalamic GnRH stimulated both the 
pituitary-thyroid and pituitary gonadal axes. In later studies, lamprey GnRH-I and 
-III were shown to be significantly correlated with the seven stages of lamprey 
metamorphosis (Youson and Sower 2001). Unlike the induction of frog metamor-
phosis and even amphioxus metamorphosis by thyroid hormones (Paris et al. 2008), 
thyroid hormones do not stimulate the process of metamorphosis in lamprey (see 
Chap. 4). Metamorphosis in sea lamprey is characterized by a significant decline 
in thyroid hormones, changes in lipid metabolism, and elevated GnRH (Youson 
and Sower 2001). Subsequently, it has been determined that lampreys likely have 
only one pituitary glycoprotein hormone (GTH-like hormone) and one gonadal 
glycoprotein receptor and one thyroid glycoprotein receptor (Freamat et al. 2006; 
Sower et al. 2006; Freamat and Sower 2008a; see Sect. 7.10). Therefore, the work-
ing hypothesis (as of 2009) for these authors is that the glycoprotein hormone/
glycoprotein hormone receptor systems in lampreys are strongly interconnected 
(Sower et al. 2009).

The actions and interactions of these various neurohormones/neuromodulators 
are not known in lampreys and whether one or a combination of these hormones ex-
ert a stimulatory or inhibitory effect on the GnRH system is likely highly dependent 
on the hormonal milieu as well as the fish’s reproductive and developmental stage 
and environmental factors including photoperiod and temperature. Further studies 
will be required to gain an understanding of the complexity of the hypothalamic-
pituitary axis in controlling reproduction in lampreys.
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7.10  Lamprey Gonadotropin-Glycoprotein Hormone 
Family

In gnathostomes, the classical pituitary glycoprotein hormone (GpH) family con-
sists of two pituitary GTHs, LH and FSH, one thyroid-stimulating hormone (TSH), 
and a new member, thyrostimulin. In placental mammals, there is an additional 
member of the glycoprotein hormone family called chorionic gonadotropin (CG). 
Each of these GpHs consist of a heterodimer composed of an α- and β-subunit (see 
Sect. 7.3). Two GTHs have been identified in all taxonomic groups of gnathostomes 
(Suzuki et al. 1988; Kawauchi et al. 1989; Quérat et al. 2000, 2004; Huhtaniemi 
2005; Table 7.3). After more than 20 years of intensive investigations, the laborato-
ries of Sower and Kawauchi along with their students and collaborators identified 
the first and perhaps only GTH β-like protein by cDNA cloning in sea lamprey 
and it was shown to be localized in the proximal pars distalis (PPD) of the anterior 
pituitary (Sower et al. 2006).

Previous evidence from physiological and immunohistochemical studies had 
strongly supported the presence of a GTH-like molecule in lampreys (Sower 2003; 
Sower et al. 2006). Hypophysectomy and substitution therapy with pituitary ex-
tracts or mammalian GTHs indicated pituitary regulation of the gonads in Euro-
pean river lamprey (Larsen 1965). Injection of salmon GTH preparation into adult 
spawning sea lamprey advanced ovulation by several weeks and elevated plasma 
estradiol levels (Sower et al. 1983). Two high-affinity binding sites for lamprey 
GnRH-I and -III were found in the PPD of sea lamprey pituitary (Knox et al. 
1994) and the cDNA of one pituitary GnRH receptor-1 was cloned and shown to 
be expressed in the PPD (Silver et al. 2005). Moreover, GTH-like immunoreactiv-
ity was identified in cells distributed in the ventral half of the PPD (Nozaki et al. 
1999, 2001). These pituitary cells in the PPD were stained intensely by anti-ovine 

Table 7.3  Number of identified pituitary glycoprotein hormones to date in the different groups 
of vertebrates. The duality of the gonadotropin hormones and thyroid hormone-stimulating hor-
mone ( TSH) has been established in all gnathostomes, as shown. As noted, there is only one 
glycoprotein hormone in hagfishes and one in lampreys that cannot be assigned to luteinizing 
hormone ( LH), follicle stimulating hormone ( FSH), or TSH; LH, FSH, and TSH are not found 
in invertebrates. The two subunits of thyrostimulin, a new member of the vertebrate glycoprotein 
pituitary hormone family, are the ancestral units of LH, FSH, and TSH (see Sect. 7.10). There 
is one putative thyrostimulin in lampreys. (Data obtained from NCBI Uni-ProtKB, Sower et al. 
unpublished data)

LH FSH TSH Thyrostimulin
Mammals 52 58 65 41
Birds  5  9  8  5
Reptiles  4  6  4  2
Amphibians  9 10  3  1
Bony fishes 82 38 25  8
Cartilaginous fishes  1  2  0  1
Agnathans                              Hagfish: 1 GpH

                             Lamprey: 1GpH
Lamprey: 1
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LH including LHβ and moderately or weakly by several other antisera such as 
human LHβ. Therefore, it seemed that it would be easy to isolate GTH from pitu-
itaries of adult sea lamprey that were close to spawning. One would expect a high 
content of GTH based on the reproductive stage and physiological data obtained 
from GnRH studies (Sower 2003). Sower et al. (1985b) speculated that perhaps 
the difficulty in identifying the lamprey GTH was due to its parasitic nature. Per-
haps the lamprey had a “different” GTH and receptors in order for its system not 
to respond to other fish gonadotropins that could influence its own reproductive 
cycle when the lamprey was in its parasitic feeding phase, consuming the blood 
and other bodily fluids of its host. However, the fact that lampreys responded to 
salmon GTH did not support this speculation—although, as will be described 
below, the α subunit does not appear to be the typical vertebrate GTHα. For more 
than 20 years, the Sower and Kawauchi laboratories tried to isolate gonadotropin, 
assumed to be a heterodimer glycoprotein as in other vertebrates, from the pitu-
itary extracts from landlocked adult female sea lamprey. However, despite these 
exhaustive efforts using molecular and biochemical techniques, no molecule re-
lated to LH or FSH was found. During these early years, a glycoprotein homodi-
mer called nasohypophysial factor (NHF) was identified (Sower et al. 1995b) 
that corresponded to the N-terminal peptide of proopiocortin (Takahashi et al. 
1995b). This NHF molecule was always found as the predominant glycoprotein 
(Sower et al. 1995b). Moreover, there were numerous unsuccessful attempts using 
molecular techniques to clone α and β subunits with a number of primers corre-
sponding to conserved regions for the gonadotropin subunits. Finally, the success 
of determining the β subunit of the lamprey GTH-like protein was accomplished 
by expressed sequence tag analysis of the pituitary cDNA library (Sower et al. 
2006) that allowed identification of three out of 2,208 clones showing sequence 
similarity to glycoprotein hormone β.

The mature lamprey gonadotropin β protein contains 12 cysteine residues at 
a homologous position to those of LH, FSH, and TSH and three N-glycosylation 
sites (Sower et al. 2006). Two of them are homologous to those of FSHβ, one to 
LHβ, and the other to TSHβ. In addition, the region of the molecule that has been 
proposed to control receptor binding specificity (i.e., the region between the 10th 
and 12th Cys residues) suggested that the proposed heterodimer would be more 
like a FSH than a LH (Cosowsky et al. 1997). The mature protein showed similar 
sequence identity to LHβ and FSHβ of shark Scyliorhinus canicula (Quérat et al. 
2001), sturgeon Acipenser baeri (Quérat et al. 2000), and lungfish Neoceratodus 
forsteri (47 %) (Quérat et al. 2004) compared to TSH-β of sturgeon and lungfish 
(41 %). It was proposed that the β subunit would likely combine with the α subunit 
since it has a hydrophobic residue (Ile) that corresponds to hCGβ Val44, a residue 
that fits into a hydrophobic pocket in the α subunit (Cosowsky et al. 1997; Moyle 
et al. 2004). This is a highly conserved subunit interaction in most, if not all, go-
nadotropins, and slightly different than TSH. An unusual feature of the lamprey 
β-like protein is the tail that has a N-glycosylation signal, a phenomenon that is not 
common in vertebrate β subunits. Perhaps this is to prolong its half-life or to confer 
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receptor specificity, relative to other fish GTHs lampreys may encounter during 
their parasitic life phase (although one would assume that much of the ingested 
proteins would be digested by the intestinal system).

In accordance with the expression pattern of the isolated lamprey GTHβ-like 
protein, the antiserum against the synthetic peptide corresponding to the deduced 
amino acid sequence specifically stained most cells in the ventral half of the PPD, 
which had also been stained with anti-ovine LH (Nozaki et al. 1999). The results 
agree well with the GnRH-binding study showing GnRH-binding sites in the PPD 
(Knox et al. 1994). On the basis of sequence identity and histochemical character-
istics, it is evident that this protein is a potential candidate for lamprey GTHβ. To 
obtain the definite proof, these authors examined whether GnRH could stimulate 
expression of the putative GTHβ gene in the pituitary of sea lamprey (Sower et al. 
2006). After two intraperitoneal injections of 100 μg/g body weight at 24 h intervals 
in adult lamprey, both GnRH-I and GnRH-III stimulated the expression of mRNA 
of the putative GTHβ. In the same pituitary preparations, expression of other sea 
lamprey pituitary hormone genes such as GH, POC, and POM gene were investi-
gated (see Sect. 7.3). The results demonstrated that lamprey GnRH also stimulated 
expression of GH, but not that of POC and POM in vivo. The stimulation of GH 
and GTH by GnRH is not novel in non-mammalian vertebrates. In previous studies, 
GnRH induced GH and GTH secretion from the goldfish pituitary (Marchant et al. 
1989). These authors suggested that the secretion of GH and GTH in the goldfish 
are regulated, at least in part, through a common releasing factor, GnRH, whereas 
somatostatin and dopamine appear to act independently as GH and GTH release 
inhibitory factors, respectively (Marchant et al. 1989). Combining the biochemical 
characteristics, sequence identity, location of the GTH-like protein in the anterior 
pituitary and stimulation of GnRH, Sower et al. (2006) concluded that the identified 
glycoprotein hormone is gonadotropin-like in the lamprey pituitary.

The duality of gonadotropins (i.e., the presence of LH and FSH) has been es-
tablished in all classes of gnathostomes (see Sect. 7.3). In the sea lamprey, how-
ever, Sower et al. (2006) found only a single GTHβ, which showed intermediate 
sequence similarity to LHβ and FSHβ of jawed fishes such as shark, sturgeon, and 
lungfish. In the molecular phylogenetic tree of β-subunits of glycoprotein hor-
mones, sea lamprey is far removed from the β-subunits of LH, FSH, and TSH, and 
takes a position as an outgroup. In addition, immunohistochemical data suggested 
that there are no other cells that produce GTH. It has been shown that ACTH cells 
are in the RPD; GH and GTH cells are in the PPD; and MSH cells are in the PI (No-
zaki et al. 1995; Fig. 7.3a). In later immunohistochemistry studies, GTH-like cells 
were not observed in the pituitary during the larval and metamorphic stages, but the 
numbers increased markedly during the parasitic period (Nozaki et al. 2008). These 
results strongly suggest that duality of GTH was established after the divergence of 
gnathostomes and agnathans.

The presence of a single GTH-like glycoprotein in agnathans was further sup-
ported by the first identification of gonadotropin in a hagfish. Recently, the presence 
and identity of a functional GpH was elucidated from the brown hagfish Paramyx-
ine atami (Uchida et al. 2010). In contrast to the lamprey, phylogenetic analyses 
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suggest that the identified hagfish GpHα and β subunits are the typical yet ancestral 
GpHα and GpHβ subunits found in gnathostomes, but still support the hypothesis 
that the duality of the gonadotropins appeared with the gnathostomes.

To date, there has been no evidence to support the presence of TSH in lampreys 
(Kawauchi and Sower 2006). It now appears that lampreys have thyrostimulin and 
not TSH (Sower unpublished data; see paragraph below) In an earlier study from 
Sower et al. (1985b), a partly purified salmon gonadotropin and an analog of GnRH 
stimulated the elevation of thyroxine in adult female sea lamprey. These authors 
suggested the possibility that the thyroid and gonad may both be activated by one 
glycoprotein hormone. Uchida et al. (2010, 2013) have also suggested that the re-
cently-identified hagfish glycoprotein has both gonadotropic and thyrotropic func-
tions; they hypothesize that the ancestral GpH did not give rise to the multiplicity of 
GpHs (LH, FSH, TSH, and CG) seen in other vertebrates until the early evolution of 
gnathostomes. More recently, two kinds of glycoprotein hormone receptors (lGpH-
R I and II) have been cloned in the sea lamprey: one (lGpH-R I) is predominantly 
expressed in the gonad and the other (lGpH-R II) is predominantly expressed in the 
thyroid tissue (Freamat et al. 2006; Freamat and Sower 2008a; see Sect. 7.11). A 
single GTH molecule may stimulate the gonads and thyroid glands through these 
receptors (Sower et al. 2009).

A fifth heterodimeric GpH in gnathostomes (after FSH, LH, TSH, and CG) was 
discovered in 2002 and termed thyrostimulin due to its thyroid-stimulating activity 
(Nakabayashi et al. 2002). The vertebrate thyrostimulin is expressed in the pitu-
itary but, compared to GpH, has unique subunits called GpA2 (thyrostimulin α) 
and GpB5 (thyrostimulin β). GpA2 is homologous but not identical to the common 
α-subunit (GpA1 or α) in the other GpHs. With the discovery of GpA2 and GpB5 
(thyrostimulin-β) homologs in invertebrates (including Drosophila melanogaster), 
Sudo et al. (2005) proposed that an ancestral heterodimeric GpH existed before the 
divergence of vertebrates and invertebrates, and that a later gene duplication event 
in vertebrates produced the thyrostimulin (GpA2 and GpB5) and GTH/TSH (GpA1 
and LHβ/FSHβ/TSHβ) lineages. This ancestry of GpH is supported by recent stud-
ies in which GpB5 (Dos Santos et al. 2009; Tando and Kubokawa 2009) and GpA2 
(Dos Santos et al. 2009, 2011) were identified from amphioxus, a basal chordate.

We now report the identification and characterization of a functional novel gly-
coprotein hormone, lamprey GpH (Sower et al. unpublished data). It consists of 
lGpA2 and lGTHβ (GpHβ), a combination of subunits that has not been reported in 
any other vertebrate. Our compelling new data (including cloning of the full-length 
cDNA of lGpA2) show that the single glycoprotein α subunit has higher similarity 
with mammalian GpA2 than GpA1 subunits (Sower et al. 2009, unpublished data). 
In situ hybridization revealed the GpA2 in lampreys is expressed in the rostral pars 
distalis, proximal pars distalis, and pars intermedia (Sower et al. unpublished data). 
Based on these studies, we propose that GpA2 is the ancestral α subunit and GpA1 
was lost in the lamprey lineage; this is supported by syntenic and phylogenetic 
analyses. After the gnathostome-agnathan divergence, subsequent gene duplica-
tions produced the two α subunits (GpA1 and GpA2) and β subunits (FSHβ, LHβ, 
TSHβ, GpB5) in gnathostomes (Sower et al. 2009).
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We thus propose that, during the course of lamprey evolution, GpA2 became 
adapted as a functional α subunit for the lamprey gonadotropin/thyroid hormone 
stimulating hormone. This raises many questions, however, on why lampreys have 
such a unique pituitary glycoprotein hormone—consisting of the typical β-like sub-
unit of FSH, LH, and TSH, and the α-like subunit of thyrostimulin: is this because 
lampreys have a parasitic phase and need to “block” response to host fish gonado-
tropins? In lampreys, there are three hypothalamic GnRHs: how do three GnRHs 
regulate one pituitary glycoprotein hormone and perhaps the putative thyrostimu-
lin? How does one pituitary glycoprotein hormone differentially regulate the gonad 
and thyroid? The overlapping of the pituitary-gonadal axis and pituitary-thyroid 
axis will be addressed in future studies. Furthermore, whether the lamprey thyro-
stimulin has a functional role in mediating the processes of the gonad or thyroid 
has yet to be determined. In gnathostomes, a cognant receptor has not been shown 
for thyrostimulin, nor has the function of thyrostimulin been established (Kleinau 
and Krause 2009); while thyrostimulin has been shown to activate the human TSH-
receptor, it is not considered a major regulator of the thyroid gland.

In lampreys, therefore, the organization of the HPG axis is similar to that in 
gnathostomes in its most fundamental features, but with a simplified structure. The 
lamprey HPG axis overlaps with the pituitary-thyroid axis and involves a single 
glycoprotein hormone and perhaps thyrostimulin interacting with two receptors; 
this suggests an evolutionary plasticity of the gonadotropin/thyroid hormone stimu-
lating hormone(s) in this basal group of vertebrates.

7.11  Glycoprotein Hormone Receptors

GTH and TSH hormone actions are mediated through a subfamily of GPCRs, 
namely the GpH receptors (Combarnous 1992). Known GpH-Rs share a number 
of unique features. They are composed of two functionally distinct modules of 
similar size: an extracellular N-terminal domain followed by a prototypical GPCR 
segment. The extracellular N-terminal domain is primarily responsible for high-
affinity hormone binding and contains a central portion of nine Leu-rich repeat 
motifs, flanked by N- and C-terminal Cys-rich clusters. The C-terminal half of 
the receptor contains a transmembrane region with seven hydrophobic transmem-
brane α-helices, connected by intra- and extracellular loops and an intracellular 
C-terminal domain (Grossmann et al. 1997; Dufau 1998; Ascoli et al. 2002; Moyle 
et al. 2005). To date, approximately 79 GpH-Rs have been identified and described 
in 36 different species, mostly in mammals but also in three species of birds, two 
reptile species, one amphibian, and ten fish species (Hovergen Database, http://
pbil.univ-lyon1.fr).

Until recently, there had been no GpH-Rs described in any agnathan species. 
One functional GpH receptor (lGpH-R I) (Freamat et al. 2006) was identified from 
lamprey testis and a second functional GpH-R receptor (lGpH-R II) was identified 
and shown to be expressed mainly in thyroid tissue (Freamat and Sower 2008a). 
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These authors hypothesized that lGpH-R I and lGpH-R II are the only members 
of the GpH receptor subfamily in lampreys (Freamat and Sower 2008a). They are 
descendants of the TSH receptor-like molecular ancestors of the GpH-Rs in gna-
thostomes and are likely the result of the genome duplication event hypothesized to 
have taken place before the divergence of agnathans (Sidow 1996; Kuratani et al. 
2002).

The 719-amino acid full-length cDNA encoding lGpH-R I is highly similar and 
likely a homolog of the vertebrate GpH-Rs (including LH, FSH, and TSH receptors; 
Freamat et al. 2006). The key motifs, sequence comparisons, and characteristics of 
the identified GpH-R reveal a mosaic of features common to all other classes of 
GpH-Rs in vertebrates. The lGpH-R I was shown to activate the cAMP signaling 
system using human chorionic gonadotropin (hCG) in transiently transfected COS7 
cells. The highest expression of the receptor transcript was demonstrated in the 
testes using RT-PCR. The high expression of lGpH-R I in the testis and the high 
similarity with gnathostome gonadotropin hormone receptors suggest that lGpH-R 
I functions as a receptor for lamprey GTHs.

The second GpH receptor (lGpH-R II) in the sea lamprey is a 781-residue protein 
and is approximately 43 % identical with mammalian TSH-R and FSH-R repre-
sentative sequences (Freamat and Sower 2008a). Similar to these two classes of 
mammalian receptors, lGpH-R II is assembled from 10 exons. A synthetic ligand 
containing the lamprey GpHβ chain tethered upstream of a mammalian α chain 
activated the lGpH-R II expressed in COS7 cells but to a lesser extent than lGpH-R 
I. The most obvious feature of the coding sequence of lGpH-R II is the presence 
of a long linker fragment called signaling specificity domain (SSD) or “hinge” lo-
cated between the Leu Rich Domain (LRD) of the extracellular segment and the 
transmembrane domain. This is one of the longest linker fragments described in all 
vertebrate GpH receptors. This is in contrast with the similar region of the lGpH-R 
I, which is the shortest SSD/hinge segment among all vertebrate GpH-Rs (Freamat 
et al. 2006). Molecular phylogenetic analysis of vertebrate GpH-R protein sequenc-
es provide evidence that the two lamprey GpH receptors form a sister group with 
gnathostome TSH receptors, suggesting that the ancestral receptors are more TSH 
receptor-like.

Therefore, at this point, a comparative perspective on this endocrine compart-
ment in lampreys relative to the well established gnathostome paradigm suggests 
the involvement of one pituitary GpH, possibly thyrostimulin, and two GpH-Rs as 
opposed to three or four dimeric hormones and three receptors in gnathostomes. 
The role of this GpH/GpH-R system in lampreys has yet to be fully established. The 
recent identification and characterization of a GpA2 and GpB5 in lampreys (see 
Sect. 7.10) will now permit experimental studies to be performed. The existence 
of a thyrostimulin in lampreys with a distinct binding specificity to GpH-R I and 
II cannot be excluded. From the studies completed to date, Sower and colleagues 
(e.g., Freamat and Sower 2008a, b, 2010) hypothesized that there is lower specific-
ity of lamprey GpH and its receptor in agnathans and that, during co-evolution of 
the ligand and its receptor in gnathostomes, there were increased specificities of 
interactions between each GpH (TSH, LH, and FSH) and its receptor.
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7.12 Conclusions and Perspectives

Lamprey reproductive neuroendocrinology is still a young science, considering that 
the first paper identifying lamprey GnRH-I was published in 1986, anatomical stud-
ies of the brain-pituitary relations were determined in 1994, and the GTHβ hormone 
was identified in 2006. From the relatively short time from the late 1970s when virtu-
ally nothing was known about the neuroendocrine system in lampreys to the present, 
there is now an impressive body of knowledge. The molecular, biochemical, and 
functional studies of GnRHs, GTHs, and respective receptors show that these neu-
roendocrine factors share common functional and developmental features compared 
to later evolved vertebrates. Further comparative studies of the GnRH and GTH 
families will help provide clues on the evolution of reproductive mechanisms and in-
sights into our understanding of gene duplication, structure-activity relations, and the 
molecular evolution and functional diversity of reproductive hypothalamic and pi-
tuitary hormones. With such increasing knowledge from genomics and proteomics, 
it will be necessary for us to understand the extent and intensity of changes in gene 
expression levels due to hormones, the interactions between signaling pathways due 
to hormones, and induced structural and functional changes to cells—all over a range 
of ontogenetic stages and under a wide variety of environmental conditions.

The hypothalamic-pituitary (HP) system is considered to be a seminal event that 
emerged prior to or during the differentiation of the ancestral agnathan vertebrates 
(Sower et al. 2009). Reproduction in vertebrates is controlled by a hierarchically or-
ganized endocrine system. In spite of the very diverse patterns of life cycles and re-
productive strategies and behaviors, this endocrine system is remarkably conserved 
throughout the gnathostome lineages. A new paradigm was proposed by Sower 
et al. (2009) in that the neuroendocrine control of reproduction and thyroid func-
tions in the agnathan sea lamprey exhibits an overlapping, simplified organization 
represented by one glycoprotein hormone putatively interacting with two receptors. 
Therefore, a working hypothesis is that the glycoprotein hormone/glycoprotein hor-
mone receptor systems emerged as a link between the neuroendocrine and periph-
eral control levels during the early stages of gnathostome divergence (Fig. 7.9). This 
transforming paradigm serves as a model for analysis of the evolutionary mecha-
nisms leading to emergence of the highly specialized gnathostome endocrine axes. 
Thus, the phylogenetic position of lampreys as a basal vertebrate allows them to 
be a basis for understanding genes that arose in the vertebrates. Techniques rang-
ing from those of classical physiology to the sophisticated techniques of molecular 
biology and knowledge of the lamprey genome now available has greatly aided the 
expansion of our understanding of the neuroendocrine system. Yet, there are many 
challenges that lie ahead; future research can include the elucidation of the com-
plexities of the GnRH–GnRH receptor system, the array of other neuroendocrine 
hormones, the GTH–GTH receptor system, and of course how these systems con-
trol reproduction during each of the reproductive stages and reproductive behavior. 
Future research will increase our understanding and insight into the molecular and 
functional evolution of brain and pituitary hormones and receptors in lamprey.
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Abbreviations and Acronyms

aa Amino acid
ACTH Adrenocorticotropic hormone
BrdU Bromodeoxyuridine
cAMP Cyclic adenosine monophosphate
cDNA Complementary DNA
CG Chorionic gonadotropin
E2 Estradiol
fGRP Frog growth hormone-releasing peptide
FSH Follicle stimulating hormone or follitropin
GABA Gamma-aminobutyric acid
GAD Glutamate decarboxylase
GH Growth hormone
GnIH Gonadotropin-inhibitory hormone
GnRH Gonadotropin-releasing hormone
GnRHR Gonadotropin-releasing hormone receptor
GPA Glycoprotein α (alpha) subunit
GpA2 Thyrostimulin α (alpha)
GPB Glycoprotein hormone β (beta) subunit
GpB5 Thyrostimulin β (beta)
GPCR G-protein coupled receptors
GpH Glycoprotein hormone
GS-1 Grifonia Simplicifolia-1
GTH Gonadotropin
hCG Human chorionic gonadotropin
HP Hypothalamic-pituitary
HPG Hypothalamic-pituitary-gonadal
IL Intracellular loop
IP Inositol phosphate
IP3 Inositol triphosphate
Ir Immunoreactive
Kd Equilibrium dissociation constant
KiSS Kisspeptin
LH Luteinizing hormone or lutropin
LHRH Luteinizing hormone releasing hormone
LRD Leu Rich Domain
mRNA Messenger RNA
MSH Melanocyte stimulating hormone, or melanotropin
NHF Nasohypophysial factor
NPAF Neuropeptide AF
NPFF Neuropeptide FF
NPY Neuropeptide Y
P Progesterone
PD Pars distalis
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PPD Proximal pars distalis
PI Pars intermedia
PMY Peptide methionine-tyrosine
POA Preoptic area
POC Proopiocortin
POM Proopiomelanotropin
POMC Proopiomelanocortin
PON Preoptic nucleus
PO Preoptic region
PRL Prolactin
PrRP Prolactin-releasing peptide
QRFP Pyroglutamylated RFamide peptide
RFRP RF-amide-related peptide
RIA Radioimmunoassay
RPD Rostral pars distalis
RT-PCR Reverse transcriptase PCR
SML Somatolactin
SSD Signaling specificity domain
TRH Thyrotropin-releasing hormone
TSH Thyroid stimulating hormone, or thyrotropin
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Abstract Forty-four species of lampreys (Petromyzontidae) are currently recog-
nized: (a) nine species are anadromous and parasitic (i.e., feeding on actinopter-
ygian fishes after metamorphosis); (b) nine species are freshwater resident and 
parasitic; and (c) 26 species are freshwater resident and non-parasitic (i.e., do not 
feed at all following metamorphosis). To date, the conservation status of 33 of these 
species (75 %) has been assessed at a global scale. Of those assessed, at least 12 are 
deemed at risk. Lampreys are at risk from a number of anthropogenic pressures, 
most notably pollution, habitat destruction (e.g., dredging of depositional habitats 
essential to larval lampreys), engineering works (particularly dams that act as bar-
riers to migration and alter natural stream flow regimes), overharvest, and changes 
to their prey base. Legislation has been brought forward in recent years, most nota-
bly in North America and Europe, to give some protection to lampreys and their 
habitat. At least 16 species now receive legal protection in at least a portion of their 
range at the national (or European Union) level; others are protected by laws at the 
subnational level. A number of projects across the world are focusing on the protec-
tion and conservation of some populations of lampreys (particularly those harvested 
by humans); examples of these are described. Taxonomic uncertainty remains an 



376 P. S. Maitland et al.

impediment to the conservation of some lampreys, however, and there is also a need 
to explain and resolve disagreements between the global (IUCN) and national lists; 
better coordination and consultation should be developed to prevent confusion.

Keywords Conservation · Dams · Dredging · Habitat degradation · Legislation · 
Native · Overharvest · Petromyzontidae · Pollution · Threats · Translocation

8.1  Introduction

Worldwide, Hardisty (2006) lists 38 species of lampreys in 10 genera. Of these 
species, only four are found in the Southern Hemisphere, with the majority occur-
ring in the Northern Hemisphere. Five additional species have since been described 
from the Northern Hemisphere (Naseka et al. 2009; Renaud and Economidis 2010; 
Mateus et al. 2013a), and a sixth has been resurrected (Holčík and Šorić 2004), 
bringing the total to 44 (but see Chap. 2, in which only 41 species are recognized). 
The International Union for Conservation of Nature (IUCN) Red List (2013) in-
cludes 30 lamprey species: over half of these are categorized globally as of Least 
Concern (20); the remaining 10 are listed as Data Deficient (3), Near Threatened 
(1), Vulnerable (3), Critically Endangered (2), or Extinct (1) (Table 8.1). However, 
one of the 30 species on the IUCN list, Eudontomyzon sp. nov. “migratory,” which 
was last recorded around the end of the nineteenth century, has never been formally 
described (see Kottelat et al. 2005). Similarly, Vladykov’s brook lamprey Eudonto-
myzon vladykovi, considered a synonym of the Ukrainian brook lamprey E. mariae 
pending a revision of the species over its wide range (Holčík and Renaud 1986), is 
not treated as a distinct species in several recent taxonomic lists (e.g., Renaud 2011; 
see Chap. 2). Thus, only 28 of the 44 lamprey species recognized here as distinct 
species are listed by the IUCN. A further four species have been assessed at a global 
scale by NatureServe (2013) (Table 8.1) and Jelks et al. (2008) evaluated one ad-
ditional species (the Mexican brook lamprey Tetrapleurodon geminis) at the North 
American scale, which is equivalent to a global scale treatment because the species 
is endemic to Mexico (Table 8.1). So far, therefore, the conservation status of 33 of 
the 44 species (75 %) has been assessed at a global scale.

Speciation in lampreys has resulted in different ecological strategies among, and 
sometimes within, species. Although all species have a burrowing worm-like larval 
stage (known as the ammocoete stage), post-metamorphic lampreys adopt different 
migratory or feeding types (see Chap. 2; Docker and Potter in press). Nine species 
are anadromous and parasitic, migrating to the marine environment to feed mainly 
on teleost fishes and returning to fresh waters where appropriate habitat for repro-
duction and larval development is available. However, the majority of lamprey spe-
cies (26) are freshwater-resident, non-parasitic species that do not migrate between 
the sea and fresh waters and do not feed during their brief adult lives. The remaining 
nine species belong to a third ecological type, intermediate between the first two—
these are purely freshwater parasitic species that migrate to large lakes or rivers 
to feed on actinopterygian fishes. The anadromous lampreys, although they have 
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wider geographic ranges (Renaud 1997; see Chap. 2), are the ones with a higher 
propensity to become endangered due to numerous anthropogenic threats that block 
their migrations, both upstream and downstream (see Sect. 8.2.3.1). Many of the 
freshwater-resident species, with their more restricted distributions as the result of 
stochastic or anthropogenic events (e.g., five of six Entosphenus spp., Kern brook 
lamprey Lampetra hubbsi, precocious lamprey Mordacia praecox, the two Tetra-
pleurodon spp. (see Table 8.1 under Threats), and the three Lampetra spp. from Por-
tugal), have also experienced population decline or extirpation in some watersheds.

Until relatively recently, little consideration was given to the concept of lamprey 
conservation. Indeed, many sectors (anglers, commercial fishermen) regarded them 
as pests and something to be eliminated wherever possible—“noncharismatic” 
(Close et al. 2009) being a very mild term for lampreys in their eyes. There was 
generally little distinction made between native lamprey species and the sea lam-
prey Petromyzon marinus in the Great Lakes, and the notion that millions of dollars 
are spent each year trying to control the sea lamprey in the Great Lakes while many 
countries in Europe are working hard to conserve the same species seems confusing 
to the layperson.

However, the situation is now changing, with proposals for lamprey conserva-
tion put forward by biologists in Europe (e.g., Maitland and Lyle 1992; Mateus 
et al. 2012; Ferreira et al. 2013) and in North America (e.g., Mesa and Copeland 
2009; Moser and Mesa 2009; Moyle et al. 2009; Renaud et al. 2009; Swift and 
Howard 2009) in recent years. The outlook for these fascinating and valuable ani-
mals is now a much more optimistic one. The goal of this chapter is to outline the 
global threats to lampreys and to describe how conservation measures in a number 
of countries are being developed to save local lamprey populations, unique races, 
and even whole species from extinction.

8.2  Worldwide Threats to Lampreys

Lampreys are at risk due to a number of anthropogenic pressures. These pressures 
appear to relate especially to one or more of the three main stages in their life his-
tory that occur in fresh water—larval development, migration (downstream and 
upstream), and spawning. Larval development lasts for several years in freshwa-
ter sediments, so several cohorts are vulnerable over this long period to threats 
affecting this habitat (Kainua and Valtonen 1980; King et al. 2008; Streif 2009). 
Lampreys migrating upstream to spawn may spend many months on their journeys 
against the current and face many barriers and other threats (including exploitation 
by humans) during this phase (see Chap. 5). Travel downstream by newly meta-
morphosed lampreys is aided by the current and is usually faster and easier than up-
stream migration, but downstream migrants may become entrained in water diver-
sion projects or turbine intakes (Streif 2009; see Chap. 3). At spawning time, whilst 
engaged in nest building and mating on open gravels in shallow water, the adults are 
exposed to a variety of predators (Sjöberg 1980; see Chap. 6). Threats, particularly 
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anthropogenic threats, to these three stages are described below. Rates and causes 
of mortality during the feeding phase of parasitic species, especially those that feed 
in the open ocean, are virtually unknown.

8.2.1  Pollution

Pollution in its various forms (e.g., toxic chemicals, organic sediments, deoxygen-
ating discharges from domestic sewers) can completely eliminate lampreys from 
river systems. Because most polluting effluents are directed into running waters 
(and so to the sea), many rivers became grossly polluted in the past and lost their 
populations of anadromous lampreys. For example, pollution eliminated entire 
populations of sea lamprey and European river lamprey Lampetra fluviatilis from 
the River Thames in England and River Clyde in Scotland (Maitland 2003), and 
probably the River Ave in Portugal where the former species was once considered 
common (Quintella 2006). At their worst, both the Thames and Clyde were totally 
devoid of oxygen and comprised a lethal mixture of various industrial chemicals; 
some 20–30 fish species were extirpated from their lower reaches (Maitland 1987).

Pollution has also been implicated in lamprey population declines (see Table 8.1), 
and various types of pollution, either alone or in combination with other factors, ap-
pear to limit lamprey distribution. Morman et al. (1980), for example, reported that 
the streams in the southern half of Michigan’s Lower Peninsula—subject to pol-
lution from urbanization, agriculture, and industry—had fewer and more isolated 
larval sea lamprey populations compared to streams in the less-developed northern 
half of the peninsula where water quality is comparatively high. Stream pollution 
has also been thought to limit distribution in the Lake Erie basin and along the 
southwestern shore of Lake Ontario (Morman et al. 1980), and formation of meth-
ane in bottom habitats was considered to be the reason for the mortality and disap-
pearance of sea lamprey larvae from areas in the Lake Champlain basin where they 
were formerly abundant (Wilson 1955).

Adult lampreys may be more tolerant of pollution than embryos or larvae. 
Morman et al. (1980) reported that adult landlocked sea lamprey have been ob-
served migrating through heavily polluted mainstem rivers on the Lower Penin-
sula of Michigan and then spawning successfully in their relatively clear tributaries. 
In a heavily polluted section of the Tittabawassee River, Michigan, spawning was 
observed but no larvae were ever collected. Nevertheless, severe pollution in the 
estuaries (e.g., Wheeler 1979) or lower reaches of the rivers can prevent upstream 
migration of adults (and kill downstream migrants) in spite of the fact that there may 
be hundreds of kilometers upstream where the water quality is good and where there 
is plenty of good spawning and larval habitat. Even with non-anadromous lampreys, 
there may be significant migrations from the nursery or feeding areas in lakes or riv-
ers to upstream spawning grounds (see Chap. 5), and one belt of pollution between 
these two habitats can have a major effect on lamprey populations in a river.

With the exception of lamprey-specific larvicides developed for sea lamprey 
control (see below), there is no evidence to suggest that lampreys are more sensitive 
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to most chemical pollutants than other fishes. Andersen et al. (2010) evaluated the 
acute toxicity of six chemicals on Pacific lamprey Entosphenus tridentatus larvae; 
although Pacific lampreys were relatively sensitive to one (pentachlorophenol), for 
the other five chemicals, they showed average (copper) or lower sensitivity relative 
to other fishes. However, it does appear that lamprey larvae—as long-lived filter 
feeders in direct contact with contaminated sediments—are exposed to and accumu-
late many of these pollutants at higher levels than other fishes. Renaud et al. (1998), 
Drevnick et al. (2006), and Bettaso and Goodman (2010) have reported high levels 
of mercury in larval lampreys (relative to mussels or teleost fishes) in the Château-
guay, Connecticut, and Trinity rivers, respectively. High levels of mercury have also 
been detected in lampreys following the adult feeding phase (e.g., MacEachen et al. 
2000; Drevnick et al. 2006; Pedro et al. 2014), not surprisingly given that parasitic 
lampreys are top predators, feeding on the blood and tissues of fishes that may 
themselves be significantly contaminated with environmental pollutants. Mercury 
concentrations in the muscle tissue of upstream-migrating sea lamprey from the 
Great Lakes, for example, were up to ten times higher than lake trout Salvelinus 
namaycush, on which the sea lamprey feeds (MacEachen et al. 2000). Drevnick 
et al. (2006) also reported that sea lamprey show a higher rate of maternal trans-
fer of mercury to eggs compared with teleosts. Unusually high concentrations of 
chlorinated persistent organic pollutants have also been detected in lamprey larvae 
(Soimasuo et al. 2004) and adults (MacEachen et al. 2000; Isosaari et al. 2006) in 
Europe and North America.

Relatively few studies, however, have examined whether these levels of con-
taminants are harmful to lampreys (e.g., Mallatt et al. 1986; Stinson and Mallatt 
1989; Andersen et al. 2010). Many of the above-mentioned studies were conducted 
to determine whether human consumption of lampreys is safe; based on mercury 
and persistent organic pollutant levels, they generally are not (MacEachen et al. 
2000; Soimasuo et al. 2004; Isosaari et al. 2006; but see Merivirta et al. 2001). It is 
well known that mercury and other pollutants have significant negative effects on 
the growth, behavior, and reproduction of aquatic and other organisms (e.g., Kidd 
and Batchelar 2012), and it is likely that these have negative effects on lampreys 
also. Average total mercury concentrations reported in larval lampreys (0.49 and 
0.29–0.88 μg/g wet weight; Drevnick et al. 2006; Bettaso and Goodman 2010, re-
spectively) exceed the threshold of 0.2 μg/g considered safe for juvenile and adult 
teleosts, and sublethal effects to embryonic and larval stages may occur at even 
lower concentrations (Beckvar et al. 2005).

The larvicide used in the control of sea lamprey in Great Lakes tributaries (3-tri-
fluoromethyl-4-nitrophenol, TFM) was discovered to be lamprey-specific after 
more than 6,000 chemical compounds were screened (see Marsden and Siefkes in 
press), but it is not species-specific. In toxicity trials, native species (i.e., northern 
brook lamprey Ichthyomyzon fossor and American brook lamprey Lethenteron ap-
pendix) were less susceptible to the lampricide than sea lamprey larvae (King and 
Gabel 1985), but this difference is not sufficient to allow for selective control of 
sea lamprey without impacting native lampreys. Declines in native lampreys (par-
ticularly northern brook lamprey and silver lamprey Ichthyomyzon unicuspis) were 
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reported following the initiation of sea lamprey control. For example, TFM treat-
ment began in tributaries to Lake Superior in 1958, and Schuldt and Goold (1980) 
reported that, of the 105 Lake Superior tributaries in which Ichthyomyzon larvae 
were found in 1953–1972, 81 (77 %) received lampricide treatment. By 1973–1977, 
Ichthyomyzon larvae had disappeared from 41 (51 %) of these tributaries. American 
brook lamprey were less affected (largely because they inhabit headwater areas 
not invaded by the sea lamprey), disappearing from only six of 42 (14 %) treated 
streams (Schuldt and Goold 1980). Even where Ichthyomyzon larvae persist, den-
sity is much lower in treated than in untreated streams (COSEWIC 2007). In recent 
years, the number of streams with Ichthyomyzon larvae has stabilized—because 
most of the remaining streams are not inhabited by sea lamprey and thus are untreat-
ed (COSEWIC 2007)—but vulnerability to the non-specific action of lampricides is 
considered the major threat to both northern brook and silver lampreys in the Great 
Lakes basin (COSEWIC 2007, 2011; Renaud et al. 2009).

In addition to their direct toxic effects, pesticides and other pollutants can also 
affect food sources of larval lampreys. Renaud et al. (1995) suggested that the ab-
sence in the early 1990s of northern brook lamprey ammocoetes from the upper 
Yamaska River, Québec, relative to their high abundance in the 1940s (Vladykov 
1952), was due in part to the herbicide atrazine (patented in 1960) leaching into the 
river from extensive corn fields during rain events, resulting in the destruction of 
the phytoplankton food source.

Eutrophication may also have negative effects on lampreys. The algal and bac-
terial production resulting from increased nutrients smothers both the spawning 
gravels (preventing spawning or killing eggs) and the larval rearing areas, creating 
anoxic conditions. Effects on spawning and embryonic development, however, may 
be greater than the effects on the filter feeding larvae. Morman et al. (1980) reported 
substantial numbers of larval lampreys in a lagoon heavily contaminated with raw 
untreated municipal sewage, and Nelson and Nelle (2007) likewise reported finding 
larval and metamorphosed Pacific lamprey in a pollution abatement pond in a salm-
on hatchery, suggesting that larvae may sometimes do well under these conditions.

Moderate amounts of sedimentation (e.g., associated with logging) may be bene-
ficial for larval lampreys in high gradient streams or other sediment-poor areas (see 
Chap. 3), but excessive sediment inputs will likely have a negative impact. In most 
lamprey species, fine sand has been found to be the optimal substrate for larvae; 
clay and silt are more compact and difficult to burrow into, and could potentially 
smother existing burrows or clog the gill lamellae of the ammocoetes (see Chap. 3). 
Excessive sediment inputs also likely negatively impact spawning habitat (Beamish 
2001; see Chap. 6).

Population recoveries have been reported following pollution abatement. Mor-
man et al. (1980) reported that larval sea lamprey became re-established in at least 
one Lake Michigan tributary and increased in numbers in two creeks in Lake Erie 
following improvements to water quality. Populations of several lamprey species 
(e.g., sea and European river lampreys, European brook lamprey Lampetra planeri) 
that declined due to pollution in central and/or western Europe have been recover-
ing since the 1980s (IUCN 2013). Following increased wastewater treatment efforts 
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and improved water quality in the Scheldt estuary, sea lamprey—considered Re-
gionally Extinct in northern Belgium in the late 1990s—have occasionally been 
reported again (Verreycken et al. 2014). However, lampreys may sometimes take 
quite a long time to return naturally to rivers after pollution has been removed. For 
example, after substantial improvements to water quality were achieved in the River 
Clyde, Scotland, Atlantic salmon Salmo salar came back some 20 years before Eu-
ropean river lamprey were first noted returning (Maitland 1987; O’Reilly 2000). 
Nevertheless, given that lampreys appear not to home to their natal streams—and 
instead are attracted, through pheromonal communication, to streams containing 
ammocoete populations (see Chap. 5), there is hope that recolonizations are pos-
sible once threats are removed (see Sect. 8.2.3.1).

8.2.2  Habitat Destruction

Given that a large proportion of the life cycle of lampreys is spent in burrows in 
depositional zones that consist primarily of a mixture of sand and fine organic mat-
ter (see Chap. 3), special attention must be paid to these areas in any consideration 
of the impact of development proposals on lamprey conservation. Such “silt beds” 
are not normally considered important fish habitat, and management for other spe-
cies (e.g., dredging of depositional zones to create fishing pools for salmonids) 
may be detrimental to lampreys. Since multiple age classes of ammocoetes occur in 
these beds, their destruction can lead to the loss of several generations. Projects that 
cause physical disturbance to the substrate include dredging (e.g., for channel main-
tenance and mining), road-crossing modifications (e.g., culvert replacements), and 
instream structures for grade control (Streif 2009; King et al. 2011; Mateus et al. 
2012; Thomas et al. 2013). Even temporary dewatering of river stretches (e.g., dur-
ing instream work, for irrigation, or during flow regulation; see Sect. 8.2.3.2) can 
have a significant effect on larval lampreys; since they are unable to move quickly 
from a disturbed area, they are vulnerable to desiccation and temperature fluctua-
tions (Streif 2009). In these situations, the ammocoetes often emerge from the sedi-
ment long after dredging or other operations cease and they are not salvaged.

Although receiving relatively little notice until recently, dredging appears to be 
responsible for both the direct (i.e., through their removal with the sediment) and 
indirect (i.e., through habitat destruction) loss of larval lampreys. In some cases, 
these losses can be substantial. Suction-dredge mining may be one of the reasons 
for the loss of lampreys in the John Day River basin in central and northeast Oregon 
(Klamath River Expert Panel 2010), and dredging for flood control and navigation 
also appears to be highly detrimental given their occurrence in the depositional areas 
targeted during channel maintenance. The Moy and Boyne catchments in Ireland, 
for example, were subjected to major arterial drainage schemes in the 1960s–1980s, 
largely in an attempt to control flooding (O’Connor 2004, 2006). Over a 17-year pe-
riod in the Boyne catchment, roughly one tributary and a section of the main Boyne 
channel were drained each year and dredged to remove the silt. This dredging likely 
resulted in the death of a significant proportion of the lamprey larvae present in 
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the sediments and in almost complete destruction of larval and spawning habitat 
(O’Connor 2006). In the River Stonyford in the Boyne catchment, when areas 
of optimal lamprey habitat were targeted for maintenance, electrofishing surveys 
7 weeks after maintenance showed that larval abundance in 18 1-m2 plots was only 
20 % of the pre-maintenace abundance (King et al. 2008). Sampling of the sediment 
removed in the Silver River (also known as Tullamore), in the Shannon catchment, 
showed that 1–35 ammocoetes were removed per m2 of substrate, with the majority 
of excavator bucket samples containing 5–10 ammocoetes/m2 (King et al. 2008). 
Channelization to improve drainage also reduces habitat heterogeneity, eliminating 
or reducing the flow refugia and backwater habitats important to larval lampreys 
(O’Connor 2006; see Chap. 3). Similar dredging operations appear to be destroying 
larvae and larval habitat elsewhere. In Southland, New Zealand, over 1,200 km of 
waterways have been excavated to remove sediment and weeds, and such dredging 
occurs every 3 years to maintain flow (Cindy F. Baker, National Institute of Water 
and Atmospheric Research, Hamilton, NZ, personal communication, 2013). It is 
believed that some of New Zealand’s densest populations of pouched lamprey Geo-
tria australis occur in these small headwater streams in Southland, and that these 
dredging operations result in the destruction of both prime larval habitat and the 
physical removal and death of all larval age classes (Jane Kitson, Kitson Consult-
ing, Invercargill, NZ, personal communication, 2013). Dredging of large rivers for 
navigation may result in an even more egregious loss of larval lampreys and habitat. 
Over the past century, the main navigation channel in the lower Willamette River 
in Oregon, for example, has been deepened from 6 to 13 m (to allow large ship-
ping vessels to enter Portland Harbor), and is dredged every 2–5 years by the Army 
Corps of Engineers to maintain this depth. Jolley et al. (2012) demonstrated that 
multiple age classes of larval lampreys (Pacific lamprey and Lampetra sp.) occur in 
the lower Willamette River, and larval lampreys have been found in deep water in 
other large river systems (e.g., Beamish and Youson 1987; Taverny et al. 2012; see 
Chap. 3). The effect of large-scale channelization on larval lamprey habitat needs 
to be investigated.

Some efforts, however, are being made to mitigate the effects of channel main-
tenance on larval lampreys. Although an 80 % reduction in larval density was ob-
served in enclosures in the River Stonyford, Ireland, when dredging deliberately 
targeted areas of sediment deposition (as described above), other Ecological Impact 
Assessment surveys found fewer detrimental effects. In the River Deel, where sam-
pling enclosures were spread over several kilometers and when a new Office of 
Public Works (OPW) 10-point environmental channel maintenance protocol was 
followed (e.g., leaving some sections untouched), no significant difference was de-
tected in larval abundance pre- versus post-maintenance (King et al. 2008, 2011). 
These surveys also show the potential for colonization, particularly by small am-
mocoetes, of newly excavated sites (e.g., areas that were terrestrial prior to channel 
widening) and also suggest that, in some cases, periodic maintenance might prevent 
habitat loss that could result from excessive siltation and “terrestrialization” of ex-
isting depositional areas (King et al. 2008). Additional research into these and other 
mitigation measures is needed.
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Sand extraction may also drastically modify the river bed and even be respon-
sible for the complete destruction of ammocoete habitat; it is considered to be one 
of the reasons for the endangerment of the larval phase of lampreys in Portugal 
(Quintella et al. 2007). Similarly, engineering works that remove areas of riffle and 
associated spawning gravels may entirely eliminate lampreys from a river (Mai-
tland 2003). Removal of riparian vegetation is likewise thought to contribute to 
lamprey declines (e.g., for northern brook lamprey; Fortin et al. 2007), since larval 
lamprey abundance is often positively correlated with the extent of riparian canopy 
(e.g., for Pacific lamprey; Claire 2003; Torgersen and Close 2004; but see Chap. 3). 
Other watershed changes (e.g., fire suppression, wetland drainage, intensive log-
ging, urban development) almost certainly have had (and continue to have) negative 
effects on lampreys (e.g., Petersen Lewis 2009), but are poorly studied.

Although management for other fish species may be counterproductive to man-
agement for lamprey larvae—and, as discussed above, there generally has been 
little attention paid to larval habitats—the reverse may be true for the spawning 
phase. Habitat requirements for spawning lampreys (i.e., gravel substrate and uni-
directional flow of water; see Chap. 6) is similar to those for salmonids—in fact, 
lampreys may use nests constructed several months earlier by sympatric salmonids 
(Nika and Virbickas 2010)—and the restoration of spawning gravels for salmonids 
usually also benefits lampreys (Streif 2009).

8.2.3  Dams and Other Engineering Works

8.2.3.1  Barriers to Passage

The construction of large dams for hydroelectric power production, weirs (orna-
mental weirs, mill weirs, and hydrological regulating weirs), and other man-made 
barriers, severely restricts the overall riverine habitat available to migratory lam-
preys throughout the world (Lucas et al. 2009; Russon et al. 2011; Table 8.1). Dams 
are ubiquitous in modern waterways: for example, including smaller multi-purpose 
dams (for flood control, irrigation, transportation, and recreation), over 200 dams 
have been constructed within the Columbia River drainage (Gelfenbaum and Ka-
minsky 2010) and 113 dams have been constructed in the Penobscot River wa-
tershed in Maine (Gardner et al. 2012). Large hydroelectric dams have the most 
rapid and dramatic negative effects on diadromous fishes (Nunn and Cowx 2012), 
impeding upstream migration by adults and downstream movement of recently-
metamorphosed juveniles, but the cumulative effects of large numbers of smaller 
barriers can also be significant (Lucas et al. 2009). Although many such barriers can 
easily be overcome by migrating salmonids, particularly with the aid of fish ladders 
designed with them in mind, they are often impassable by lampreys (e.g., Moser 
and Mesa 2009; Foulds and Lucas 2013; see Chap. 5). Likewise, because lampreys 
generally travel deeper in the water column than salmonids (due largely to their lack 
of a swim bladder), traditional spill gates may also block passage (Streif 2009). Fur-
thermore, relatively little attention has been paid to the impact of smaller barriers 
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(e.g., culverts, sluice gates) on lamprey distribution. Using a fish barrier dataset 
maintained by the state of Oregon, Starcevich and Clements (2013) identified over 
4,000 potential barriers that may be blocking Pacific lamprey access to spawning 
and rearing habitat along the Oregon coast alone. Such barriers also concentrate 
large numbers of spawners in the areas immediately downstream, making adult 
lampreys easy targets for poachers (Quintella 2006) and predators (see Sect. 8.2.4).

Barriers to upstream migration are probably the single greatest threat to sea lam-
prey populations, in Portugal (Assis 1990; Almeida et al. 2000, 2002; Cabral et al. 
2005; Quintella 2006; Andrade et al. 2007; Mateus et al. 2012) and elsewhere in Eu-
rope where this species is naturally distributed (Lelek 1987; Renaud 1997; Doadrio 
2001; Kelly and King 2001). Based on historical records of sea lamprey occurrence 
in the upper reaches of the main Iberian Peninsula river basins, the construction of 
insurmountable obstacles in the lower reaches caused a contraction of 69–96 % of 
the original area (Mateus et al. 2012). Dams have also restricted the upstream distri-
bution of anadromous sea lamprey in eastern North America (Gardner et al. 2012; 
Hogg et al. 2013).

In western North America, studies have shown that fewer than 50 % of adult Pa-
cific lamprey encountering the lower Columbia River hydroelectric dams were able 
to negotiate the fishways (Moser et al. 2002a, b; Keefer et al. 2013), and dams in 
some tributaries (e.g., the Umatilla and Snake rivers) and the upper Columbia River 
are largely impassable to lampreys (see Jackson and Moser 2012; Ward et al. 2012). 
In the Yakima River subbasin in south-central Oregon, for example, an average of 
only 20 adult lamprey are now observed returning per year (Patrick Luke, Yakama 
Nation, Toppenish, WA, personal communication, 2013). Pacific lamprey manage-
ment efforts in these tributaries are currently dependent on translocation past these 
dams (see Sect. 8.4.1.2). The Methow River, in northern Washington state, is ac-
cessible only to Pacific lamprey that successfully pass nine dams during their up-
stream migration, and only a small number of spawning adults have been observed 
in recent years (see Spice et al. 2012). The Columbia River mainstem dams have 
thus effectively reduced spawning escapement of Pacific lamprey, and reduced the 
available habitat for spawning and rearing. This has probably resulted in extirpa-
tion of larval populations in tributaries located in the catchments above these dams 
(Moser and Close 2003). Unlike some other anadromous species that may become 
freshwater resident above impassable barriers (see Docker and Potter in press), Pa-
cific lamprey populations persist for only a few years above such barriers before 
becoming extirpated (Wallace and Ball 1978; Beamish and Northcote 1989).

There has been a huge decline in the numbers of upstream migrating pouched 
lamprey in southwestern Australia and Tasmania and the same is true for the short-
headed lamprey Mordacia mordax in southeastern mainland Australia and Tasma-
nia (Ian C. Potter, Murdoch University, Western Australia, personal communica-
tion, 2011, 2012). These declines, which have not been documented properly, are al-
most certainly related to the construction of numerous dams on many river systems 
in these areas. Likewise, according to Holčík (1986), the collapse of the Caspian 
lamprey Caspiomyzon wagneri fisheries on the Volga (Russia) and Kura (Azerbai-
jan) rivers is due to water regulation projects preventing access to areas above the 
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Volgograd and Mingechaur reservoirs, respectively. Hydroelectric dams are simi-
larly considered one of the main reasons for the decline of European river lamprey 
in areas around the Baltic Sea. In the River Perhonjoki in Finland, for example, a 
dam restricts lamprey migration to the lower 32 km of the river (and much of this 
lower region is largely uninhabitable to larvae as the result of dredging and water 
regulation; Sjöberg 2011). A ten-fold decrease in lamprey numbers was observed in 
this river in the decade following dam construction (Ojutkangas et al. 1995). Miti-
gation efforts (e.g., transportation of lampreys above dams, habitat modification) 
are underway, however, in many of these rivers (see Sect. 8.4.2.2).

Knowledge of the way in which barrier dams can effectively block the upstream 
migration of lampreys while permitting passage of most other fishes has been used 
for several decades to control sea lamprey in the Great Lakes (see Marsden and 
Siefkes in press); fortunately, this knowledge is now also being used to help im-
prove passage of anadromous lampreys of conservation concern. Unlike teleost 
fishes (particularly salmonids), lampreys are relatively poor swimmers (Mesa et al. 
2003) and use their oral disc to attach and rest in high velocity situations (e.g., 
Quintella et al. 2004; Keefer et al. 2010), although climbing abilities differ among 
species (Moser et al. 2011). Improvements to passage structures are now being im-
plemented in some areas to improve lamprey passage efficiency (e.g., Keefer et al. 
2011; Moser et al. 2011; see Chap. 5).

In other situations, the outright removal of dams (responsible for blocking migra-
tion in other anadromous fishes) is also benefitting lamprey conservation. In 2009, 
the lowermost dam in the Penobscot River was removed in an attempt to restore 
marine–freshwater connectivity in this system. In 2010 and 2011, spawning-phase 
anadromous sea lamprey moved past the site of the former dam and penetrated into 
the upstream reaches (Hogg et al. 2013). Abundance of adults and nests increased 
at least four-fold following dam removal, and movement into the upstream reaches 
occurred more rapidly in 2011 than 2010 (Hogg et al. 2013), suggesting that spawn-
ers may have been attracted to pheromones produced by the previous year’s larvae 
(see Sect. 8.2.1). Relatively rapid colonization or recolonization has also been ob-
served under natural conditions. Farlinger and Beamish (1984) reported that Pacific 
lamprey colonized new habitats in the Babine Lake system in British Columbia 
within 10 years following the removal of a rockslide barrier. Likewise, after the 
1980 Mount St. Helens eruption devastated the Toutle River in Washington state, 
adult Pacific lamprey were found to have recolonized the North Fork Toutle within 
10 years (Lin et al. 2008a, b). Thus, we are cautiously optimistic that lampreys 
would return to the upper reaches of river systems if barriers can be surmounted or 
removed.

Although knowledge of and interest in the passage needs of anadromous lam-
preys is increasing, relatively little is known about the effects of dams and other 
structures on potamodromous lampreys, that is, on the nine freshwater-resident 
parasitic and 26 non-parasitic lamprey species (see Chap. 5; Docker and Potter in 
press). Although these species migrate entirely within fresh water, there is evidence 
that they are also negatively impacted by barriers to migration. Upstream migrat-
ing chestnut lamprey Ichthyomyzon castaneus, for example, have frequently been 
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captured at dams, implying that these structures impede their migrations (COSE-
WIC 2010). Barriers to migration (including dams intended to block migration 
of sea lamprey in the Great Lakes) are also considered a threat to silver lamprey 
(COSEWIC 2011). Dams are also implicated in the declines of some non-parasitic 
species (e.g., Pit-Klamath brook lamprey Entosphenus lethophagus and Kern brook 
lamprey; Table 8.1), and channelization and the installation of sluice gates in rice 
paddy fields in Japan has been shown to restrict gene flow among subpopulations of 
the brook lamprey Lethenteron sp. N (Yamazaki et al. 2011; see Sect. 8.4.3).

In addition to blocking upstream migration of the spawning-phase adults, dams 
and other engineering works may also disrupt the downstream migration of recent-
ly-metamorphosed individuals (see Chap. 3). This is generally considered less of 
a problem (Clay 1995), but passage through hydraulic turbines and spillways can 
cause physical damage and high mortality rates to downstream migrating lampreys 
(Travade and Larinier 1992). Downstream migrating lampreys are relatively robust 
and have been shown to pass through low-head turbines, especially Archimedes 
screw designs, with little or no damage (Bracken and Lucas 2013), and to show 
little or no ill effects from simulated turbine shear stress and pressure fluctuations 
(Moursund et al. 2003). However, screens intended to prevent juvenile salmonids 
from entering the turbines appear to represent greater hazards to downstream mi-
grating lampreys than the turbines themselves (Moursund et al. 2003). Due to their 
smaller size and weaker swimming ability, they are frequently impinged on these 
screens and, because their tails are narrower than the rest of their bodies, these often 
become wedged in the bars. Moursund et al. (2003), for example, observed that 
70 % of downstream migrating Pacific lamprey became impinged on bar screens 
with 0.32 cm square mesh within 1 min of exposure to water velocities of 0.46 m/s. 
Higher diversion flows at night may also be particularly problematic for lampreys, 
given the higher rate of downstream migration at night (Streif 2009; Bracken and 
Lucas 2013; see Chap. 3). Furthermore, even when lampreys entrained in turbines 
survive the pressure differences and passage through the screens, they are some-
times disorientated and fall prey to fishes and birds in the tailraces of the dams. 
Predatory fishes have been observed to congregate downstream of turbine outflows 
(Lucas and Baras 2001).

8.2.3.2  Dewatering and Other Stream Flow Alterations

Dams and other engineering works have also resulted in significant alterations to 
natural flow regimes. Hydropeaking (i.e., the rapid increase or decrease in the re-
lease of water from hydroelectric reservoirs in response to fluctuations in the de-
mand for power) changes the flow regime in the rivers downstream of the dam, and 
extensive water extraction for irrigation or hydropower production can substan-
tially decrease flow. Low and unstable flows were considered by Morman (1979) 
to be two of the major limiting factors for the absence or scarcity of larvae in many 
streams in the Great Lakes basin, and hydrological alteration, including water ex-
traction, is considered a threat to the survival of at least five lamprey species on a 
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global or North American scale (Table 8.1). Rapid reductions in water levels can 
result in the dewatering of spawning sites and larval lamprey habitat, which will 
result in the desiccation of nests and the stranding of larvae. This can be particularly 
problematic since prime larval habitat is often located at stream margins in areas 
of low velocity, which are the regions first affected when stream flows decrease 
(Hardisty 1979; Almeida and Quintella 2002). Karuk tribal community members 
in the Klamath River basin in northern California recall finding hundreds or even 
thousands of ammocoetes stranded in dry sand bars when water release from Iron 
Gate Dam was drastically decreased; some people refer to these incidents as “invis-
ible fish kills” (Petersen Lewis 2009). As with other forms of habitat destruction, a 
single dewatering event can obliterate several age classes of lampreys and it is rec-
ommended that those involved in salvage efforts be cognizant of the fact that larvae 
may continue to emerge from the substrate long after the event (Streif 2009; see 
Sect. 8.2.2). Rapid increases in flow can also have disastrous effects on the survival 
of eggs and ammocoetes, resulting in them being swept downstream.

Rapid changes in flow can also be detrimental to post-metamorphic stages; un-
usually high flows, for example, can result in downstream migrants being impinged 
on turbine screens (Sect. 8.2.3.1) and severe reductions in flow during the spawn-
ing migration can prevent movement upstream to high-quality spawning habitat. In 
the Umatilla River in Oregon, abstractions of water for irrigation are so severe that 
the river is virtually dewatered during the peak adult lamprey migration, thus se-
verely limiting access to spawning habitat (Close et al. 2009). In the Klamath basin, 
water diversion for agriculture in the upper basin reduces water flow in the lower 
basin to the extent that water in the tributaries is no longer high enough to support 
spawning (Petersen Lewis 2009). Likewise, a reduction in river discharge during 
the migration period due to dams and weirs can diminish the attractive potential 
of the river and hence the numbers of spawners entering it. According to Oliveira 
et al. (2004), the present minimum instream flow for the River Tagus in Portugal 
downstream from the first impassable obstacle, Belver Dam, results in a significant 
loss of spawning habitat for sea lamprey.

Another consequence of dam construction is the creation of reservoirs, as the 
result of river impoundment, and this leads to the transformation of lotic habitats to 
lentic ones. Independently of free passage problems, lampreys spawn in relatively 
fast flowing reaches (Hardisty and Potter 1971), and the absence of such habitat, 
upstream of the barrier, prevents successful spawning. With the exception of a few 
species (e.g., Vancouver or Cowichan lamprey Entosphenus macrostomus), lam-
preys rarely spawn in the absence of a unidirectional current (see Chap. 6). Dur-
ing their spawning migration, lampreys are rheophilic swimmers and their passage 
through a large body of water with low currents may disorient the adults or increase 
passage time. Additionally, in large impoundments, the effect of larval pheromones 
may be lost and no longer guide adult lampreys to spawning streams (Li et al. 1995; 
Vrieze and Sorensen 2001; Fine et al. 2004; Sorensen et al. 2005; see Chap. 5).

Alterations in discharge and temperature regimes may also interfere with the 
timing and success of migration and spawning. Discharge and temperature regimes 
are the two most important environmental factors affecting the lamprey spawning 
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migration (Hardisty and Potter 1971). The largest catches of sea lamprey are made 
generally when the water level is high (Hardisty and Potter 1971; Duarte et al. 2003; 
Masters et al. 2006), and when water temperatures reach between 10 and 19 °C 
(Applegate 1950; Beamish 1980). In a study by Santos et al. (2005) in the Lima 
River in Portugal, sea lamprey were found to migrate at temperatures above 11 °C 
and showed pronounced activity at 12–16 °C. Binder et al. (2010) found migratory 
activity in sea lamprey to peak at temperatures of c. 15 °C (see Chap. 5). Initiation 
of spawning is likewise highly dependent on temperature (see Chap. 6). Tempera-
tures below optimal values are thought to reduce migration and spawning intensity 
(Beamish 1980), and hypolimnetic coldwater releases from dams may provoke high 
amplitude changes in temperature regimes. Unusually high discharge is also thought 
to inhibit migration (Masters et al. 2006) and spawning (Hogg et al. 2013) activity.

Likewise, embryonic development in lampreys is highly dependent on tempera-
ture. In sea lamprey in Spain, for example, survival from fertilization to hatch-
ing was 61, 89, 91 and 89 % at 11, 15, 19 and 23 °C, respectively, and survival 
from hatching to burrowing was 58, 70 and 70 % at 15, 19 and 23 °C, respectively 
(Rodríguez-Muñoz et al. 2001). Hypolimnetic releases from dams would there-
fore be expected to decrease embryonic survival. Mortality likewise increases with 
higher than optimal temperatures. For example, in Pacific lamprey, the optimal tem-
perature for survival of early life stages is 18–19 °C; at higher temperatures (22 °C), 
survival was significantly reduced and developmental abnormalities increased 
(Meeuwig et al. 2005). This means that the successful conditions at which embryos 
develop and hatch are not compatible with sudden changes in temperature.

Impoundments change flow regimes of streams and rivers and can severely alter 
ecological processes (Larinier 2001). Food production and the transit of suspended 
material may be diminished, whereas erosion of the margins normally increases. An 
important geomorphological feature downstream of many dams is the erosion of 
steep sandy river banks and the eventual creation of gently sloping grassy shores; 
these are more resistant to erosion but not as adequate for lamprey larvae. Reduc-
tion of sediment deposition downstream of impoundments typically reduces the 
habitat available for ammocoetes (Klamath River Expert Panel 2010).

Dams and other anthropogenic modifications to the rivers and streams in which 
lampreys spend the majority of their life cycle are ubiquitous in modern waterways, 
and it is clear that the effects of these modifications on lampreys are myriad. Far 
more research is required, however, to understand the extent of these threats to dif-
ferent lamprey species worldwide and the ways in which they might be remediated.

8.2.4  Predators, Parasites, and Prey

It is known that lamprey eggs and ammocoete larvae are eaten by a variety of preda-
tors such as teleost fishes, including minnows (Cyprinidae), sticklebacks (Gaster-
osteidae), eels (Anguillidae), sculpins (Cottidae), perch (Percidae), and bullheads 
or catfishes (Ictaluridae) (Hardisty 1961a, b; Heard 1966; Manion 1968; Tuunainen 
et al. 1980; Maitland 2003). Cochran (2009) argued that assemblages of predators 



P. S. Maitland et al.396

on lampreys are changed by human activities such as stocking and harvest of fishes, 
citing as an example the many streams in Minnesota that are stocked with and man-
aged for exotic brown trout Salmo trutta. Brown trout are much larger than most 
native fish species, few of which are large enough to feed on large ammocoetes or 
adult lampreys, and may be a significant predator on several species of lampreys. In 
southern California, the introduction of numerous non-native piscivorous fishes and 
those that disrupt soft sediments have probably contributed to the decline of Pacific 
lamprey (Moyle et al. 2009).

Other vertebrates also prey on adult lampreys, for example, birds such as herons 
( Ardea), ducks ( Mergus), and seagulls ( Larus) (Sjöberg 1980), and mammals like 
otters ( Lutra), especially at spawning time (Andrade et al. 2007). Predation is also 
likely to be high in downstream migrants. There is concern that dams and other 
engineering works, by delaying or disrupting passage of downstream or upstream 
migrating lampreys, may make these life stages more vulnerable to these predators 
(see Sect. 8.2.3.1).

Relative to other aspects of lamprey biology, little has been written about their 
parasites—and even less is known about their effect on the host. As with studies 
on contaminant levels in lampreys (see Sect. 8.2.1), many of the studies examining 
parasites and other pathogens in lampreys have largely focused on their impact on 
human health and their potential role in the transmission of diseases to commercial-
ly-important fishes (e.g., Eissa et al. 2006; Faisal et al. 2007; Gadd et al. 2010; Bao 
et al. 2013). Appy and Anderson (1981) listed 70 distinct parasite species that have 
been found in larval and adult lampreys. The list includes five species of bacteria 
(including one Rickettsia species; Aeromonas salmonicida, the causative agent of 
furunculosis in cultured salmonids; and Aeromonas hydrophila, which causes infec-
tious enteritis in humans), one identified and one unidentified fungi, two protozoans 
belonging to the phylum Ciliophora, 39 species from the phylum Platyhelminthes, 
six from the phylum Acanthocephala, nine from the phylum Aschelminthes, two 
from the phylum Mollusca, two from the phylum Annelida, and three from the phy-
lum Arthropoda. More recently, Renibacterium salmoninarum, the causative agent 
of bacterial kidney disease in salmonids, has been found in lampreys (Eissa et al. 
2006), as well as the virus causing viral hemorrhagic septicemia (VHS; Gadd et al. 
2010). Bell and Traxler (1986), however, demonstrated that adult Pacific lamprey 
were not susceptible to R. salmoninarum, and Kurath et al. (2013) have shown 
larval Pacific lamprey were not susceptible to the virus causing VHS or infectious 
hematopoietic necrosis (IHN). Since 2011, the prevalence of finding dead or dying 
pouched lamprey during their upstream migration in Southland, New Zealand, has 
increased (Cindy F. Baker, National Institute of Water and Atmospheric Research, 
Hamilton, NZ, personal communication, 2013). These lamprey had lesions around 
their fins and gills and unusual red skin markings, but the cause of this Lamprey 
Reddening Syndrome (i.e., whether bacterial, viral, or due to some environmental 
factor) is not yet known (see Sect. 8.4.3). As mentioned above, the impact of these 
parasites and pathogens on the health of lampreys is generally unknown. However, 
A. salmonicida does appear to produce furuncle-like lesions in Great Lakes sea lam-
prey (Faisal et al. 2007), and incidence of this bacterium in sexually mature Pacific 
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lamprey has raised questions about its negative impact on reproduction, particularly 
at warm temperatures (Clemens et al. 2009).

Although poorly studied to date (particularly in anadromous species), it is prob-
ably safe to say that prey/host availability has an effect on and can limit lamprey 
abundance. There is some evidence that a reduction in the size of a host population 
can affect lamprey numbers, as well as body size and sex ratio (Hardisty 2006). A 
decline in the abundance of coho salmon Oncorhynchus kisutch in Cowichan Lake 
on Vancouver Island, British Columbia, is believed to directly affect the abundance 
of the Vancouver lamprey (COSEWIC 2008). Lyons et al. (1994) have indicated 
that Mexican lamprey Tetrapleurodon spadiceus has been negatively impacted by 
major declines in several of its primary host species. In Lake Superior, the body 
size of sea lamprey started to decline after their numbers reached a peak in the 
mid-1950s (Heinrich et al. 1980). However, body size started to increase again in 
the 1960s, possibly due to successful restocking with lake trout. Pacific lamprey 
counts at Bonneville Dam on the Columbia River were high immediately before the 
1976/1977 ocean climate shift that affected the abundances of many marine fishes 
(Anderson and Piatt 1999; Benson and Trites 2002), and then significantly lower 
during the first available counts after the regime shift (Close et al. 1995). Murauskas 
et al. (2013) found significant positive correlations between Pacific lamprey returns 
in the Columbia River between 1997 and 2010 and the abundance indices of five 
host species in the marine environment: Pacific hake Merluccius productus, walleye 
pollock Gadus chalcogrammus, Pacific cod G. macrocephalus, Chinook salmon 
Oncorhynchus tshawytscha, and Pacific herring Clupea pallasii.

8.2.5  Exploitation by Humans

Lampreys have long been valued as a food source (see Chap. 1), and Renaud (2011) 
lists seven species which are or have been subjected to commercial fishing within 
the past century. Although most of the widespread threats listed in Table 8.1 are 
related to habitat destruction and barriers to passage, exploitation in the past has 
been significant for some species. Although catches—in virtually all species and 
locations—declined around the middle of the last century, probably as the result 
of pollution and barriers to migration (Hardisty 1986a; Close et al. 2002; Sjöberg 
2011), exploitation continues to be high at a local level for some species and over-
exploitation may represent a significant ongoing threat in some regions. Further-
more, although recent harvest levels are lower (dramatically so, in most cases) than 
historic levels, we cannot assume that current fishing pressures are sustainable; rela-
tive exploitation levels (i.e., the proportion of the spawning population that is being 
harvested) need to be estimated (Valtonen 1980; Masters et al. 2006). Catching 
lampreys during their upstream migration can result in high levels of exploitation, 
particularly if traps are associated with physical bottlenecks that concentrate the 
spawning population, and catchability can remain high even as population sizes 
decrease (thus masking such decreases). Furthermore, semelparity may make lam-
preys particularly at risk to overexploitation since all lampreys caught will never 
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have had the opportunity to spawn (Masters et al. 2006). Below, we review histori-
cal and current harvest levels of the most heavily exploited lamprey species (partic-
ularly European river and sea lampreys), briefly discuss fishing restrictions (if they 
exist) and, where possible, make inferences regarding the effects of exploitation on 
the species in question.

The European river lamprey was formerly fished extensively in the River Severn 
and several other rivers in Britain (Wheeler 1979; Masters et al. 2006). For ex-
ample, for several centuries, prior to the increasing pollution in the River Thames 
in the nineteenth century, river lamprey were trapped in very large  numbers; the 
annual catch in just one section of the river in 1791 was estimated at c. 500,000 
lamprey (Wheeler 1979). In addition to fishing for human consumption, river 
 lamprey were also used as bait for cod fishing. Up until the early 1900s, line fish-
ermen in the Netherlands imported c. 700,000 river lamprey annually from the 
River Thames fishermen for use as bait (Lanzing 1959). Commercial fisheries for 
this species also operated in the Ouse, Derwent, and Trent catchments in northeast 
England (Masters et al. 2006). In the tidal River Ouse, total catches ranged from 
25,500 to 54,500 lamprey per year in 1908–1914. This level of exploitation stopped 
when deepsea trawling replaced long lining in the North Sea but, in recent years, 
river lamprey have again been caught in the River Ouse and sold to anglers for use 
as bait; 9,100 to 31,000 lamprey were caught annually between 2000 and 2004 
(Masters et al. 2006). Using mark-recapture methods, Masters et al. (2006) esti-
mated that between 9.9 and 12.0 % of the spawning migrants were captured in this 
intercept fishery. These lamprey were originally considered by-catch in a licensed 
eel anguilla fishery, but concern regarding the possible impact of these unregulated 
fishing efforts led to the introduction of lamprey-specific legislation (e.g., a cap on 
fishing licenses, catch quotas, and restricted fishing seasons) in 2011 (Foulds and 
Lucas 2014). However, given the lack of reliable data on demographic processes 
(e.g., annual recruitment, natural and anthropogenic-related mortality) and the diffi-
culties experienced in establishing an accurate exploitation rate, it is not yet known 
what would constitute a sustainable catch level in this river (Masters et al. 2006; 
Foulds and Lucas 2014; Richard A. Noble, Hull International Fisheries Institute, 
University of Hull, Hull, U.K., personal communication, 2014).

The largest commercial fisheries for European river lamprey have been (and 
continue to be) in rivers that flow into the Baltic Sea (i.e., in Finland, Sweden, 
Latvia, Estonia, Lithuania, Poland, Germany, and Russia; Hardisty 1986a; Sjöberg 
2011; Lajus et al. 2013). In Finland, where statistics on river lamprey catches are 
recorded, total catch ranged from approximately 1.8 to 3.0 million lamprey per year 
in the 1970s and 1980s, and approximately 0.6 to 1.8 million lamprey per year in 
2000–2011 (Tuunainen et al. 1980; Dill 1990; Sjöberg 2011). A tagging study by 
Valtonen (1980) suggested that a significant portion of the spawning population 
was harvested in the fishery, estimating that 65 and 80 % of the upstream migrants 
were being captured in the two Finnish rivers studied. In Sweden, approximately 
150,000 lamprey were harvested in 2010–2011, much less than was harvested be-
fore hydroelectric dams blocked upstream migration in many rivers (e.g., c. 200,000 
lamprey were harvested per year in 1942–1951 in just one of the approximately 25 
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rivers fished for this species; Sjöberg 2011). Lamprey harvest is also significant 
in Latvia, where mean catches per year have ranged from 8 to 270 t (in 1980 and 
1975, respectively) or approximately 92,000 to 3.1 million lamprey; catches were 
still high in 2003 (112 t or approximately 1.3 million lamprey). Likewise, lamprey 
fishing is important in Estonia; although catches have decreased over the last 60–70 
years (and, as in Latvia, fluctuate among years), up to 63 t per year were harvested 
between 1994 and 2005 (Sjöberg 2011). There are no general rules regulating lam-
prey fishing in Sweden but, in Latvia and Estonia, fishing is restricted during the 
latter part of the spawning run; in Finland, there are regulations regarding fishing 
gear (Sjöberg 2011). In Poland, annual catches in the Vistula River in 1930–1939 
exceeded 100 t (sometimes during a one-week fishing period) but, by the late 1980s, 
harvests amounted to less than 1 t per year and fishing ceased; this drastic decline 
was attributed to pollution, dams, and overfishing (Witkowski 1996). Historically, 
annual river lamprey catches in Lithuania and Russia ranged from 8 to 53 t (Sjöberg 
2011; Lajus et al. 2013), and 1 to 7 t per year in Germany (Hardisty 1986a; Sjöberg 
2011). Fishing still occurs in Lithuania and Russia, but appears to have ceased in 
Germany (Sjöberg 2011; Lajus et al. 2013).

The anadromous sea lamprey was likewise formerly fished extensively in the 
River Severn and several other rivers in Britain, but it is now exploited only in a 
few rivers in Europe—notably in France, Spain, and Portugal (see below). In fact, 
despite the former abundance of sea lamprey in the River Severn (e.g., in centuries 
past, when the city of Gloucester would send a lamprey pie to the monarch every 
Christmas), it has been virtually extirpated from this river; sea lamprey had to be 
imported from the Great Lakes in order to make Queen Elizabeth II’s lamprey pie 
for her Diamond Jubilee celebrations (see Chap. 1). There was also a fishery for 
anadromous sea lamprey in North America in the nineteenth century, principally 
on the Merrimack and Connecticut rivers in Massachusetts, before dams greatly 
reduced its abundance (Goode 1884). Fish lifts (e.g., at Holyoke Dam) and perhaps 
other fish passage facilities have helped restore sea lamprey runs in the Connecti-
cut River in recent decades (Stier and Kynard 1986; Boyd Kynard, BK Riverfish 
LLC and Department of Environmental Conservation, University of Massachusetts, 
Amherst, MA, personal communication, 2014) but, notwithstanding this situation, 
there is no longer a market for sea lamprey in the United States (Flescher and Mar-
tini 2002). Modest commercial catches now only supply specimens for scientific 
research. During the 1970s and 1980s, up to 8,000 anadromous sea lamprey were 
caught for this purpose from the Sheepscot River in Maine, but the two companies 
recently permitted to harvest adult sea lamprey in Maine have been unable to meet 
their needs locally and import sea lamprey from Nova Scotia or the Great Lakes 
(Kircheis 2004).

The largest commercial fishery for sea lamprey in Europe occurs in the Ga-
ronne River basin in France, also known as the Gironde, the estuary where the 
Garonne and Dordogne rivers meet (Beaulaton et al. 2008). The annual landings 
from this basin (on average 72 t, or approximately 65,000 lamprey, per year be-
tween 1985 and 2003) are said to represent more than 50 % of the total production in 
France (Beaulaton et al. 2008). Annual landings ranged from approximately 40,000 



P. S. Maitland et al.400

lamprey in 1994 to 140,000 lamprey in 2000. Long-term monitoring of the catch 
per unit effort (CPUE) in the fishery suggests that sea lamprey abundance reached 
its peak between 1952 and 1970, but that the trend since 1973 has been relatively 
stable at 35–40 % of the peak abundance. Since the end of the 1990s, the CPUE has 
shown a strong increase; although CPUE is still below previous levels, this recent 
increase was considered by Beaulaton et al. (2008) to be a sign of an upward trend 
in lamprey abundance in this French river basin. Interestingly, mean length of har-
vested sea lamprey has also increased over this time period (Beaulaton et al. 2008). 
According to these authors, these results are encouraging but caution is still needed. 
Sea lamprey was also fished in the Rhone, Loire, and Adour rivers at the beginning 
of the twentieth century. Fishing has almost disappeared in the Rhone River but, 
in the past few decades, harvests of 58 and 8.5 t have been recorded for the Loire 
(1989) and Adour (mean for 1986–2004) rivers, respectively. In Spain, sea lamprey 
is targeted by commercial fisheries particularly in Galicia in the northwest (Gradín 
2010).

In Portugal, where sea lamprey is regarded as a delicacy and fetches high prices, 
overexploitation for human consumption is considered one of the major threats to 
the conservation of this species in some Portuguese watersheds (Quintella 2006; 
Mateus et al. 2012). Annual harvest levels can be roughly estimated at 120,000–
160,000 lamprey in the Minho River and 10,000–15,000 lamprey in the Tagus 
River. These numbers were obtained by multiplying the average number of cap-
tured lamprey per fisherman for the two systems (Suíssas 2010) by the total number 
of licensed fishermen in each river (Bernardo R. Quintella, personal observation). 
The gastronomic importance of sea lamprey is reflected by their high commercial 
value, which can easily reach €50 per lamprey during the peak of the season. The 
high economic value of the sea lamprey makes them the preferred target of both 
professional fishermen and poachers, creating a major threat to the sustainability 
and conservation of this species in Portugal (Quintella 2006; Mateus et al. 2012). 
In a study by Andrade et al. (2007) that was aimed at investigating the spawning 
migration of sea lamprey in the Vouga River basin via radio telemetry, 76 % of the 
tagged lampreys were recaptured by poachers. The study was conducted during two 
consecutive drought years, resulting perhaps in an overestimation of the poaching 
capture rate when extrapolating to a normal flow year; nevertheless, this percentage 
reflects the threat that poaching activities, if not properly policed, may pose to the 
survival of the exploited sea lamprey populations in Portuguese rivers.

Professional fisheries regulations in Portugal define in general the official fishing 
season for sea lamprey as between the beginning of January and the end of April, 
and capture is allowed in both estuaries and in designated areas in fresh water. 
Captures are limited to lamprey over 350 mm in body length and to a maximum of 
30 individuals per day for each fisherman. In river basins where the species is less 
abundant, the quota is lower (e.g., six lamprey per day in the River Guadiana and 10 
per day in the rivers Vouga and Cávado; Mateus et al. 2012). Sea lamprey upstream 
migration starts in December and peaks between February and March, with the bulk 
of the spawning occurring between April and June (Almeida et al. 2000). The fish-
ing gears traditionally used by professional fishermen to harvest adult sea lamprey 
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in Portugal are drift trammel nets and fyke nets (Quintella 2006). The impact of this 
intense fishing effort is not negligible, but is difficult to quantify; sea lamprey are 
often sold directly to restaurants or intermediaries without being taxed, resulting 
in inaccurate official records of capture numbers. As an estimate, however, Duarte 
et al. (2003) assessed the catch rate of a large fyke net in the River Mondego be-
tween 6 January and 13 April 2002 as 555 lampreys—a catch rate of 7.4 individuals 
per tide (12 h). The same authors indicated that six local fishermen using six fyke 
nets between January and April 2002 captured 2,846 lamprey. Although the catch 
rate for trammel nets is not currently known, with at least 100 commercial fishing 
licenses issued in the River Mondego (Bernardo R. Quintella, personal observa-
tion), it is clear that, if not properly regulated, commercial fishing may constitute a 
significant threat to the survival of Portuguese sea lamprey populations.

There were important fisheries for the Caspian lamprey in Russia and Azerbaijan 
into the twentieth century (Berg 1948); the maximum recorded catches (in the early 
twentieth century) reached 2000 to 3000 t annually from the Volga River (Russia) 
alone (Holčík 1986). Total annual catches in the Volga fell to 500–850 t from 1930 
to 1934 and to less than 100 t between 1941 and 1945 (although the Second World 
War perhaps contributed to a decrease in fishing effort). The commercial harvest 
in the Kura River (Azerbaijan) between 1930 and 1963 ranged from 10 to 269 t 
(Holčík 1986). Water regulation projects on these river basins had such profound 
negative effects on lamprey abundance that those fisheries are no longer commer-
cially viable (Holčík 1986). There is no commercial fishing for this species in Iran 
(Kiabi et al. 1999).

In Japan, the Arctic lamprey Lethenteron camtschaticum is consumed by humans 
and is also highly valued as a medicine against night blindness (Honma 1960). 
However, there has been a dramatic decline in the catch in northern Japan from a 
high of about 200 t in 1988 to a low of less than 5 t annually between 2000 and 2009 
(Greig and Hall 2011). During the nineteenth century (and most likely previously), 
native people in Alaska also consumed the Arctic lamprey and used its rendered 
oil as fuel for lamps (Turner 1886; Nelson 1887). There has been a recent renewed 
interest in starting a commercial fishery for upstream migrants in the Yukon River, 
Alaska. In addition to the traditional subsistence harvest, this fishery is aimed at the 
Asian market in the USA and abroad, and its 2003 quota was set at 20 t (Gay 2003).

Pacific lamprey have been fished by indigenous peoples in the Columbia and 
Klamath river basins of Oregon and California for thousands of years (Close et al. 
2002; Petersen Lewis 2009). These subsistence fisheries used traditional  harvesting 
techniques (e.g., dip nets, hooks, baskets, catching by hand) and collected lamprey 
only for food or ceremonial or medicinal purposes. In years when abundance was 
high (i.e., prior to the 1950s or 1960s) and at the peak, a single Yurok or Karuk 
“ eeler,” for example, might catch up to 5,000 lamprey in one night (or  approximately 
4.7 t; Petersen Lewis 2009). Over the course of the spawning run, and with hun-
dreds of Karuk and Yurok villages located along the Klamath River, harvests within 
the basin could be on the order of tens of thousands of lamprey per year, but such 
harvests would be shared among people living in the vicinity and traditional eco-
logical knowledge suggests that, at that time, Pacific lamprey were coming through 
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the Klamath River by the millions (Petersen Lewis 2009). A commercial fishery for 
Pacific lamprey operated in the Columbia River basin in the early twentieth century, 
harvesting lamprey largely for use in fishmeal (for cultured salmon, livestock, or 
poultry) or for vitamin oil (Close et al. 2002). At Willamette Falls, 24.5 t (c. 22,000 
lamprey) were harvested in 1913 and an average of 105 t per year (c. 95,000 lam-
prey) was harvested between 1943 and 1949 (Close et al. 2002).

Commercial catches for Pacific lamprey in recent years have been more modest, 
and have largely been for human consumption (e.g., 1.8 t were exported to Europe in 
1994) or to supply specimens for research or teaching purposes (Close et al. 2002). 
Tribal harvests also have been considerably reduced (due to the dramatic declines 
experienced in the 1960s; Petersen Lewis 2009); instead of a thousand or more 
Pacific lamprey per night, for example, a Kurok or Yurok eeler might now only be 
able to harvest 10–15 (Petersen Lewis 2009). Willamette Falls, located downstream 
of a number of dams that block passage within the Columbia River basin (see Ward 
et al. 2012), is now the source of the largest tribal harvest in Oregon; harvests are 
virtually non-existent in the upper Columbia River basin (see Sect. 8.2.3.1). Harvest 
for non-tribal commercial and personal use is also permitted at Willamette Falls, 
but is regulated (Kostow 2002). In 2001, the Oregon Fish and Wildlife Commission 
started to require permits for the harvest of Pacific lamprey and imposed regula-
tions that included setting a season, limiting harvest to daylight hours, limiting the 
area around the falls that was open for harvest, and requiring that harvest be done 
by hand or with hand-operated equipment. In 2001, the harvest at Willamette Falls 
was approximately 15,500 lamprey (c. 14 t), about half the yearly average estimated 
over the past decade (Kostow 2002). Although Jelks et al. (2008) list overexploita-
tion for commercial, recreational, scientific, or educational purposes as one of the 
criteria for listing Pacific lamprey as vulnerable to extinction, it appears that this is 
not the major threat to this species.

In New Zealand, the Māori catch the pouched lamprey at the beginning of their 
upstream spawning migration and use them for human consumption and ceremonial 
purposes (McDowall 1990). It appears, however, that this subsistence fishery is not 
the major threat to this species.

In the last century, some lamprey species were harvested as larvae, either com-
mercially (e.g., western brook lamprey Lampetra richardsoni and American brook 
lamprey) or non-commercially (e.g., Carpathian lamprey Eudontomyzon danfordi 
and northern brook lamprey) for use as bait to catch sportfishes (Renaud 2011). In 
the late 1940s, for example, about 200,000 American brook lamprey ammocoetes 
were harvested annually for this purpose from the upper St. Maurice River, Québec 
(Vladykov 1973). It is not known what impact this might have had on their popula-
tion numbers, but in a relatively long-lived semelparous species with low fecundity 
such as the American brook lamprey, it was undoubtedly significant. While the use 
of lamprey larvae as bait is now illegal in Québec (Fortin et al. 2007), their appeal 
as hardy live bait to catch sportfishes means that the practice may still be ongoing 
there and elsewhere, and it was ongoing in various parts of Québec in the early 
1990s (Claude B. Renaud, personal observation).
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8.2.6  Climate Change

Climate change is likely to affect the marine and freshwater distribution of aquatic 
organisms, including lampreys. Cheung et al. (2009) projected that there would 
be increases in extinctions and invasions of marine invertebrates and fishes at a 
global scale by 2050. Though it is uncertain how climate change will affect lam-
preys specifically, one scenario is that some species may disappear in the southern 
parts of their current range, but be able to inhabit rivers further north of their current 
distribution. For instance, under climate change scenarios, Lassalle et al. (2008) 
projected a disappearance of sea lamprey in river basins bordering the east coast of 
the Adriatic Sea, in most of the Italian river basins, and in the majority of the river 
basins in the Iberian Peninsula by the end of the twenty-first century. However, in 
the same study, conditions were predicted to remain suitable in the northern part of 
the present distribution area of this species and even waters in Iceland could become 
favorable to this species. However, although this may be true for anadromous spe-
cies which can move in the sea to river systems further north, this will not be the 
case with isolated non-anadromous species in southerly areas, for example, fresh-
water-resident species in California (Moyle et al. 2009) and the brook lampreys 
belonging to the Lampetra genus from the Iberian Peninsula (Mateus et al. 2012, 
2013a). Such species may only survive if translocations to suitable waters further 
north—a controversial issue for many reasons—are undertaken (Maitland 1991).

Changes in the distribution of their prey/host base are also likely to have an 
impact on parasitic lampreys; however, a lack of host specificity (see Renaud and 
Cochran in press) may buffer them to some extent. Thus, rather than being affected 
by the distribution of a particular prey/host species, parasitic lampreys are more 
likely to be affected by general changes in prey/host abundance. The findings of 
Murauskas et al. (2013) indicated that host abundance was the principal factor pre-
dicting Pacific lamprey returns in the Columbia River and that inclusion of oceanic 
conditions increased the precision of the model. The abundance of Pacific salmon 
Oncorhynchus spp. in the North Pacific Ocean has been clearly shown to fluctuate 
with the ocean-atmosphere climate (e.g., Mantua et al. 1997; Beamish et al. 1999), 
and long-term climate changes are expected to affect prey abundance for lampreys 
(Klamath River Expert Panel 2010). There are also predictions of climate-driven 
changes to the relative productivity of marine and freshwater systems (i.e., with 
suggestions that increases in terrestrial primary production are expected to increase 
primary production in lakes relative to the oceans) that may alter the prevalence 
and distribution of anadromy in salmonids (Finstad and Hein 2012) and perhaps of 
parasitic lampreys as well (see Docker and Potter in press).

Climate change is also expected to exacerbate many of the threats discussed 
above (e.g., alterations to flow regimes, disease). For example, streams in Cali-
fornia are expected to be warmer and drier during the summer in response to re-
duced spring run-off and reduced summer precipitation (Klamath River Expert 
Panel 2010), intensifying the ill-effects already noted regarding decreases in water 
quantity (see Sect. 8.2.3.2). In other regions, drought in the summer is expected 
to be accompanied by periods of heavy rain in the autumn and winter (Maitland 
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1991). Rapid increases in temperature during embryonic development could lead 
to increased mortality (see Sect. 8.2.3.2); other negative effects could include an 
increase in the rate at which energy stores are mobilized during the non-feeding pe-
riod of upstream migration and the extent to which they become depleted (Clemens 
et al. 2009). Nothing is known about the genetic capacity of lampreys to adapt to 
climate change over the projected time period (Klamath River Expert Panel 2010); 
adaptation and an ability to colonize new environments may mitigate some of the 
negative effects of climate change. Although our understanding of the threats to 
lamprey persistence under current climatic conditions is still incomplete, research 
into the impact of these threats under various climate change scenarios is needed.

8.3  Legislation Protecting Lampreys

Although widespread species whose distributions encompass numerous countries 
are evaluated at a global scale by the IUCN (2013) and NatureServe (2013), ul-
timately, their protection is mitigated at a national level. In the case of narrowly-
distributed species, the national and global evaluations coincide. A species is said 
to be at risk and may qualify for protection if its designation is Threatened (i.e., 
Vulnerable, Endangered, or Critically Endangered) according to IUCN (2013) and 
Vulnerable (G3), Imperiled (G2), or Critically Imperiled (G1) according to the no-
menclature of NatureServe (2013). Of the 33 recognized lamprey species assessed 
at a global scale—i.e., 32 species assessed by IUCN (2013) and/or NatureServe 
(2013) plus the Mexican brook lamprey assessed by Jelks et al. (2008)—12 are 
deemed at risk (Table 8.1). We include in this number three species that have a 
G3G4 NatureServe (2013) ranking (G4 = Apparently Secure). Of these 12 species 
that qualify for protection, only four are protected throughout their ranges by legis-
lation at the national or European Union (EU) level: Vancouver lamprey in Canada, 
Mexican lamprey and Mexican brook lamprey in Mexico (see Sect. 8.3.1), and 
Macedonia brook lamprey Eudontomyzon hellenicus in Europe (see Sect. 8.3.2). A 
fifth species, the Epirus brook lamprey Eudontomyzon graecus, could be added by 
default because it was recognized as distinct from E. hellenicus after the IUCN as-
sessment of the latter. Of the remaining eight qualifying species (i.e., those deemed 
at risk but not protected at the national or EU level), it is worth noting that there has 
been some taxonomic uncertainty surrounding three of these species (Northern Cal-
ifornia brook lamprey Entosphenus folletti, Klamath lamprey Entosphenus similis, 
and Alaskan brook lamprey Lethenteron alaskense), and—although somewhat re-
solved (e.g., for Klamath lamprey; Table 8.1)—this undoubtedly has an effect on 
the application of protection to them. Twenty-one species have thus been assessed 
to be not at risk at a global scale (although this number includes the Caspian lam-
prey, considered Near Threatened). The remaining 11 species that have not yet been 
evaluated at a global scale are largely freshwater-resident species with relatively 
narrow distributions, but two (pouched lamprey and short-headed lamprey, both 
from the Southern Hemisphere) are anadromous species with wider ranges (see 
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Chap. 2); all need to be evaluated to ensure that they are receiving the protection 
that they may require.

In addition to species that are deemed at risk globally, four other species receive 
protection at the EU level (Po brook lamprey Lampetra zanandreai and the three 
other European Eudontomyzon species), and there is some protection afforded at a 
national level to at risk populations of more widespread species (see Sects. 8.3.1, 
8.3.2, 8.3.3). Thus, at least 16 species now receive legal protection at the national or 
EU level in at least a portion of their range (Table 8.1). In addition, there are laws 
protecting species at the subnational level (e.g., in many provinces of Canada and 
many U.S. states; see Mesa and Copeland 2009), but dealing with these is beyond 
the scope of this review.

8.3.1  North America

Canada, the United States, and Mexico each have their own legislation concerning 
species at risk: the Species at Risk Act (SARA), the Endangered Species Act (ESA), 
and the Norma Oficial Mexicana (NOM), respectively. In order of enactment, the 
ESA (http://www.nmfs.noaa.gov/pr/pdfs/laws/esa.pdf) became law in 1973, the 
NOM (http://www.biodiversidad.gob.mx/pdf/NOM-059-ECOL-2001.pdf) in 1994 
with a second version in 2001, and the SARA (http://www.sararegistry.gc.ca/ap-
proach/act/sara_e.pdf) in 2002.

As stated in section 6 of the SARA, the purposes of the Act “are to prevent wild-
life species from being extirpated or becoming extinct, to provide for the recovery 
of wildlife species that are extirpated, endangered or threatened as a result of human 
activity and to manage species of special concern to prevent them from becoming 
endangered or threatened.” In terms of equivalency to IUCN categories, Endan-
gered, Threatened, and Special Concern are, respectively, equivalent to Critically 
Endangered/Endangered, Vulnerable, and Near Threatened. Section 14 establishes 
the Committee on the Status of Endangered Wildlife in Canada (COSEWIC) as 
an independent scientific advisory body to the Canadian government in matters of 
species assessments for conservation purposes (see Renaud et al. 2009). Under sec-
tion 37, subsection (1) of the SARA, if a wildlife species is listed as an extirpated 
species, an endangered species, or a threatened species, the competent minister (the 
Minister of Canadian Heritage or the Minister of Fisheries and Oceans, or both) 
must prepare a strategy for its recovery. Under section 120, the Minister of the 
Environment must establish a public registry for the purpose of facilitating access 
to documents relating to matters under the SARA. Three lampreys are listed in the 
public registry under Schedule 1, the official list of wildlife species at risk: the Mor-
rison Creek population of the western brook lamprey as Endangered, the Vancouver 
lamprey as Threatened, and the Great Lakes-Upper St. Lawrence populations of the 
northern brook lamprey as Special Concern (Renaud et al. 2009). The Great Lakes-
Upper St. Lawrence populations of the silver lamprey have been designated Special 
Concern by COSEWIC (COSEWIC 2011), but its SARA status is still under con-
sideration. Note that the SARA can list taxa below the species level.

http://www.sararegistry.gc.ca/approach/act/sara_e.pdf
http://www.sararegistry.gc.ca/approach/act/sara_e.pdf
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Under section 4, subsection (d) of the ESA, for any species listed on the Federal 
Register as Endangered or Threatened, “the Secretary shall issue such regulations as 
he deems necessary and advisable to provide for the conservation of such species.” 
At present, there is no lamprey listed in either of those categories. In 2003, a petition 
was sent to the U.S. Fish and Wildlife Service (USFWS) urging the listing of four 
lampreys—the Pacific lamprey, Kern brook lamprey, western river lamprey Lampe-
tra ayresii, and western brook lamprey—under the ESA. The petition was rejected, 
however, because the USFWS determined that there was insufficient evidence to 
support such listing (United States Fish and Wildlife Service 2004).

The NOM lists species under four risk categories: Probably Extinct in the Wild, 
In Danger of Extinction (equivalent to IUCN categories Critically Endangered and 
Endangered), Threatened (equivalent to IUCN category Vulnerable), and Subject 
to Special Protection (equivalent to the IUCN Near Threatened). There are three 
lampreys on the NOM list: the Mexican lamprey and Mexican brook lamprey, both 
considered In Danger of Extinction, and the Pacific lamprey, which is Threatened. 
Once listed, the conservation of aquatic species is under the responsibility of the 
Ministry of Agriculture, Livestock, Rural Development, Fisheries and Food (http://
www.sagarpa.gob.mx) and the Federal Attorney for Environmental Protection 
(http://www.profepa.gob.mx).

8.3.2  Europe

Freyhof and Brooks (2011) provide an excellent overview of the freshwater fishes 
at risk in Europe and the legislation that applies to them. The two important pieces 
of legislation are the Bern Convention and the Habitats Directive. Most countries 
in Europe are members of the EU, at present comprising 28 states; all of them are 
signatories to the EU Habitats Directive (1992) (ec.europa.eu/environment/nature/
legislation/habitatsdirective/index_en.htm), which is the main piece of legislation 
protecting wildlife across Europe. The EU Habitats Directive gives special protec-
tion to species identified as being threatened with extinction at the European level: 
all Eudontomyzon species, European river lamprey (except the Finnish and Swedish 
populations), European brook lamprey (except the Estonian, Finnish, and Swedish 
populations), Po brook lamprey, and sea lamprey (except the Swedish populations) 
are listed in Annex II; and European river lamprey and Po brook lamprey are also 
listed in Annex V (Council Directive 92/43/EEC of 21 May 1992 on the Conserva-
tion of Natural Habitats and of Wild Fauna and Flora; http://eur-lex.europa.eu/Lex-
UriServ/LexUriServ.do?uri=CELEX:01992L0043-20070101:EN:NOT).  Annex II 
lists all species and subspecies for which core areas of their habitat (Special Areas 
of Conservation, SACs) must be protected and managed in accordance with the eco-
logical requirements of the species; Annex V lists species and subspecies for which 
taking from the wild may be restricted.

Compulsion for member states to establish SACs is the most important practical 
element affecting lampreys in the Directive. Article 6.2 of the Directive states that 
member states shall take appropriate steps to avoid, in these SACs, the deterioration 
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of natural habitats and the habitats of species as well as disturbance of the species 
for which the areas have been designated. Article 6.3 states that any plan or project 
not directly connected with or necessary to the management of the site but likely to 
have a significant effect thereon, either individually or in combination with other 
plans or projects, shall be subject to appropriate assessment of its implications for 
the site in view of the site’s conservation objectives. In the light of the conclusions 
of the assessment of the implications for the site, the competent national authori-
ties shall agree to the plan or project only after having ascertained that it will not 
adversely affect the integrity of the site concerned.

In addition to protection at the EU level, sea, European river, and European 
brook lampreys are all given protection at a more local level in some countries (see 
Sects. 8.4.2.1 and 8.4.2.2).

8.3.3  Elsewhere

In Australia, the Environment Protection and Biodiversity Conservation Act 1999 
(http://www.environment.gov.au/biodiversity/legislation/index.html) became effec-
tive on 16 July 2000, and it is administered by the Australian Government Depart-
ment of Sustainability, Environment, Water, Population and Communities. None of 
the three lamprey species (pouched, short-headed, and precocious lampreys) occur-
ring in Australia are listed under the Act.

In New Zealand, the Conservation Act 1987 came into force on 1 April 1987 
(http://www.legislation.govt.nz/act/public/1987/0065/latest/DLM103610.html). It 
established the Department of Conservation (DOC), which administers the Act. A 
species threat classification system was developed by the New Zealand DOC in 
1992, and was subsequently replaced (in 2002, with revisions in 2007) with a sys-
tem that listed taxa purely according to risk of extinction (Townsend et al. 2008; 
Allibone et al. 2010). The pouched lamprey, the only lamprey species occurring in 
New Zealand, has been assessed as Declining (Allibone et al. 2010), but there is no 
legal protection under the Act.

The Red Data Book of the Russian Federation has six categories, but these are 
not readily equivalent to IUCN categories. They are: Probably extinct (0); Endan-
gered (1); Decreasing number (2); Rare (3); Uncertain status (4); and Rehabilitated 
and rehabiliting (5). According to the 2001 Red Data Book of the Russian Federa-
tion, there are three lampreys listed nationally: sea lamprey as Endangered, and both 
Caspian lamprey and Ukrainian brook lamprey as Decreasing number (Alexander 
M. Naseka, Russian Academy of Sciences, St. Petersburg, Russia, personal commu-
nication, 2011). Two Russian laws protect listed species: the law enacted on 19 De-
cember 1991 “About protection of natural environment” and the second enacted on 
5 May 1995 “About animal world” (Iliashenko and Iliashenko 2000). At the oblast’ 
(= province) level, six lamprey species have been evaluated as follows: sea lam-
prey Rare in Leningrad Oblast’; Caspian lamprey Probably extinct from Nizhniy 
Novgorod Oblast’; Ukrainian brook lamprey Rare in Krasnodar Oblast’ and Uncer-
tain status in Saratov Oblast’; European river lamprey Uncertain status in Vologda 
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Oblast’; European brook lamprey Decreasing number in Yaroslavl’ Oblast’, Rare 
in Moscow Oblast’, and Uncertain status in Nizhniy Novgorod Oblast’; and Arctic 
lamprey Uncertain status in Vologda Oblast’ and in Tyumen’ Oblast’ (Alexander M. 
Naseka, personal communication, 2011).

Declines in the population size of Caspian lamprey have been reported in Iranian 
water bodies, primarily as the result of loss of spawning grounds (Kiabi et al. 1999), 
but this species receives no legal protection in Iran (Hassan Nazari, Shahid Beheshti 
University, Tehran, Iran, personal communication, 2013).

In Japan, five lamprey species (including the two as-yet-undescribed species of 
Lethenteron) have been listed—as Vulnerable (3), Near Threatened (1), and Threat-
ened Local Population (1)—in the Red List of Threatened Fishes of Japan (http://
www.biodic.go.jp/english/rdb/rdb_f.html; see Sect. 8.4.3). However, species listed 
in the Red Data Books are not given any legal status; in order to gain protection 
under the Act on Conservation of Endangered Species of Wild Fauna and Flora 
(ACES), enacted in 1992, a species must be listed by Cabinet Order (http://www.
biodic.go.jp/english/biolaw/syu_e/; Takahashi 2009). To date, fewer than 3 % of the 
more than 3,000 species listed in the Red Data Books (and no lamprey species) are 
listed and protected by the ACES (Takahashi 2009).

8.4  Lamprey Conservation Efforts

A number of projects across the world are concerned with particular species or 
populations of lampreys, their protection, and conservation. That this number—and 
research in support of lamprey conservation efforts (e.g., Yamazaki et al. 2005, 
2011, 2014; Yamazaki 2007; Beamish and Wade 2008; Lucas et al. 2009; Nazari 
and Abdoli 2010; Pereira et al. 2010; Docker et al. 2012; Stewart and Baker 2012; 
Taylor et al. 2012; Bracken and Lucas 2013; Ferreira et al. 2013)—appears to be 
growing yearly is cause for cautious optimism. The following case histories illus-
trate some examples of these efforts.

8.4.1  North America

8.4.1.1  Miller Lake Lamprey Entosphenus minimus

An example of population restoration is provided by the Miller Lake lamprey, the 
smallest known parasitic lamprey species, which is endemic to the upper Klamath 
basin, Oregon (Lorion et al. 2000). It was eradicated from Miller Lake through 
toxaphene poisoning conducted by the Oregon Game Commission on 16 Sep-
tember 1958 because of the deleterious impacts it was perceived to have on non-
native salmonid fisheries (Bond and Kan 1973; Kan and Bond 1981). The Miller 
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Lake lamprey was described as a distinct species by Bond and Kan (1973), based 
exclusively on material collected from Miller Lake in 1950–1952, and therefore, the 
species was assumed to be extinct. However, Miller Lake lamprey were collected in 
other parts of the upper Klamath basin between 1992 and 1999, namely, the lower 
reaches of Miller Creek, Jack Creek, the upper Williamson River, Long Creek, and 
the upper Sycan River above Sycan Marsh (Lorion et al. 2000).

A Miller Lake Lamprey Conservation Plan was adopted by the Oregon Fish and 
Wildlife Commission in 2005 to re-establish the species in Miller Lake, its type lo-
cality. The first action taken that same year was the removal of a man-made barrier 
installed on Miller Creek in 1959 by the Oregon Game Commission to prevent any 
recolonization of the lamprey into Miller Lake from downstream (Stewart B. Reid, 
Miller Lake Lamprey Technical Management Team, Ashland, OR, personal com-
munication, 2010). Despite removal of this barrier in 2005, lamprey from Miller 
Creek had still not recolonized Miller Lake by 2010; thus, 698 ammocoetes (c. 10–
140 mm total length) and two adult Miller Lake lamprey from Miller Creek were 
released at three sites upstream of the removed barrier on 4 August 2010 (Stewart 
B. Reid, personal communication, 2010). In 2011, 2012, and 2013, another c. 600 
ammocoetes were again transferred from lower Miller Creek into the lake, just be-
low the lake in upper Miller Creek, and in the primary tributary to the lake (c. 200 
ammocoetes per site). Reproduction has not yet been confirmed in Miller Lake 
itself, but the ammocoetes appear to be surviving successfully (Stewart B. Reid, 
personal communication, 2013). No immediate threats are known to be acting upon 
the Miller Lake lamprey at the present time.

8.4.1.2  Pacific Lamprey Entosphenus tridentatus

The distribution and abundance of Pacific lamprey has declined greatly in Wash-
ington, Oregon, Idaho, and California in the past several decades and, recently, 
concern over this decline has prompted a number of collaborative conservation ef-
forts (e.g., among federal, state, local, and tribal organizations). The idea of Pacific 
lamprey conservation, however, is relatively new for state and federal governments. 
During the late 1960s, for example, the USFWS and Oregon Department of Fish 
and Wildlife (ODFW) became concerned that “rough fish” distribution was moving 
upstream and might affect the steelhead Oncorhynchus mykiss population in the 
Umatilla River. Prior to steelhead supplementation, they used rotenone treatments 
to extirpate all fishes from the lower reaches to the headwaters in 1967 and 1974; 
after 1974, lamprey larvae were no longer observed in the fish traps located at en-
trances to the irrigation canals (Close et al. 2004).

However, the Pacific lamprey is a highly valued fish and holds cultural impor-
tance to the indigenous peoples of the Columbia River basin (Close et al. 2002); 
this long-held appreciation for Pacific lamprey has been the impetus for many of 
the conservation efforts and restoration plans for this species. By 1993, concerns 
about the declining numbers of Pacific lamprey throughout much of its range in 
the Columbia River basin (Close et al. 2002) led the State of Oregon to list it as a 
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sensitive species and it was given legal protection status as a Species of Concern in 
1997 (Kostow 2002). In Idaho, the Pacific lamprey was classified as an Endangered 
species in 1993 (Idaho Administrative Code 2011). In 2003, conservation groups 
petitioned the USFWS to protect Pacific lamprey under the Federal Endangered 
Species Act (United States Fish and Wildlife Service 2004), but the listing was de-
nied because of lack of information on population structure, distinct population 
units, and quantitative evidence of population declines. Nevertheless, the USFWS 
recognized the need for a comprehensive plan to conserve and restore Pacific lam-
prey, in collaboration with Native American tribes and other federal, state, and lo-
cal agencies. In 2008, the USFWS established the Pacific Lamprey Conservation 
Initiative, a strategy to improve the status of Pacific lamprey throughout its range 
by helping to implement research and conservation actions (Luzier et al. 2009). In 
June 2012, a Lamprey Conservation Agreement was signed by a number of tribal, 
federal, and state partners (United States Fish and Wildlife Service 2012).

Specific restoration plans have been developed by tribal agencies within the 
Columbia River basin. The Confederated Tribes of the Umatilla Indian Reserva-
tion (CTUIR), for example, developed a restoration plan for Pacific lamprey in 
the Umatilla River in 1997 with the goal of re-establishing natural production that 
would provide a sustainable and harvestable abundance of adults. The Columbia 
River Inter-Tribal Fish Commission (CRITFC), which coordinates management 
policy and provides fisheries technical services for the Yakama, Warm Springs, 
Umatilla, and Nez Perce tribes, established its Tribal Pacific Lamprey Restoration 
Plan for the Columbia River Basin in 2011 (CRITFC 2011). The goal of this restora-
tion plan is to immediately halt the decline of Pacific lamprey and ultimately restore 
its throughout its historic range in numbers that provide for ecological integrity and 
sustainable tribal harvest. The CRITFC plan addresses the need for resolving key 
uncertainties and identified threats on a number of issues related to Pacific lamprey 
restoration (e.g., mainstem and tributary passage, habitat quality, water quality). In 
the paragraphs below, we will focus on the ongoing efforts to re-establish natural 
production in the Columbia River basin through translocation.

Translocation involves the collection of adult Pacific lamprey from the mainstem 
lower Columbia River (e.g., using adults salvaged during dewatering operations at 
downstream dams), and release into a subbasin upstream where it is scarce or extir-
pated (Ward et al. 2012). Such translocation is intended as an interim measure while 
primary threats (particularly passage and habitat degradation) are addressed (Ward 
et al. 2012). Translocation of spawning adults is intended to increase the number 
of larvae present, which may—through pheromonal cues—eventually attract even 
more spawning adults (Yun et al. 2011; see Chap. 5). As part of the CTUIR res-
toration plan for Pacific lamprey in the Umatilla River, Oregon, over 2,600 adult 
lamprey were reintroduced into the upper Umatilla River between 1999 and 2007 
(Close et al. 2009). Reintroduced lamprey were capable of finding spawning habi-
tat, constructing nests, and producing larvae and, by 2005, larvae were distributed 
downstream to the middle reaches of the river. Further downstream distribution of 
larvae seemed to be limited by irrigation in the lower Umatilla River (Close et al. 
2009). Low head diversion dams in the lower basin also appear to be a problem 
for adults during their spawning run; telemetry studies have shown that passage 
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efficiency for adult Pacific lamprey is less than 50 % at low head diversion dams in 
the Umatilla (Jackson and Moser 2012; see Sect. 8.2.3.1). In concert with translo-
cation efforts, the CTUIR has also modified passage structures, and adult lamprey 
numbers have increased after several years of reintroduction efforts. In 2011, 129 
lampreys entered the Umatilla River (Ward et al. 2012). In 2006, the Nez Perce 
Tribe similarly established a trial translocation program to move adult Pacific lam-
prey past mainstem dams in the Snake River basin; efforts to date have focused on 
augmenting natural lamprey production in the Clearwater (in Idaho) and Asotin (in 
Washington state) subbasins. From 2007–2010, 480 adult lamprey were released 
into four study streams and, as in the Umatilla River, successful spawning and larval 
production has been observed (Ward et al. 2012). Most recently (in 2010), Pacific 
lamprey have been translocated into the Yakima River subbasin, where abundance 
has been severely depressed for the past 13 years (Patrick Luke, Yakama Nation, 
Toppenish, WA, personal communication, 2013). The success of these transloca-
tion efforts continues to be monitored, including through a genetic monitoring pro-
gram where all transplanted adults are being genotyped so that parentage analysis 
of ammocoetes can help evaluate reproductive success of each adult (Jon E. Hess, 
Columbia River Inter-Tribal Fish Commission, Hagerman, ID, personal communi-
cation, 2013).

The importance of genetic monitoring was recognized in the lamprey translo-
cation guidelines outlined by the Columbia River Inter-Tribal Fish Commission 
(CRITFC 2011), since translocation can potentially disrupt population structure and 
local adaptation. It appears, however, that Pacific lamprey may be only weakly 
philopatric, although recent genetic studies have shown somewhat conflicting re-
sults. A genetic survey of larval Pacific lamprey using mitochondrial DNA markers 
showed little differentiation along the Pacific coast of North America (Goodman 
et al. 2008). However, another study using amplified fragment length polymorphism 
(AFLP) markers in adult Pacific lamprey found genetic differentiation among vari-
ous rivers along the coast (Lin et al. 2008a, b). Spice et al. (2012), using microsatel-
lite loci, found relatively low but often statistically significant genetic differentiation 
among locations from central British Columbia to central California and weak but 
significant isolation-by-distance; these authors therefore concurred with previous 
views that Pacific lamprey are not strongly philopatric (since natal homing tends to 
minimize gene flow among locations), but argued that they are not panmictic either, 
suggesting that some limitations to dispersal at sea prevent complete genetic homo-
geneity throughout their range. Spice et al. (2012) therefore cautioned that, although 
Pacific lamprey do not appear to form geographically distinct populations, trans-
locations are likely to be more successful from geographically proximate sites. In 
the most recent study using single nucleotide polymorphism (SNP) loci, Hess et al. 
(2013) reconciled previous studies and showed evidence of adaptive genetic varia-
tion despite high gene flow, and identified a significant amount of variation among 
three broad populations, northern British Columbia, Columbia River–southern U.S. 
coast, and “dwarf” adults (i.e., Pacific lamprey which mature at lengths < 370 mm, 
presumably as the result of a shorter post-metamorphic feeding phase; see Docker 
and Potter in press). Hess et al. (2013) suggested that even though the results show 
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that Pacific lamprey have high gene flow throughout their range, it is important to 
maintain genetic diversity in each location so that adaptive variation is not lost. 
Further work is currently underway to better understand adaptive genetic variation 
in Pacific lamprey within the Columbia River basin.

8.4.2  Europe

8.4.2.1  Lamprey Conservation in Scotland

This case history is cited as an example of a conservation approach to all species of 
lampreys in one country. As indicated above (see Sect. 8.3.2), all 28 member states 
of the European Union are legally obliged to establish Special Areas of Conserva-
tion (SACs) for threatened species, including lampreys. Scotland may be cited as a 
good example of where positive action has taken place in recent years for the three 
species of lampreys which occur there—European river lamprey, European brook 
lamprey, and sea lamprey. So far seven SACs have been established for these lam-
preys (Table 8.2).

Scottish Natural Heritage (SNH) is the government organization with responsi-
bility for nature conservation in Scotland. In addition to National Nature Reserves 
(NNRs), protected sites are graded at three levels: (1) Natura 2000 sites are inter-
nationally important sites which are designated as SACs or SPAs (Special Protec-
tion Areas) under European legislation (http://www.natura.org); (2) Sites of Special 
Scientific Interest (SSSIs) are nationally important sites designated by SNH via 
the provisions of the Wildlife and Countryside Act 1981 (http://www.snh.gov.uk); 
and (3) locally important sites include Local Nature Reserves, Country Parks, and 
Regional Parks, which are designated by local authorities (http://www.snh.gov.uk). 
Lampreys occur in some of all three categories of protected site; for example, al-
though no NNR has ever been declared because of lampreys, one NNR in Scotland 
contains sea lamprey (three in Great Britain in total), two in Scotland have Europe-
an river lamprey (four in Great Britain), and nine in Scotland have European brook 
lamprey (12 in Great Britain) (Lyle and Maitland 1992).

Table 8.2  Special Areas of Conservation (SACs) in Scotland which give protection to lampreys. 
In some, lampreys are the Priority Species (P); in others they are listed as Additional Qualifying 
Species (A) to the main Priority Species (e.g., Atlantic salmon) at that site
Site European river 

lamprey
European brook 
lamprey

Sea lamprey

Endrick Water P P ‒
River Tay A A A
River Teith P P P
Solway Firth P ‒ P
River Spey ‒ ‒ P
River Tweed A A A
Tweed Estuary A ‒ A
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In recognition of the importance of these designated protected sites in conserv-
ing Scotland’s natural diversity, the Scottish Government set a Condition Target to 
achieve 95 % of natural features in “favourable condition” by March 2010 (http://
www.snh.gov.uk). The condition of features on designated protected sites is deter-
mined by SNH’s Site Condition Monitoring (SCM) program; the purpose of this 
program is to determine whether the habitat, species, or geological feature on a site 
is likely to maintain itself in the medium to longer term under the current site man-
agement regime. The framework for such a determination is the Common Standards 
Monitoring Guidance, a U.K.-wide approach which: provides a simple, quick, as-
sessment of feature condition; is limited to protected sites; and is supported, when 
required, by more detailed research/monitoring (http://jncc.defra.gov.uk/page-
2199). SCM is a reporting obligation under the European Habitats Directive. So far, 
member states have completed two reporting rounds: 1994–2000 and 2001–2006.

8.4.2.2  Conserving the European River Lamprey Lampetra fluviatilis

This case history is a good example of the conservation measures concerning a sin-
gle species across its entire range. The European river lamprey is a parasitic species 
that occurs from the Gulf of Bothnia east, along the Baltic and North Sea coasts, to 
the Atlantic waters of the British Isles, France, and the Iberian Peninsula, where it 
has been reported as far south as the Tagus River (Hardisty 1986a; see Chap. 2). The 
species is mainly anadromous, but landlocked populations have been reported from 
Finland (Tuunainen et al. 1980), Russia (Lakes Ladoga and Onega) in the Baltic 
catchment (Hubbs and Potter 1971), and Loch Lomond in Scotland (Maitland 1980; 
Docker and Potter in press). In the Iberian Peninsula, an anadromous population is 
present only in the Tagus River basin (Cabral et al. 2005), where persistence may 
have been possible due to the size of its estuary, c. 300 km2 (Mateus et al. 2011).

The current global status of this species is considered to be Least Concern ac-
cording to the IUCN Red List of Threatened Species (IUCN 2013). This is due 
to a marked recovery following earlier pollution problems in central and western 
Europe (Freyhof 2011). However, in Portugal, following the same IUCN criteria, it 
was classified as Critically Endangered, being present only in the lower section of 
the Tagus River watershed (Cabral et al. 2005; Mateus et al. 2012). In France, the 
European river lamprey is considered Vulnerable (UICN France et al. 2010) and in 
Spain, Regionally Extinct (Doadrio 2001).

Existing management measures are being put in place because the European 
river lamprey is protected by Annexes II and V of the European Habitats Directive 
(whose conservation, as noted in Sect. 8.3.2, requires the designation of SACs) and 
Appendix III of the Bern Convention. In Portugal, the Tagus Estuary was listed in 
the Natura 2000 Habitats Directive due to, among other biodiversity features, the 
presence of this species (Mateus et al. 2012). In France, 49 Natura 2000 sites were 
designated for this species (Mateus et al. 2012).

Numerous activities have also been undertaken to improve the status of Euro-
pean river lamprey in countries around the western Baltic Sea. Barriers to migration 
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(as the result of hydroelectric dams)—and habitat degradation and water regula-
tion in the reaches downstream of the dams—appear to be the main reason for the 
decline of this species in Finland and Sweden (Sjöberg 2011). Lamprey-friendly 
modifications to fish ladders in Finland appear promising, but mitigation efforts 
to date have mostly relied on transportation of adult and larval lampreys above 
migration barriers. In Finland, tens of thousands of adults are transported per year 
in each of several rivers (e.g., Kemijoki, Iijoki, and Oulujoki rivers). In the River 
Perhonjoki, where all but the lower 32 km of the river is inaccessible to upstream 
migrants (see Sect. 8.2.3.1), more than 575,000 adult European river lamprey were 
transported past the dam between 1981 and 2010 (see Sjöberg 2011). Transporta-
tion of adult lamprey around barriers has also been implemented in several rivers 
in Sweden, although on a smaller scale than in Finland (Sjöberg 2011). In addi-
tion, in Finland, Estonia, and Latvia, larvae are being reared in fish hatcheries and 
millions per year are being released above dams in each of several rivers (Sjöberg 
2011). However, although larval densities have increased in at least one of the rivers 
that has been stocked, there has been no clear increase in the number of upstream-
migrating adults returning to these rivers; perhaps this is due to a lack of homing 
(see Sjöberg 2011).

8.4.2.3  Iberian Endemic Cryptic Lampetra Species

The Iberian Peninsula seems to have played a major role as a glacial refugium for 
lampreys of the genus Lampetra. The high genetic diversity observed in Iberian 
Lampetra populations is probably the result of refugial persistence and subsequent 
accumulation of variation over several ice ages, whereas the low levels of genetic 
diversity observed in central and northern Europe likely reflect a rapid post-glacial 
colonization (Espanhol et al. 2007; Mateus et al. 2011). European river and brook 
lampreys are paired species; the larvae are morphologically similar but the adults 
adopt different life history types (Zanandrea 1959; Docker 2009). It is generally 
assumed that the brook lamprey has evolved from the migratory form and become 
non-parasitic (Zanandrea 1959; Hardisty 1986b). Glaciations may have promoted 
evolution of non-parasitic lampreys by blocking migratory routes and preventing 
anadromy (Hardisty 1986b; Docker and Potter in press). Molecular phylogeograph-
ical analysis revealed that European river and brook lampreys are not reciprocally 
monophyletic, suggesting that loss of the migratory ability has occurred multiple 
times (Espanhol et al. 2007).

In the Iberian Peninsula, brook lampreys confined to small, isolated river basins 
evolved in allopatry, giving rise to four evolutionary lineages. Combined genetic 
and morphological analyses suggested the existence of three new brook lamprey 
species of the genus Lampetra in Portugal. These species were recently described as 
Lampetra alavariensis, L. auremensis, and L. lusitanica from the Vouga-Esmoriz, 
Tagus, and Sado river basins, respectively (Mateus et al. 2013a); L. planeri shows a 
wider distribution in the Iberian Peninsula. Although Potter et al. 2014 (see Chap. 2) 
do not recognize these populations as specifically distinct from L. planeri—because 
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they were not compared to material of L. planeri from its type locality and because 
none of the Portuguese populations is morphologically diagnosable—we consider 
that the brook lampreys described in Mateus et al. (2013a) represent a complex of 
cryptic species. Genetic distinctiveness is evidence of a long history of local inde-
pendent evolution (Mateus et al. 2011, 2013a) and, although not diagnostic, there 
are subtle morphological differences between the new species and L. planeri, espe-
cially those related to dentition (Mateus et al. 2013a). Each of these three species 
has a smaller geographic range than L. planeri sensu stricto. Lampetra planeri was 
already considered Critically Endangered and Critically Endangered/Vulnerable in 
Portugal and Spain, respectively (Mateus et al. 2012); consequently, each of the 
four species in the complex is highly susceptible to extinction.

In Portugal, a conservation plan was recently developed for lampreys in the ge-
nus Lampetra. The prime objective of this plan was to assess the distribution of 
these species in Portuguese waters and, at the same time, identify their macrohabitat 
preferences (Ferreira et al. 2013). About 400 sampling stations (approximately one 
station per 200 km2) were selected across the country to detect the occurrence of 
Lampetra populations. Their presence was confirmed in eight distinct watersheds: 
Douro, Mangas, Vouga, Mondego, Lis, S. Pedro, Tagus, and Sado. The presence 
of Lampetra species was strongly related to five abiotic predictors (i.e., altitude, 
distance to coast, sand, maximum temperature of the warmest month, and precipita-
tion of the driest month). A probability of occurrence model was built with the data 
gathered that explained the distribution of the genus Lampetra in Portugal. The 
distribution model was applied to build a map of probability of occurrence and was 
used as a baseline tool to prioritize rivers in terms of their level of importance for 
conservation (Ferreira et al. 2013). One of the promising applications of this type 
of information is the possibility of providing sound background information for the 
selection of rivers or river stretches as SACs for these species. A total of 31 river 
stretches from eight river basins were identified as having the potential to be desig-
nated as SACs (Ferreira et al. 2013). Within the Tagus basin, 10 locations have been 
selected to be proposed as SACs, of which eight presumably support populations 
of European brook and river lampreys, as well as sea lamprey, as no obstacle to the 
migration of anadromous species is known to occur.

The situation described here concerning the Lampetra species from the Iberian 
Peninsula reflects similar problems regarding the conservation of several other de-
scribed (Renaud and Economidis 2010) and undescribed cryptic species (Yamazaki 
et al. 2006; Boguski et al. 2012) with restricted distributional ranges.

8.4.3  Elsewhere

In Japan, The National Biodiversity Strategy, administered by the Ministry of the 
Environment, is the national basic plan for the conservation of biodiversity and 
its sustainable use. The first such plan was made in 1995 and has been reviewed 
three times since: in 2002, 2007 and 2010. As mentioned in Sect. 8.3.3, there is no 
legal protection for any of the lamprey species found in this country. However, the 



P. S. Maitland et al.416

fourth edition of the Red List of Japan, produced by the Ministry of the Environ-
ment, contains the following five lamprey species: Lethenteron sp. N and sp. S (two 
undescribed species; Yamazaki et al. 2006) and Arctic lamprey are Vulnerable; Si-
berian brook lamprey Lethenteron kessleri is Near Threatened; and Pacific lamprey 
is listed as Threatened Local Population (Yuji Yamazaki, University of Toyama, 
Toyama, Japan, personal communication, 2011; http://www.biodic.go.jp/english/
rdb/rdb_f.html).

There are no specific projects aimed at conserving lampreys in Australia (Ian 
C. Potter, Murdoch University, Western Australia, personal communication, 2011, 
2012). In New Zealand, where the pouched lamprey is listed as Declining (see 
Sect. 8.3.3), a six-year Ministry of Business, Innovation and Employment-funded 
project on aquatic rehabilitation is being conducted by the National Institute of 
Water and Atmospheric Research (NIWA). This project includes conducting lam-
prey research aimed at understanding key aspects of their ecology (e.g., regard-
ing spawning stream and habitat selection) and developing methods for estimating 
larval population size (e.g., Stewart and Baker 2012). Biologists are also working 
with iwi (i.e., Māori tribes) to understand more about their indigenous knowledge 
regarding pouched lamprey and identify tools for monitoring population trends for 
this species (Jane Kitson, Kitson Consulting, Invercargill, NZ, personal commu-
nication, 2013). Recently, the Ministry for Primary Industries (MPI) and other in-
terested groups in New Zealand have begun investigating the Lamprey Reddening 
Syndrome, which was discovered in upstream migrating pouched lamprey in 2012 
(see Sect. 8.2.4).

8.5  Conclusions: Knowledge and Legislative Gaps

Although it is promising that lampreys are now given protection in some parts of the 
world, notably North America and much of Europe, there are still many gaps and 
some inconsistencies in the approaches taken to the conservation of these animals 
internationally. For example, in Europe, most of the conservation effort appears to 
be directed at the three most common species there (European river lamprey, Euro-
pean brook lamprey, and sea lamprey; see Sect. 8.4.2). These species are relatively 
widespread and, though Vulnerable (or even Regionally Extinct) in some countries 
(Mateus et al. 2012), are all of Least Concern globally (IUCN 2013). Other species 
(e.g., the Caspian lamprey, which is Near Threatened, and the Macedonia brook 
lamprey, which is Critically Endangered) have largely been ignored. The Mace-
donia brook lamprey and the recently-described Epirus brook lamprey occur, re-
spectively, in only three localities and one locality on the east and west sides of 
Greece. Their main threat is loss of habitat, caused largely by water abstraction, 
sedimentation, and pollution from sewage. Although all Eudontomyzon species in 
Europe receive formal legal protection (see Sect. 8.3.2), no one is studying these 
two species at the moment, conservation action is required (Panos S. Economidis, 
Aristotle University, Thessaloniki, Greece, personal communication, 2011), and 
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an awareness campaign is urgently needed; otherwise they face extinction. In the 
case of the Caspian lamprey, its current status is all the more dramatic when one 
considers that it was once sufficiently plentiful to sustain a commercial fishery in 
both Russia (at least until 1913) and Azerbaijan (at least until 1937) (Berg 1948; 
see Sect. 8.2.5). Conservation initiatives in North America (specifically the United 
States) are largely directed at the Pacific lamprey (see Sect. 8.4.1.2), although some 
others (e.g., the Vancouver lamprey, Mexican lamprey, and Mexican brook lam-
prey) do receive legal protection (Sect. 8.3.1). Thus, despite legal protection for a 
growing number of species (Table 8.1), there is still relatively little conservation 
concern for those species that are not harvested by humans.

Furthermore, for some species, there are discrepancies between the status as-
signed on global versus national lists. Helfman (2007) highlighted the need to ex-
plain the reasons for any disagreements between the global (IUCN) and national 
lists in order to prevent confusion. While he suggests that differences of scale and 
lag times between the re-assessments of those lists may in part explain the discrep-
ancies, some of the differences that occur are harder to explain and require resolu-
tion. For lampreys, it is noteworthy that the Canadian endemic Vancouver lamprey 
is listed as Threatened by Canada but Data Deficient by IUCN and that the Mexican 
endemic Mexican brook lamprey is listed as In Danger of Extinction by Mexico but 
it is not even listed by IUCN (Table 8.1). This, we suggest, could be resolved with 
better coordination and consultation and would better serve the common cause of 
conservation.

Taxonomic uncertainty in some lampreys remains an impediment to their con-
servation. One cannot conserve something that cannot be properly identified. A 
number of species, such as Lethenteron sp. N and Lethenteron sp. S, remain unde-
scribed (Yamazaki et al. 2006), and recent molecular data suggest that there may 
be other undescribed (and morphologically cryptic) brook lamprey species with 
restricted distributional ranges (Boguski et al. 2012). Even if these lampreys are not 
identified as distinct species, such data suggest the existence of divergent evolu-
tionary lineages or non-interchangeable evolutionarily significant units (ESUs) for 
conservation (e.g., Martin and White 2008; Pereira et al. 2010). The paired species 
conundrum (i.e., whether closely-related parasitic and non-parasitic species pairs 
represent distinct species or ecotypes of a single species) likewise awaits resolution 
(Docker 2009). Renaud et al. (2009) suggested that this may be the most daunting 
question facing lamprey biologists; this debate has been ongoing for over a century 
(e.g., Enequist 1937; McPhail and Lindsey 1970) and has been raised again with 
evidence that some species or populations (e.g., silver and northern brook lam-
preys in the Great Lakes; Docker et al. 2012)—but not all (e.g., European river and 
brook lampreys in the Tagus River basin in Portugal; Mateus et al. 2013b)—show 
no evidence of genetic differentiation when they co-occur (see Docker and Potter 
in press). This issue has conservation implications, such as whether paired non-
parasitic and parasitic lampreys should be treated as separate or single conservation 
units and whether it might be possible to rehabilitate or rescue populations of one 
feeding type that are at risk with the other (Docker 2009; Docker et al. 2012).
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Finally, more research is needed to better understand the threats that affect 
lamprey survival. Although all the “usual suspects” (i.e., overharvest, barriers to 
passage, pollution and other forms of habitat degradation, and alteration of stream 
flow regimes) are generally cited as potential reasons for the decline of many lam-
prey species or populations, the causal relationships between these threats and the 
distribution and abundance of lampreys have not been well tested (Renaud et al. 
2009). In this chapter, we have tried to include specific information, where avail-
able, so that the nature and magnitude of certain threats can be better evaluated, but 
more study is clearly needed. Key knowledge gaps have also been highlighted, and 
other recent reviews likewise have identified critical uncertainties that are ham-
pering our efforts to conserve lampreys (e.g., Mesa and Copeland 2009; Moser 
and Mesa 2009; Moyle et al. 2009; Renaud et al. 2009). A better understanding of 
threats to lamprey survival is necessary in order for more accurate assessments of 
conservation status and more directed recovery actions.
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A
Alaskan brook lamprey, 40, 273, 381, 404
American brook lamprey, 14, 19, 41, 61, 78, 

82, 94, 99, 107, 118, 142, 162–166, 
172, 185, 192, 195, 248, 269, 273, 
276–283, 319–322, 381, 386, 387, 
402

Arctic lamprey, 6, 8, 13, 18, 40, 46, 52, 60, 
82,  89, 97, 104, 118, 151, 177, 
192, 195, 218, 226, 269, 272, 280, 
288–290, 319, 322, 416

Australian brook lamprey, see Precocious 
lamprey

Australian lamprey, see Short-headed lamprey

C
Carpathian lamprey, 41, 55, 61, 119, 151, 223, 

224, 378
Caspian lamprey, 8, 14, 38, 50, 55, 56, 59, 

151, 218, 221, 227, 269, 271, 278, 
283, 289, 391, 404, 407, 408, 
416–418

Caspiomyzon wagneri, see Caspian lamprey
Chapala lamprey, see Mexican lamprey
Chestnut lamprey, 39, 119, 194, 195, 223, 269, 

270, 276–278, 282, 287, 289, 392
Chilean lamprey, 38, 51, 58, 218, 289, 382
Cowichan lamprey, see Vancouver lamprey

D
Drin brook lamprey, 41, 52, 56, 62, 379

E
Entosphenus folletti, see Northern California 

brook lamprey
Entosphenus hubbsi, see Kern brook lamprey
Entosphenus lethophagus, see Pit-Klamath 

brook lamprey

Entosphenus macrostomus, see Vancouver 
lamprey

Entosphenus minimus, see Miller Lake 
lamprey

Entosphenus similis, see Klamath lamprey
Entosphenus tridentatus, see Pacific lamprey
Epirus brook lamprey, 41, 47, 52, 53, 56, 62 

378, 404, 416
Eudontomyzon danfordi, see Carpathian 

lamprey
Eudontomyzon graecus, see Epirus brook 

lamprey
Eudontomyzon hellenicus, see Macedonia 

brook lamprey
Eudontomyzon mariae, see Ukrainian brook 

lamprey
Eudontomyzon morii, see Korean lamprey
Eudontomyzon sp. nov. “migratory”, 61, 376
Eudontomyzon stankokaramani, see Drin 

brook lamprey
Eudontomyzon vladykovi, see Vladykov’s 

brook lamprey
European brook lamprey, 13, 25, 42, 46, 47, 

62, 78, 81, 83–89, 95, 97, 109, 119, 
142, 151, 157, 188, 224, 243, 268, 
274, 276–287, 381, 387, 406–408, 
413

European river lamprey, 7, 13, 24, 42, 44, 46, 
55, 58, 62, 76, 80, 81, 89, 98, 109, 
118, 122, 151, 158, 220, 226–228, 
230, 240, 245, 265, 273, 280–292, 
334, 349, 350, 385, 388, 392, 398, 
406, 408, 412

F
Far Eastern brook lamprey, 14, 41, 46, 61, 

79–83, 86, 94, 144, 164, 185, 268, 
273, 282, 382
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G
Geotria australis, see Pouched lamprey
Greek brook lamprey, see Macedonia brook 

lamprey

I
Ichthyomyzon bdellium, see Ohio lamprey
Ichthyomyzon castaneus, see Chestnut 

lamprey
Ichthyomyzon fossor, see Northern brook 

lamprey
Ichthyomyzon gagei, see Southern brook 

lamprey
Ichthyomyzon greeleyi, see Mountain brook 

lamprey
Ichthyomyzon unicuspis, see Silver lamprey

J
Jacona brook lamprey, see Mexican brook 

lamprey

K
Kern brook lamprey, 42, 47, 50, 57, 63, 380
Klamath lamprey, 40, 223, 289, 378, 404
Korean lamprey, 41, 55, 62, 224, 379

L
Lampetra aepyptera, see Least brook lamprey
Lampetra alavariensis, 47, 414
Lampetra appendix, see American brook 

lamprey
Lampetra auremensis, 47, 414
Lampetra ayresii, see North American river 

lamprey
Lampetra fluviatilis, see European river 

lamprey
Lampetra hubbsi, see Kern brook lamprey
Lampetra japonica, see Arctic lamprey
Lampetra lanceolata, see Turkish brook 

lamprey
Lampetra lusitanica, 47, 414
Lampetra macrostoma, see Vancouver 

lamprey
Lampetra pacifica, see Pacific brook lamprey
Lampetra planeri, see European brook 

lamprey
Lampetra richardsoni var. marifuga, see 

Marifuga
Lampetra richardsoni, see Western brook 

lamprey
Lampetra tridentata, see Pacific lamprey
Lampetra zanandreai, see Po brook lamprey

Least brook lamprey, 42, 47, 48, 53, 58, 63,  
79–83, 94, 101, 102, 110, 142, 274, 
277, 380

Lethenteron alaskense, see Alaskan brook 
lamprey

Lethenteron appendix, see American brook 
lamprey

Lethenteron camtschaticum, see Arctic 
lamprey

Lethenteron japonicum; see Arctic lamprey
Lethenteron kessleri, see Siberian brook 

lamprey
Lethenteron ninae, see Western 

Transcaucasian brook lamprey
Lethenteron reissneri, see Far Eastern brook 

lamprey
Lethenteron sp. N, 53, 377, 393, 416, 417
Lethenteron sp. S, 53, 377, 416, 417
Lethenteron zanandreai, see Lampetra 

zanandreai
Lombardy brook lamprey, see Po brook 

lamprey

M
Macedonia brook lamprey, 41, 47, 56, 62, 151, 

269, 378, 404, 416
Marifuga, 143, 183, 381
Mexican brook lamprey, 39, 48, 118, 152, 224, 

269, 272, 376, 383, 404, 406, 417
Mexican lamprey, 39, 48, 54, 118, 152, 269, 

271, 383, 397, 404, 406, 417
Miller Lake lamprey, 40, 43, 88, 223, 272, 

277, 279, 289, 377, 408, 409
Mordacia lapicida, see Chilean lamprey
Mordacia mordax, see Short-headed lamprey
Mordacia praecox, see Precocious lamprey
Mountain brook lamprey, 39, 91, 95, 110, 113, 

144, 152, 270, 276, 380

N
North American river lamprey, 8, 9, 14, 42, 55, 

57, 62, 63, 87, 99, 101, 120, 195, 
219, 279, 288, 380, 406

Northern brook lamprey, 39, 46, 81, 84, 88, 
89, 96, 98, 100, 101, 107, 113, 270, 
278–281, 287, 379, 381, 386, 387, 
390, 402, 405, 417

Northern California brook lamprey, 40, 45, 46, 
56, 377, 404

O
Ohio lamprey, 39, 45, 119, 223, 289, 379
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P
Pacific brook lamprey, 42, 49, 56, 62, 381
Pacific lamprey, 6–8, 13, 23, 40, 43, 49, 

60, 76, 80, 81, 94, 104, 109, 151, 
194, 218, 226–232, 240–243, 246, 
251, 268, 272, 278–285, 319, 333, 
386, 389–392, 396, 401–403, 406, 
409–412, 416, 419

Petromyzon marinus, see Sea lamprey
Pit-Klamath brook lamprey, 40, 45, 46, 377, 

393
Po brook lamprey, 25, 42, 47, 57, 63, 142, 

152, 381, 405, 406
Pouched lamprey, 6, 14, 23, 24, 38, 44, 48, 

49, 51, 54, 58, 78, 81, 83, 87–91, 
95, 103, 104, 107, 122, 142, 171, 
176, 183, 218, 221, 226, 231, 281, 
289–292, 319, 320, 379, 389, 391, 
396, 402, 404, 407, 418

Precocious lamprey, 38, 48, 51, 58, 118, 152, 
382, 384, 407

S
Sea lamprey

Anadromous, 7, 38, 59, 76, 80, 82, 87, 92, 
108–117, 120, 151, 229, 230, 244, 
271, 276, 281, 282, 383, 385, 391, 
399, 400

Great Lakes (landlocked), 38, 59, 76, 78, 
82, 85, 90, 91, 95, 99, 100, 101, 
108–117, 122–124, 151, 153–156, 
159–162, 222, 227, 230, 231, 
237–240, 244–248, 271, 276, 281, 
282, 291

Short-headed lamprey, 38, 44, 48, 51, 58, 63, 
109, 110, 119, 152, 153, 185, 218, 
221, 289, 382, 404

Siberian brook lamprey, 41, 61, 119, 273, 280, 
283, 383, 416

Silver lamprey, 39, 46, 88, 188, 223, 224, 236, 
240, 270, 275–279, 288, 289, 317, 
380, 387, 393, 405

Southern brook lamprey, 39, 78, 81, 102, 118, 
144, 152, 194, 195, 225, 269, 270, 
276, 282, 287, 379

T
Tetrapleurodon geminis, see Mexican brook 

lamprey
Tetrapleurodon spadiceus, see Mexican 

lamprey
Turkish brook lamprey, 42, 62, 63, 381

U
Ukrainian brook lamprey, 41, 52, 61, 85, 151, 

158, 224, 271, 277, 376, 379, 407

V
Vancouver lamprey, 40, 81, 87, 223, 227, 272, 

279, 377, 394, 397, 404, 405, 417
Vladykov’s brook lamprey, 376, 377, 394

W
Western brook lamprey, 14, 42, 47, 49, 62, 85, 

90, 101, 103, 107, 115, 121, 143, 
183, 194, 268, 269, 274, 277–279, 
283, 285–288, 295, 367, 374, 378, 
402

Western river lamprey, see North American 
river lamprey

Western Transcaucasian brook lamprey, 41, 
47, 52, 53, 61, 64, 382
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A
Abundance, see also Commercial fisheries, 

harvest levels; Habitat, larval
declines in, 76, 376, 388, 409
effect of prey abundance on, 397
larval, 77, 80–89, 100–101
transformer, 101, 120
at upstream migration, 224, 397, 398

Adaptive immunity, 15, 16
Adenohypophysis, see Pituitary
Adfluvial, see Upstream migration, 

potamodromous lampreys 
Age

at metamorphosis, see Metamorphosis
length-frequency analysis, 107, 110–115
statolith aging, 110–115

Alaska, 6, 8, 40, 42, 60, 219, 241, 269, 401
Alimentary canal, see Intestine
American Fisheries Society (AFS), 26, 38, 50, 

53, 378, 383
Anti-coagulants, 18
Apoptosis, 184, 185, 197
Atlantic Ocean, 38, 42, 58, 59, 225

B 
Baltic Sea, 62, 151, 220, 243, 392, 398, 413
Behavior, see also Pheromones

climbing, see Upstream migration
diel, 234, 268, 294
larval burrowing, 35, 78, 79, 93, 106, 388
mating, see Spawning behavior
nocturnal, 241–243

Belgium, 388
Bile

duct, 178, 180, 184, 185, 197
biliary atresia, 19, 20, 185, 186, 197
gall bladder, 19, 139, 180, 184, 197

Biomedical research, 1, 13, 18

British Columbia, 8, 40, 42, 87, 99, 101, 119, 
143, 219, 241, 269, 279, 283, 292, 
397, 411

Brook lampreys, see Paired species; See 
also Upstream migration, brook 
lampreys

C
California, 40, 45, 53, 63, 396, 401–404, 409, 

411
Channel maintenance, see Habitat degradation 

and destruction
Climbing behavior, see Upstream migration
Columbia River, 2, 8, 42, 63, 87, 101–105, 

120, 151, 219, 227, 230, 241, 243, 
390, 391, 397, 402, 403, 409

Commercial fisheries
fishing regulations, 399, 400, 402, 406
harvest levels, 397, 398, 400
historical fisheries, 6–8, 391, 398, 399
overharvest, 397–402

Communal spawning, see Spawning behavior
Condition factor (CF), see Metamorphosis
Connecticut River, 230, 246, 250, 399
Conservation legislation, See also COSEWIC; 

IUCN
Bern Convention, 377–382, 406, 413
Endangered Species Act (ESA), 405
European Union (EU) Habitats Directive, 

377, 404, 405
Special Areas of Conservation (SACs), 412
Species at Risk Act (SARA), 405

COSEWIC (Committee on the Status of 
Endangered Wildlife in Canada), 
26, 223, 224, 387, 393, 405

Cryptic species, 25, 47, 52, 53, 414, 415, 417
Cyclostomes, 3, 4, 36, 37
Cytochrome b, see Taxonomy, mitochondrial 

DNA
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D
Dams, see Upstream migration, barriers to; 

see also Mortality, downstream 
migration

Deepwater spawning, see Habitat, spawning
Density, larval

effect on growth, see Growth
effect on metamorphosis, see 

Metamorphosis
effect on sex ratio, see Environmental sex 

determination
estimates of natural densities, 98, 99, 102, 

113
Dentition, see Teeth
Discharge, see Upstream migration, 

environmental triggers to; see also 
Downstream (juvenile) migration, 
environmental triggers to

Disease, 106, 396, 403
Dispersal, see Movement, larval
Downstream (juvenile) migration, see also 

Movement, larval
effect of turbines on, 107, 108, 384, 394
environmental triggers to, 119, 243
mortality during, 107, 390, 393
osmoregulation, 121, 122, 184, 188, 216, 

226
timing of, 119–121, 155

Dredging, see Habitat degradation and 
destruction

E
Embryonic development, 17, 90, 141, 174, 

190, 222, 268, 269, 281, 326, 387, 
395, 404

Endangered Species Act (ESA), see 
Conservation legislation

Energetics, see Upstream migration, 
swimming ability during

England, 2, 7, 85, 104, 220, 221, 231, 243, 
249, 385, 398

Entero-pancreatic system, 177, 197
Environmental sex determination, 102, 125
Estradiol, see Sex steroids
Estuary, 9, 91, 216–221, 226, 227, 234, 241, 

385, 413
European Union (EU), see Conservation 

legislation
Evolutionary development (evo-devo), 2, 15, 

198
Eyes, 3, 15, 23, 36, 43, 147, 164, 197, 234, 

235, 294, 295, 384

F
Fecundity, 105, 155, 162, 196, 402
Feeding

larval, 96–98
adult, 9, 43, 141, 226, 403

Finland, 7, 8, 80, 85, 221, 243, 249, 392, 398, 
399, 413, 414

Fish ladder, see Fishways
Fishways, see Upstream migration, barriers to 

passage
Fossils, 5, 10, 14, 37
France, 7, 37, 87, 99, 220, 249, 250, 399, 413

G
GABA (gamma-aminobutyric acid), 323, 

325–330, 345, 347
GAD (glutamate decarboxylase), 326–330
Gall bladder, see Bile
Genome

sea lamprey genome, 2, 16, 17, 306, 316, 
347

genome rearrangement, 18
genome duplication, 16, 17, 306, 310, 316, 

355
Gills, 3, 5, 6, 49, 121, 181, 188, 197, 226, 291, 

396
Glycoprotein hormones (GpH), see Pituitary
Gnathostomes, 4, 5, 14–16, 171, 175, 190, 

192, 197, 305, 306, 308, 313–316, 
323, 336, 350–357

Goitrogens, see Metamorphosis
Gonadotropin (GTH), see Pituitary
Gonadotropin inhibiting hormone (GnIH), 346
Gonadotropin-releasing hormone (GnRH)

analogs, 172, 330, 332, 334–339
GnRH-I, 313–321
GnRH-II, 316, 322, 323
GnRH-III, 313–321
receptors, 341–345

Great Lakes
Erie, 110, 385, 388
Huron, 95, 110, 159, 229, 241
Michigan, 99–101, 109
Ontario, 112, 220, 243
Superior, 87, 95, 99, 100, 161, 387

Growth
arrested growth phase, see Metamorphosis
compensatory effect of sea lamprey 

control, 122
effect of density on growth, 112, 113
larval growth rate, 109
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negative growth, see Metamorphosis
shrinkage, see Upstream migration, 

physiology
Gular pouch, 51, 289, 290

H
Habitat degradation and destruction

dredging, 87, 88, 106, 388, 389, 392
eutrophication, 387
pollution, 108, 249, 377–388, see also 

Mercury
mitigation, 248, 251, 389, 392, 414
stream flow alteration, 245, 393–395

Habitat, Larval
current velocity 78, 80, 86, 103
deepwater habitat, 87, 88
gradient, 85
degradation of, see Habitat degradation 

and destruction
lentic habitat, 88
microhabitat, 78–83
macrohabitat, 84–92
organic content, 80–85
oxygen, 90, 95
riparian vegetation, 89, 390
segregation by larval size, 92–95
substrate, 78, 79
type I habitat, 78, 84, 99
water chemistry, 89
water depth, 81, 86

Habitat, spawning, See also Spawning 
behavior

current velocity, 275–278
deepwater habitat, 278–279
lentic habitat, 279
substrate, 275–278

Hagfishes, 18, 36, 140, 306, 309–311
Hemochromatosis, see Iron
Hemoglobin, 16, 188, 193, 197
Heterochrony, 143, 144
Heterospecific mating, see Spawning 

behavior, hybridization
Homing, 236, 237, 241, 267, 388, 411, 414, 

see also Pheromones, migratory
Hybridization, see Spawning behavior
Hypothalamus, 196, 308, 309, 311, see also 

Gonadotropin-releasing hormone 
(GnRH)

I
Intestine, 168, 172, 182
Invasive species, 9, 241
Iran, 221, 401, 408

Ireland, 79, 89, 94, 99, 389
Iron, 20
Irrigation, see Habitat degradation and 

destructions, stream flow alterations
IUCN (International Union for Conservation 

of Nature), 376, 379

J
Japan, 6, 8, 53, 393, 408, 415

K
Kidney, 168, 173, 186–187
Kisspeptin (KiSS), 347

L
Lake Champlain, 99, 123, 292, 385
Lamprey Reddening Syndrome, see Disease
Lampricide, see Sea lamprey control
Latitude, effect on

geographic distribution, 37, 60, 90
timing of metamorphosis, see 

Metamorphosis
timing of spawning, see Spawning 

behavior
timing of upstream migration, see 

Upstream migration
Latvia, 7, 8, 249, 398, 399, 414
Lipid, 97, 112, 117, 150, 154, 158–159, 173, 

196, 228, 290, 295
Liver, 19, 20, 184, 186, 228

M
Maine, 269, 390, 399
Māori, 2, 6, 284, 402, 416
Marifuga, 143, 146, 183
Mating systems, see Spawning behavior
Median eminence, see Pituitary
Mercury, 7, 8, 108, 386
Metamorphosis

arrested growth phase prior to, 112, 117, 
158, 159, 171, 196

age at, 102, 109, 122
duration of, 118, 124
effect of condition factor (CF) on initiation 

of, 158–162
effect of density on, 156, 157
effect of goitrogens on, 148, 149, 163–165, 

172, 173
effect of photoperiod on, 157
effect of latitude on, 141, 151, 152, 161
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