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Foreword

This volume completes a monumental task. Lampreys are a remarkable group of
species; however, all but one are little noted and not well known. It is ironic that we
should learn so much from a combination of those attempting to eradicate one
species and others working in relative isolation on what are generally regarded as
peculiar evolutionary remnants.

The one well-known species has given all the lampreys a very bad name.
Lampreys are mostly defined by the combination of negative terms for all the
features they lack: no jaws, no bony skeleton, no paired fins, no scales, no true teeth
and only a single nostril; and by their habits as blood-sucking vampires. Of course,
it is quite inappropriate to categorize, classify or recognize any organism on the
basis of features that it does not possess. It would indeed be odd if we were to
construct a dichotomous identification key based upon the lack of features in each
taxon.

That one species is a textbook example of the negative effects of an invasive,
non-native species on the native fauna. The negative effects associated with inva-
sive sea lamprey Petromyzon marinus in the upper Laurentian Great Lakes are the
classic example in almost every textbook of animal ecology or fisheries manage-
ment. But studies of chemical communication, especially pheromones, are
remarkably well known for lampreys as a result of attempts for integrated control of
sea lamprey in the Laurentian Great Lakes. Furthermore, we have gained remark-
able insights into the life history, growth, sexual development and behavior of
lampreys as a consequence of studies directed to control sea lamprey.

This volume provides a remarkable compilation and combination of conserva-
tion and control. The obvious advantages of lampreys as model species are quite
clear. Life history, sex determination and perhaps even sex reversal for lampreys are
clearly elaborated in this volume. There are no other species where the contrast in
life histories can rival that of parasitic and non-parasitic lampreys. Lampreys are
ideal model species to study the combined effects of genetic and environmental
factors on early development and life history. Whether one accepts the operational
definition of (some) lampreys as true parasites remains an intriguing question for
those interested in community ecology. The question of the evolution of the
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parasitic life history of lampreys is profoundly intriguing, and it would be difficult
to postulate the origin and evolution of a more dramatic life history pattern.

Of course, any significant focus on lampreys must include the extensive body of
information on the control of sea lamprey in North American lakes. This volume
provides what must be close to a definitive compilation of that complex situation.
However, this moves beyond the usual historical summary to a critical evaluation of
control programs, and, most importantly, to an assessment of emerging control
techniques. The contrast with the consideration of attempts to conserve and restore
native lampreys in western North America is at the same time ironic and
informative.

The efforts to manage the recovery of threatened native lampreys in the Pacific
Northwest have particular significance for indigenous peoples in the region.
Typically, lampreys were a first food and they are still recognized for their cultural
significance. That is the basis for some of the most dedicated efforts to propagate
lampreys as part of conservation and restoration programs. The future prospects for
lampreys are laid out in this volume for interests as diverse as taxonomy, conser-
vation, control and restoration.

Corvallis, OR, USA David L. G. Noakes
Editor, Springer Fish and Fisheries Series

Professor of Fisheries & Wildlife
Director, Oregon Hatchery Research Center

Oregon State University
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Chapter 1
The Lamprey Gonad

Margaret F. Docker, F. William H. Beamish, Tamanna Yasmin,
Mara B. Bryan and Arfa Khan

Abstract Understanding gonadal development in lampreys is complicated by their
complex life cycle, the long period during which their gonads remain histologically
undifferentiated, and their lack of any close living relatives. This chapter synthesizes
the available information related to lamprey sex determination, sex differentiation,
sexual maturation, and sex steroids, and it identifies key research needs. A detailed
review of lamprey sex ratios shows that: (1) adult lampreys (i.e., during the upstream
migration or at spawning) exhibit a small but consistent excess of males in virtually
all species studied (with significantly female-biased sex ratios noted only in sea lam-
prey in the three upper Great Lakes following initiation of sea lamprey control); (2)
larval sex ratios are generally at parity or with an excess of females; (3) transformers
collected above barriers or following lampricide treatment tend to be male biased
in the earliest age classes to metamorphose; and (4) there is spatial and temporal
variation in sex ratio during the parasitic feeding phase, but overall sex ratio is less
male biased than during the adult phase, suggesting that females suffer higher mor-
tality just prior to or during sexual maturation. The shift in sex ratio observed in the
upper Great Lakes following initiation of control led to suggestions of environmen-
tal sex determination (ESD), specifically density-dependent sex determination, but
evidence for ESD in lampreys is equivocal. Sex ratios did not become female biased
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in the lower Great Lakes, and all five lakes now show a slight excess of males even
though abundance has been low and relatively stable for the past several decades.
Furthermore, although a significant relationship between larval density and sex ratio
has been observed in two non-parasitic species in the southeastern United States,
significant relationships between larval density and sex ratio are not evident among
contemporaneous sea lamprey populations (i.e., before or after the initiation of con-
trol). ESD, usually temperature-dependent sex determination, has been reported in a
number of fish species, but no fish species with exclusively ESD have been identified
to date. Skewed sex ratios may result from environmental influences on genetic sex
determination rather than strict ESD, and the nature of the genotype × environment
interactions can differ among populations and over time. However, apart from ruling
out “the usual suspects” (i.e., genes implicated in sex determination in other verte-
brates), nothing is known regarding the possible genetic basis of sex determination in
lampreys. In contrast, many of the genes involved in the sex differentiation process
(i.e., development of the undifferentiated gonad into an ovary or testis) tend to be
conserved among vertebrates, and initial studies suggest that at least some of the same
genes are involved in gonadal development in lampreys. Understanding the factors
influencing lamprey sex determination and differentiation has been complicated by
lack of knowledge regarding the critical sex differentiation period. Lampreys are
sometimes said to pass through an initial female stage or female intersexual stage,
because mitosis and meiosis appear to occur in most larvae regardless of future sex.
However, meiosis and oocyte growth are more synchronized and extensive in female
larvae, and the extent to which oocytes develop and regress in presumptive males
either varies among individuals and species or reflects differences in the degree to
which these transient processes are detected. Ovarian differentiation is generally
thought to be complete at ~1 and 2–3 years of age in non-parasitic and most parasitic
lamprey species, respectively, and at 4–5 years in the anadromous sea lamprey. Later
and more prolonged mitosis in parasitic species permits elaboration of a larger stock
of oocytes, and persistence of a limited number of undifferentiated germ cells in
some parasitic species may allow further oocyte recruitment in large larvae. In all
species, testicular differentiation occurs at or around the onset of metamorphosis,
at which time resumption of mitosis in the remaining undifferentiated germ cells
produces spermatogonia. In vivo biopsy studies showed that sea lamprey gonads
can remain labile as long as undifferentiated germ cells remain in the gonads (i.e.,
after the apparent completion of ovarian differentiation, but up until differentiation
of the remaining germ cells at the end of the larval stage). The presence of “atyp-
ical” gonads (which often developed into typical males in biopsied larvae) in sea
lamprey from both the Great Lakes and Atlantic drainages is consistent with delayed
gonadal differentiation but requires further study. Despite the apparent lability of the
lamprey gonad, hormonal sex control has not been successful. Non-parasitic lam-
preys begin maturing during the latter stages of metamorphosis; in contrast, parasitic
species remain sexually immature until they approach the end of the juvenile feeding
phase, and sexual maturation proceeds during the non-trophic spawning migration.
Although the rate of maturation varies among species, depending on the duration of
migration, all species and life history types appear to converge again during final
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maturation ~1–2 months before spawning. Oocytes begin to approach their size at
maturity (~1 mm in virtually all species), and, at ovulation, the oocytes (now typi-
cally called eggs) are synchronously released into the body cavity. The mature ovary
constitutes ~25–35% of a female’s total body weight, regardless of species, but the
total number of eggs (fecundity) increases approximately with the cubic power of
body length so that fecundity in the largest anadromous parasitic species (e.g., mean
172,000 in sea lamprey) is almost two orders of magnitude higher than that of the
much smaller non-parasitic species. Themature testis constitutes ~2–10%of amale’s
bodyweight,with gonadosomatic index (GSI) appearing to be higher inmales of non-
parasitic species compared to parasitic species, although absolute testis size is still
much higher in parasitic species. The study of lamprey steroidogenesis and steroid
receptors is contributing to our understanding of the evolution of steroid hormones
as transcriptions factors in vertebrates, but much still needs to be learned regarding
the role of sex steroids in lamprey sex differentiation and sexual maturation.

Keywords Atresia · Egg size · Environmental sex determination · ESD ·
Fecundity · Genetic sex determination · Gonadogenesis · Gonadosomatic index ·
GSI · Hormonal sex control · Intersex · Life history type · Ovarian differentiation ·
Sex differentiation · Sex ratio · Sex reversal · Sex steroids · Sexual maturation ·
Spawning · Spermatogenesis · Steroidogenesis · Testicular differentiation ·
Upstream migration · Vitellogenesis

1.1 Introduction

As one of only two surviving groups of ancient jawless vertebrates, lampreys are
of enduring evolutionary interest. Study of lamprey biology, for example, continues
to provide invaluable insight into the events that occurred at the dawn of vertebrate
evolution and is helpingus understand the degree towhichvarious traits andprocesses
are conserved across vertebrate lineages (see Docker et al. 2015). Research related to
lamprey biology is also helping to inform efforts directed at controlling sea lamprey
Petromyzon marinus in the Laurentian Great and Lake Champlain (see Chap. 5) and
initiatives tomanage or conserve native lampreys (Maitland et al. 2015). In particular,
understanding reproduction is important for effective control and conservation. Sea
lamprey control is primarily achieved through use of the selective lampricide 3-
trifluoromethyl-4-nitrophenol (TFM) and barriers which largely prevent upstream-
migrating adults from reaching their spawning grounds (Chap. 5), but alternative
methods that reduce sea lamprey numbers by interfering with sex determination
(e.g., leading to highly skewed sex ratios) or other aspects of gonadal development
and reproduction could further enhance control. Strategies that disrupt sea lamprey
reproduction are alreadybeingdeveloped (e.g., the sterile-male-release technique and
use of pheromones to disrupt upstream migration or mating; see Twohey et al. 2003;
Li et al. 2007; Johnson et al. 2015a; Bravener and Twohey 2016), and there are others
to explore (Sower 2003; Docker et al. 2003; Bergstedt and Twohey 2007). For species
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of conservation concern, efforts are being expended to improve our knowledge of the
reproductive physiology of these lampreys (e.g.,Mesa et al. 2010; Farrokhnejad et al.
2014), including studies to optimize artificial fertilization and propagation methods
(see Chap. 2) and to better understand the reproductive ecology of lampreys in their
natural environments (e.g., Jang and Lucas 2005; Johnson et al. 2015b; Whitlock
et al. 2017).

However, despite great interest in the reproduction of lampreys, study of the
many aspects of their reproductive biology is complicated by a number of factors,
one of which is their complex life cycle and long generation times. There are at least
41 recognized species of extant lampreys (Potter et al. 2015); all are semelparous,
dying after a single spawning season (although not necessarily after a single spawning
event), and all spawn in freshwater (Johnson et al. 2015b). All lampreys pass through
a freshwater filter-feeding larval stage that lasts approximately 3–8 years (Fig. 1.1),
although the duration is variable among species and populations (see Dawson et al.
2015) and may also differ between the sexes (Docker 2009; Manzon et al. 2015).
Consistent with a prolonged larval stage, there is also a prolonged period of sexual
indeterminacy, and the gonadal differentiation process is asynchronous in males
and females: ovarian differentiation occurs during the larval stage (at 1–3+ years
of age), but testicular differentiation does not occur until metamorphosis, several
years later (Fig. 1.1). Following metamorphosis (see Manzon et al. 2015), 18 species
are parasitic, feeding on the blood or tissue of other fishes in marine or freshwater
systems (see Chaps. 3 and 4). Some of the anadromous species (e.g., sea lamprey
and Pacific lamprey Entosphenus tridentatus) can reach total lengths (TL) in excess
of 600–800 mm (see Chap. 3) and can migrate several hundreds of kilometers to
headwater streams where they spawn (Moser et al. 2015). In contrast, the freshwater-
resident parasitic lampreys (e.g., sea lamprey in the Great Lakes, silver lamprey
Ichthyomyzon unicuspis) are smaller at maturity. The remaining 23 species are non-
parasitic “brook” lampreys that bypass the post-metamorphic feeding phase and
thus reach maturity at even smaller sizes (~100–150 mm TL; see Docker 2009).
Parasitic lampreys remain sexually immature during the feeding phase (and, hence,
are technically considered juveniles rather than adults at this point; see Docker et al.
2015). In contrast, sexual maturation in the non-parasitic brook lampreys begins
during the latter stages of metamorphosis (Fig. 1.1). Brook lampreys remain within
their natal streams and spawnanddie the following spring, that is,within 6–10months
of metamorphosis. In contrast, sexual maturation in parasitic species is delayed for
1–4 years following metamorphosis (Docker 2009; Chap. 4).

Studies of lamprey reproduction have also been hindered by their divergence
from other vertebrates ~500 million years ago (Docker et al. 2015), with no other
extant vertebrates to “bridge the gap.” Lampreys share the general organization of
the hypothalamic-pituitary-gonadal (HPG) axis with all other vertebrates, and much
has been learned about the evolution of the vertebrate HPG axis by studying the lam-
prey HPG axis (Sower 2015, 2018). However, the hormones that coordinate the axis
and regulate reproductive physiology are often different among vertebrate groups.
Similarly, although the study of lamprey steroidogenesis and steroid receptors has
contributed greatly to our understanding of the evolution of steroid hormones as
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Fig. 1.1 The lamprey life cycle, showing the timing of key events in the development of the gonad
relative to the stages in the life cycle in a parasitic and b non-parasitic (brook) lampreys; a detailed
timeline of gonadal processes is shown in Fig. 1.6

transcriptions factors in vertebrates (Thornton 2001; Baker 2004; Baker et al. 2015),
the idiosyncrasies of lamprey steroids have often been perplexing. Lampreys pro-
duce gonadal steroids that differ from those of other vertebrates by possessing an
additional hydryoxyl group at the C15 position (Kime and Rafter 1981; Kime and
Callard 1982; Bryan et al. 2003, 2004; Lowartz et al. 2003), and these novel steroids
have presented many technical challenges. Much of our initial knowledge regarding
steroid synthesis in lampreys was inferred from studies that incubated radiolabeled
precursors with gonadal or other tissue extracts, but results were often inconclu-
sive because several of the products could not be identified through comparison
to known steroid standards (e.g., Weisbart and Youson 1975, 1977; Weisbart et al.
1978). Likewise, the lack of commercially available 15α-hydroxylated radiolabeled
steroids has hindered binding experiments to detect receptors for lamprey-specific
15α-hydroxylated steroids. Elucidating the genetic basis of sex determination and
sex differentiation in lampreys will provide insights into the degree to which the
genes involved in these processes are conserved among vertebrates. However, the
prolonged period of sexual indeterminacy in lampreys and their long divergence from
other vertebrates make it difficult to make extrapolations based on what is known in
other vertebrates, and identification of homologs of key genes in other vertebrates can
be challenging (Spice et al. 2014; Khan 2017). Nevertheless, the publication of the
sea lamprey genome (Smith et al. 2013, 2018) is leading to a wealth of new knowl-
edge of the genes and gene networks that control many aspects of lamprey biology
(McCauley et al. 2015; see Chap. 6) and is expected to contribute substantially to
our understanding of lamprey reproduction as well.

In this chapter, we provide a wide-reaching review of topics related to the lamprey
gonad, ranging from an in-depth discussion of lamprey sex ratios to a synthesis of the
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literature related to lamprey sex determination, sex differentiation, sexualmaturation,
and sex steroids. Because one of the main goals of this chapter is to inspire lamprey
biologists and researchers in other disciplines to help fill the many remaining gaps in
our understanding of lamprey gonadal development and function, we hope that this
chapter will provide both the necessary background and the appropriate stimulus for
future research into the many intriguing aspects of lamprey reproductive biology.

1.2 Sex Ratios

A small but variable excess of males has long been observed among upstream
migrants and spawning adult lampreys (e.g., Dean and Sumner 1898; Young and
Cole 1900; Wigley 1959; Zanandrea 1961). Sex ratio data are less readily available
for other stages, when individuals are more disperse and harder to catch and when
males and females can only be distinguished following internal examination (see
Sect. 1.4.1.5), but these other stages generally do not show the same bias toward
males. However, the complex lamprey life cycle makes interpretation of stage-
specific sex ratios difficult, and it is not yet knownwhether these apparent differences
might be the result of: (1) sex-specific differences in mortality (e.g., higher mortality
of females during the post-larval stages); (2) sampling bias (e.g., due to sex-specific
differences in age at metamorphosis or differences in the temporal or spatial distribu-
tion of the sexes during feeding and migration); or (3) an environmental influence on
the sex differentiation process. In this section, we review the available stage-specific
sex ratio data for lampreys and attempt to determine the extent to which each of these
three factors may be operating. A full discussion of a possible extra-genetic influence
on sex differentiation (i.e., environmental or density-dependent sex determination)
is provided in Sect. 1.3.2.2.

1.2.1 Sex Ratio of Upstream Migrants and Adults

Sex ratio data are available for 10 of the 18 parasitic lamprey species during their
upstream migrations or at spawning. Most species show roughly even sex ratios or
a small excess of males (Table 1.1): 45–52% male in adult Caspian lamprey Cas-
piomyzon wagneri, 68% male in Vancouver lamprey Entosphenus macrostomus,
48–57% male in Pacific lamprey, 61–65% male in pouched lamprey Geotria aus-
tralis, 42%male in chestnut lamprey Ichthyomyzon castaneus, 49–59%male in silver
lamprey, 48–61% male in anadromous European river lamprey Lampetra fluviatilis,
50–63% male in all but the praecox anadromous form of Arctic lamprey Lethen-
teron camtschaticum, 49–57% male in the short-headed lampreyMordacia mordax,
44–65% male in anadromous sea lamprey, and 50–68% male in freshwater-resident
sea lamprey prior to the initiation of sea lamprey control.
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Table 1.1 Sex ratio of adult lampreys (i.e., during the upstream migration or at spawning); sig-
nificantly male- and female-biased sex ratios (calculated using the Chi test function in Excel) are
identified with a superscript m and f, respectively. An asterisk indicates that individuals that could
not be identified as either male or female were omitted from the sex ratio; values in bold signify
sex ratios observed following initiation of lampricide (TFM) treatment in the respective basin; rkm
= river km

Species and
location

Year n % Male Reference Comments

PARASITIC SPECIES

Caspiomyzon wagneri Caspian lamprey (anadromous)

Shirud R, Iran 2006 211 51.7 Nazari and Abdoli
(2010)

Spring migrants; 59, 42, 49, 55,
53% male in weeks 1–5,
respectively

Shirud R, Iran 2008 104 51.0 Ahmadi et al.
(2011)

Fall migrants 47% male; spring
52% male

Shirud R, Iran 2009 53 45.3 Shirood Mirzaie
et al. (2017)

Fall migrants 20% male; spring
55% male

Shirud R, Iran 2012 401 46.7 Abdoli et al. (2017) Spring migrants

Entosphenus macrostomus Vancouver (or Cowichan Lake) lamprey (freshwater)

Bear and Cowichan
L tributaries, BC

2017 28 67.9 Wade et al. (2018) Late June

Entosphenus tridentatus Pacific lamprey (anadromous)

Oregon streams 108 57.4 Kan (1975) Pre-spawners

113 54.9 Spawners

Chemainus R, BC 1978 124 48.4 R. J. Beamish
(1980)

Early migrants; males and
females roughly equal
throughout sampling period

North Umpqua R,
OR @ Winchester
Dam (rkm 11.2)

2009 24 33.3* Lampman (2011) % male + % unknown = 65%
(2009) and 59% (2010)2010 45 38.2*

Willamette R, OR
@Willamette Falls
(rkm 205)

2007 206 49.0 Clemens et al.
(2016), Clemens
(pers. comm.)

50, 56, 61, 44, 50% male in
Apr, May, June, July, Sept,
respectively

2008 143 56.6 33, 39, 56, 53, 71% male in
Apr, May, June, July, Aug

Willamette R, OR
@Willamette Falls
(rkm 205)

2016 269 50.6 Porter et al. (2017) 51, 51, 50% male in June, July,
Aug

Snake R basin, WA
@ rkm 589 and 635

2006 50 39.9* McIlraith et al.
(2015)

July–Oct; sex unidentifiable in
4, 20, and 14% lamprey in
2006, 2007, 2008

2007 46 45.9*

2008 50 46.0*

Geotria australis pouched lamprey (anadromous)

Warren R @ rkm
32 and 61,
Australia

1976–1980 379 65.4m Potter et al. (1983) First 4 months of spawning run
(mid-July to mid-Nov)

Donnelly R
estuary, Australia

1981 71 60.6 Potter et al. (1983) Estuary at onset of spawning
migration (July, Aug)1982 125 63.2m

Ichthyomyzon castaneus chestnut lamprey (freshwater)

Muskegon R, MI
(L Michigan)

1981 38 42.1 Schuldt et al.
(1987)

Upstream migration (May)

(continued)
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Table 1.1 (continued)

Species and
location

Year n % Male Reference Comments

Ichthyomyzon unicuspis silver lamprey (freshwater)

Peshtigo R, WI 1978 – 59.0 Schuldt et al.
(1987)

Upstream migration (May)

Menominee R,
MI/WI

1980 51 58.8

Oconto R, WI (L
Michigan)

1980 47 48.9

Lampetra fluviatilis European river lamprey (anadromous)

Severn Estuary,
UK

1972–1976 621 48.6 Abou-Seedo and
Potter (1979)

52, 47, 71% male in early, mid,
late run

Firth of Forth, UK 1980 206 60.7m Maitland et al.
(1984)

Upstream migrants Sept–Oct

1981 430 56.7m Upstream migrants Aug–Nov

R Teith @
Deanston, UK

1984 53 56.6 Morris (1989) Spawning adults (Apr, May)

R Derwent @
Stamford Bridge
Weir, UK

2003 76 72.4m Jang and Lucas
(2005)

Upstream migrants Mar–Apr

1,284 48.4 On spawning grounds; 23%
male during nest building, 73%
during spawning, 21%
post-spawning

Lampetra fluviatilis European river lamprey (anadromous praecox form)

Severn Estuary,
UK

1972–1976 621 48.6 Abou-Seedo and
Potter (1979)

42, 52, 45% male in early, mid,
late run

Lampetra fluviatilis European river lamprey (dwarf freshwater form)

Endrick Water (L
Lomond), UK

1983 38 81.6m Morris (1989) Upstream migrants (Nov)

1984 16 31.3 Spawning adults (Apr, May)

Lethenteron camtschaticum Arctic lamprey (anadromous)

Utkholak R,
Russia

2005 142 63m Kucheryavyi et al.
(2007)

Upstream migrants and mature
adults

Lethenteron camtschaticum Arctic lamprey (anadromous praecox form)

Utkholak R,
Russia

2005 38 92m Kucheryavyi et al.
(2007)

Upstream migrants and mature
adults

Lethenteron camtschaticum Arctic lamprey (freshwater non-parasitic form)

Utkholak R,
Russia

2005 632 50 Kucheryavyi et al.
(2007)

Mature adults

Lethenteron camtschaticum Arctic lamprey (freshwater form)

Slave R @ Fort
Smith and Hay R,
NWT

1967 37 59.5 Nursall and
Buchwald (1972)

Upstream migrants (June–Aug)

Mordacia mordax short-headed lamprey (anadromous)

Dandenong Cr,
near Melbourne,
Australia

1963 57 49.1 Potter et al. (1968) Upstream migrants (Nov 1963
and 1964, Sept 1965)1964 63 47.6

1965 81 53.1

Derwent R,
Tasmania,
Australia

1967 60 56.7 Potter et al. (1968) Upstream migrants (Jan)

(continued)
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Table 1.1 (continued)

Species and
location

Year n % Male Reference Comments

Petromyzon marinus sea lamprey (anadromous)

Sheepscot R, ME 1949 52 44.1 Applegate (1950) Upstream migrants

Barrows Stream,
ME

1960–1964 64 65m Davis (1967) Upstream migrants

St John R, NB @
Mactaquac Dam
(rkm 120)

1974 285 54.1 Beamish and
Potter (1975)

Upstream migrants (June–July)

St John R, NB @
Mactaquac Dam
(rkm 120)

1974–1977 393 57.5m Beamish et al.
(1979)

Upstream migrants; 73% male
in early May, 55% in late June

Keswick R, NB 1974–1977 63 65.1m Beamish et al.
(1979)

Spawning and spent adults (late
June–early July)

Connecticut R @
Holyoke Dam
(rkm 135), MA

1981 484 56m Stier and Kynard
(1986)

Upstream migrants
(May–June); 55–59% male
early in run, 59–67% late in run

1982 404 62m

Connecticut R @
Holyoke Dam
(rkm 135), MA

2013 97 45.4 Castro-Santos
et al. (2017)

Upstream migrants (May–June)

Dordogne R,
France

2003 101 47.5 Beaulaton et al.
(2008)

Upstream migrants; 56% male
in Jan–Feb, 43% in Mar–May2004 124 49.2

Garonne R,
France

2003 149 49.0 Beaulaton et al.
(2008)

Upstream migrants

2004 49 45.0

Ulla R Estuary,
Spain

2010 133 60.9m Silva et al. (2016) Upstream migrants; 83, 60,
41% male in Jan, Feb, Mar

Petromyzon marinus sea lamprey (freshwater)

Cayuga Inlet, NY 1886 745 64.4m Meek (1889) Upstream migrants (May, June)

Cayuga Inlet, NY 1898 1,140 51.7 Surface (1899) Upstream migrants

Cayuga Inlet, NY 1950 372 61.0m Wigley (1959) Upstream migrants; % male
reasonably consistent over run1951 1,820 60.8m

1952 1,306 53.8m

Ocqueoc R, MI
(L Huron)

1947 679 53.6 Applegate (1950) Upstream migrants

1949 24,643 68.2m

Carp R, MI (L
Superior)

1947 1,600 62.3m Applegate (1950) Upstream migrants; 75% male
at end of run (early July) in
1947

1948 2,931 62.9m

1949 2,763 67.5m

L Superior
tributaries

1954–1978 1,911–50,975 28f –71m Heinrich et al.
(1980)

Upstream migrants; % males
peaked 1961–1964, declined
thereafter (see Fig. 1.2)

L Michigan
tributaries

1954–1978 774–18,043 21f –68m Heinrich et al.
(1980)

Upstream migrants; % males
peaked 1963 (see Fig. 1.2)

L Huron
tributaries

1947–1978 197–24,643 31f–71m Smith (1971),
Heinrich et al.
(1980)

Upstream migrants; % males
peaked 1950–1955 (see
Fig. 1.2)

(continued)
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Table 1.1 (continued)

Species and
location

Year n % Male Reference Comments

Humber R (L
Ontario)

1968–1978 1,191–6,848 42f –58m Heinrich et al.
(1980)

Upstream migrants (see
Fig. 1.2)

Humber R (L
Ontario)

1968–1972 1,223–4,387 50–56m Potter et al. (1974) Upstream migrants

L Superior 1995–2016 45–1,880 33f –66m GLFC
(1996–2017)a

Upstream migrants (see
Fig. 1.2)

L Michigan 1995–2016 228–2,225 38f –55m GLFC
(1996–2017)a

Upstream migrants (see
Fig. 1.2)

L Huron 1995–2016 136–12,231 49–67m GLFC
(1996–2017)a

Upstream migrants (see
Fig. 1.2)

L Ontario 1995–2016 397–5,154 48–62m GLFC
(1996–2017)a

Upstream migrants (see
Fig. 1.2)

L Erie 1995–2016 20–1,982 51–73m GLFC
(1996–2017)a

Upstream migrants (see
Fig. 1.2)

BROOK LAMPREYS

Ichthyomyzon fossor northern brook lamprey

Brule R, WI (L
Superior)

1945 17 58.8 Churchill (1945) Prior to spawning (June)

Sturgeon R, MI (L
Superior)

1960 24 75m Purvis (1970) Spawners (June)

Little Cedar R, MI 1980 24 54.2 Schuldt et al.
(1987)

Pre-spawners (April, May)

Walla Walla Cr, WI 1980 16 56.3

Little Wolf R, WI
(L Michigan)

1980 31 64.5

Ichthyomyzon gagei southern brook lamprey

10 river systems in
AL, FL, GA, LA,
OK, TX

1930–1951 98 59.1 Dendy and Scott
(1953)

Adults; pooled sex ratio from
18 collections

Little and
Choclafaula Cr, AL

1980–1981 110 60.9m F. W. H. Beamish
(1982)

Pre-spawners (early March,
1–2 km downstream from
spawning site); earliest
migrants 80% male

Hodnett and
Choclafaula Cr, AL

1980–1982 567 45.1f Beamish and
Thomas (1984)

Transformers and adults; no
differential migration

19 streams in AL,
AR, LA, MS, TX

1988–1992 5–87 25–65m Beamish et al.
(1994)

Transformers and adults (see
Table 1.2)

Lampetra aepyptera least brook lamprey

7 streams in MD,
DE, KY, TN, AL

1980, 1988 20–38 46.2–79.2m Docker and
Beamish (1994)

Transformers and adults
(Oct–Feb; see Fig. 1.3)

Lampetra lanceolata Turkish brook lamprey

Iyidere Stream,
Turkey

2005–2006 54 53.7 Gözler et al. (2011) Pre-spawning and mature
adults

Lampetra planeri European brook lamprey

R Yeo, UK 1947–1960 57–240 54.4–77.0m Hardisty (1961a) Spawning season; 78, 68, 66,
and 62% male in weeks 1–4,
respectively

(continued)
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Table 1.1 (continued)

Species and
location

Year n % Male Reference Comments

R Stensån,
Sweden

1976 120 51.5 Malmqvist
(1978)

Spawning season

Rörum South R,
Sweden

1976 52 63.3 Malmqvist
(1978)

Spawning season

Stampen Stream,
Sweden

1976 44 61.3 Malmqvist
(1978)

Spawning season

Länsmansbäcken,
Sweden

1977 163 60.1m Malmqvist
(1980)

Spawning season (Mar–June);
% males highest (65–76%) in
early May

1978 192 60.9m

Endrick Water (L
Lomond), UK

1984 39 56.4 Morris (1989) Adults (Apr, May)

River Teith, UK 1984 28 64.3 Morris (1989) Adults (Apr, May)

Lampetra richardsoni western brook lamprey

Morrison Cr, BC 1987 22 50.0 Beamish et al.
(2016)

Mature or spent adults
(May–July); 100% male after
mid-June

Lampetra richardsoni western brook lamprey (var. marifuga)

Morrison Cr, BC 1984 24 79.2m Beamish (1985)

Morrison Cr, BC 1987 42 88.1m Beamish et al.
(2016)

Mature or spent adults
(May–July)

Lampetra zanandreai Po brook lamprey

Italy <1951 1,314 59.1m Zanandrea (1961) ~50% male during maturation;
>50% during spawning

Lethenteron appendix American brook lamprey

Huron R
tributaries (L
Erie)

1899 259 78.4m Young and Cole
(1900)

Spawners (Apr)

Wednesday Br,
NH

1959 13 69.2 Sawyer (1960) Near end of spawning (May)

Big Cr, ON (L
Erie)

1970 85 67.1m Kott (1971) Pre-spawners (Apr–May); no
differential migration

Buffalo Cr, TN 1973 126 54.8 Seagle and Nagel
(1982)

Transformers and adults

Fox R, WI 1980 30 66.7 Schuldt et al.
(1987)

Pre-spawners (April and May)

Betsie R, MI (L
Michigan)

1980 139 79.1m

Tetrapleurodon geminis Mexican brook lamprey and/or T. spadiceus Mexican lamprey

Michoacan,
Mexico

1961–1962 76 53.9 Álvarez del Villar
(1966)

Spawning adults

aAnnual reports to the GLFC for previous calendar year; authors as follows (for publication year): Schleen LP, Young RJ, Klar
GT (1996, 1998); Klar GT, Schleen LP, Young RJ (1997); Klar GT, Schleen LP (1999, 2001, 2003); Schleen LP, Klar GT (2000,
2002); Young RJ, Klar GT (2004, 2006); Klar GT, Young RJ (2005); Adair RA, Young RJ (2007, 2009); Young RJ, Adair R
(2008); Sullivan P, Adair R (2010, 2012, 2014); Adair R, Sullivan P (2011, 2013, 2015); Sullivan P, Adair R, Woldt A (2016);
Mullett K, Sullivan P (2017); see http://www.glfc.org/annual-reports.php

http://www.glfc.org/annual-reports.php
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Extrememale-biased sex ratios (>80%male)were observed only in the freshwater
form of European river lamprey (Morris 1989) and the praecox form of Arctic lam-
prey (i.e., an anadromous form with a reduced marine feeding phase; Kucheryavyi
et al. 2007) (see Chap. 4). A similarly male-biased sex ratio has been observed in
the rare parasitic form of the western brook lamprey Lampetra richardsoni (i.e., the
“marifuga” variety; Beamish 1985; Beamish et al. 2016). Docker (2009) suggested
that alternative life history types such as these might be dominated by males because
transitions related to feeding and migratory type may occur more readily in males.
Because the trajectories associated with ovarian development diverge in different life
history types years before the paths associated with testicular development diverge,
female life history type may be less flexible (see Sect. 1.4.1).

Significantly female-biased adult sex ratios have been reported only in the Great
Lakes sea lamprey following initiation of sea lamprey control and only in the three
upper Great Lakes (Superior, Michigan, and Huron; Fig. 1.2). The observed shift to
female-biased sex ratios after the onset of sea lamprey control suggested that lamprey
sex ratio was correlated with abundance (see Sect. 1.2.6). However, in the two lower
Great Lakes, a significant excess of females was observed in only a single year (1978)
in Lake Ontario, despite similar (albeit somewhat later) declines in abundance, and
Lake Erie exhibited only even or male-biased sex ratios. Furthermore, sex ratio in
all three upper Great Lakes returned to parity or an excess of males by the mid- to
late 1990s.

No significantly female-biased sex ratios have been observed among any of the
nine non-parasitic lamprey species for which adult sex ratio data are available. Again,
most species show an excess of males (Table 1.1): northern brook lamprey Ichthy-
omyzon fossor 54–75% male, least brook lamprey Lampetra aepyptera 46–79%
male, Turkish brook lamprey L. lanceolata 54% male, European brook lamprey L.
planeri 54–73%male, the typical parasitic form ofwestern brook lamprey 50%male,
Po brook lamprey L. zanandreai 59% male, American brook lamprey Lethenteron
appendix 55–79% male, and Mexican brook lamprey Tetrapleurodon geminis (or
Mexican lamprey T. spadiceus) 54% male. Sex ratio of adult and metamorphosing
southern brook lamprey I. gagei in 19 populations ranged from 25 to 65% male, but
none were significantly female biased (Table 1.2).

It is unknown if sex-specific differences in capture efficiency, particularly with
different gear types, produce biased sex ratio data. Preliminary data from mark-
recapture studies show no evidence of sex-specific differences in trapping efficiency
in upstream-migrating sea lamprey in the Great Lakes (Sean Lewandoski, U.S. Fish
and Wildlife Service, Marquette, MI, personal communication, 2018). In contrast,
Beaulaton et al. (2008) suggested that anadromous sea lamprey trapped in pots
showed a slight excess of females relative to those collected in nets. However, it
is well known that sex ratios measured only during a restricted part of the spawn-
ing run can be biased, presumably as the result of behavioral differences between
male and female lampreys (see Sect. 1.2.5). Furthermore, external sex determination
may be vulnerable to observational error in early season trap captures when sexu-
ally dimorphic characteristics are not as readily identifiable (Johnson et al. 2015b).
Nevertheless, many of the studies performed to date have monitored sex ratio over
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Fig. 1.2 Sex ratio (percent males; solid line) of sea lamprey Petromyzon marinus in the three upper
Great Lakes (Superior, Michigan, and Huron) and lower Great Lakes (Ontario and Erie) prior to and
following initiation of sea lamprey control compared to adult (spawner) abundance (gray broken
line). Parity (50:50 sex ratio) is indicated by a horizontal dashed line, and vertical arrows show year
of first lampricide (TFM) treatment in each basin. Sex ratio data for 1947–1987 were collected from
Smith (1971), Heinrich et al. (1980), and Houston and Kelso (1991); sex ratio data for 1995–2016
were collected from annual reports to the Great Lakes Fishery Commission (GLFC 1996–2017;
see Table 1.1 for list of report authors); in Lake Erie, data were excluded if n < 20. Recent adult
abundance estimates (gray triangles) are based on standardized sea lamprey index values that
have been scaled to the lake-wide level (Jess Barber, U.S. Fish and Wildlife Service, Marquette,
MI, personal communication, 2018); Lake Erie values represent 3-year averages (see Chap. 5).
Historical lake-wide abundance estimates (gray squares) were obtained from Sullivan et al. (2003;
Erie) or were approximated by scaling abundance in index streams (Smith 1971; Heinrich et al.
1980) to peak historical values estimated in GLFC (2015): 780,000 (Superior), 600,000 (Michigan),
700,000 (Huron), and 450,000 (Ontario)
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Table 1.2 Sex ratio of larval and post-larval (metamorphosing and adult) southern brook lamprey
Ichthyomyzon gagei in 20 streams in the southeastern U.S., and the excess of males in the post-larval
stages relative to the larval stage; significantly male- and female-biased sex ratios are identified with
a superscript m and f, respectively. Larval data are from Beamish (1993); post-larval data are from
Beamish et al. (1994)

Stream Larval Post-larval Post-
larval %
male –
larval %
male

Years
sampled
(total)

n % Male Density
(larvae
per m2)

Years
sampled

n % Male

Beaver Cr, LA 1989 60 20f 0.26 1991 40 38 18

Big Cr, AL 1989 119 30f 1.52 1989,
1992

33 64 34

Binion Cr, AL 1987–1990
(4)

120 37f 0.17 1988 14 57 20

Choclafaula Cr, AL 1980–1991
(11)

1707 41f 0.68 1980,
1981,
1991

5 40 – 1

Clear Cr, LA 1989 185 39f 1.2 1989,
1992

49 65m 26

Dry Prong Cr, LA 1989 80 36f 0.99 1989 4 25 – 11

Dyson Cr, LA 1989 95 9f 0.5 1992 24 42 33

Eden Cr, AL 1989–1990
(2)

121 19f 0.29 1991 20 60 41

Hell Hole Cr, AL 1987–1991
(4)

219 49 1.75 1988,
1991

80 46 – 3

Keisler Cr, AR 1989 119 40f 0.04 1992 21 62 22

Legg Cr, TX 1989 117 29f 0.24 1989 9 33 4

Little Cypress Cr, TX 1989 157 41f 0.23 1989 25 48 7

South Fork Saline R,
AR

1989 51 29f 1.9

Spring Cr, LA 1989 91 40 1989,
1991

22 45 5

Teel Cr, AL 1989–1990
(2)

170 27f 0.13 1991 17 41 14

Ten Mile Cr, AR 1989 148 26f 1.55 1992 17 47 21

Terry’s Cr, LA 1989 137 28f 0.5 1989,
1991,
1992

87 45 17

Thomas Cr, AR 1989 127 46 0.18 1989,
1992

45 58 12

Uspohoa Cr, MS 1989 40 38 1991,
1992

63 63m 25

Water Prong Cr, MS 1987–1990
(4)

219 45 1.13 1988 48 56 11
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most, or all, of the spawning run, confirming that there are very few “exceptions to
the rule” that adult lamprey populations are male biased. That there appears to be a
fairly consistent excess of males in the adult stage relative to the larval stage among
both parasitic and non-parasitic lampreys (see Sect. 1.2.2) suggests that females may
experience higher mortality in the post-larval stages. Limited data from feeding-
phase sea lamprey also show a higher proportion of females during this stage relative
to upstream migrants (see Sect. 1.2.4) which would suggest that females are dispro-
portionately lost from the population during or after the feeding phase. However,
nothing is known regarding sex-specific differences in mortality, and this requires
further study.

1.2.2 Larval Sex Ratios

Sex ratio data for larval lampreys aremore limited than during the adult stage, because
sex identification in larvae generally requires lethal sampling and histological prepa-
ration prior to examination under a light microscope or, for larger larvae, internal
examination under a dissectingmicroscope (see Sect. 1.4.1.5). Nevertheless, sex ratio
data are available for at least four parasitic and four brook lamprey species (Table 1.3).
Larval sex ratios appear to bemore variable among populations and species than adult
sex ratios but, in general, they are at parity or with an excess of females. For example,
among brook lampreys, significantly female-biased larval sex ratios were observed
in European brook lamprey from the River Yeo (Hardisty 1960a), in 15 of the 20
southern brook lamprey populations examined byBeamish (1993), and in three of the
12 least brook lamprey populations examined by Docker and Beamish (1994). Only
one significantly male-biased larval brook lamprey population has been observed
(in the least brook lamprey; Fig. 1.3), despite even or male-biased sex ratios among
adults in these three species (Hardisty 1961a, b; Beamish et al. 1994; Docker and
Beamish 1994; Table 1.2; Fig. 1.3).

Likewise, among parasitic species, few streams have been foundwith a significant
excess of males during the larval stage, even in Great Lakes sea lamprey when adult
sex ratios were significantly male biased. In sea lamprey larvae collected prior to
or during initial lampricide treatments in 28 tributaries to Lakes Huron, Superior,
and Ontario, a significant excess of males was observed in only four rivers: two
on the north shore of Lake Huron (Echo and Garden) and two on the east shore
of Lake Superior (Batchawana and Michipicoten; Fig. 1.4). Larval sex ratios were
significantly female biased in 15 of the 28 rivers and at parity in nine. Most notably,
significantly female-biased sex ratios (9–30% male) were observed among sea lam-
prey collected during initial treatments on all five tributaries surveyed on the north
shore of Lake Superior, in four of the five tributaries examined in the Georgian Bay
region of Lake Huron (8–41% male), and in five of the nine Lake Ontario tributaries
surveyed (13–39% male; Torblaa and Westman 1980; Fig. 1.4). There was no evi-
dence of a sex-specific bias in the larvae collected during lampricide treatment, based
on comparison with the sex ratio of samples collected by other survey means (Purvis
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Table 1.3 Sex ratio of larval lampreys; significantly male- and female-biased sex ratios are iden-
tified with a superscript m and f, respectively. An asterisk indicates that individuals that could not
be identified as either male or female were omitted from the sex ratio; values in bold signify sex
ratios observed following initiation of lampricide (TFM) treatment in that stream; italics signify
populations isolated above barriers

Species and location Year n % Male Reference Comments

PARASITIC SPECIES

Entosphenus tridentatus Pacific lamprey (anadromous)

Oregon drainages 24–101 28.6f–41.7 Kan (1975) Larvae >90 mm

Lethenteron camtschaticum Arctic lamprey (all forms)

Utkholak R, Russia 2005 63 52 Kucheryavyi
et al. (2007)

Mordacia mordax short-headed lamprey (anadromous)

Bunyip R, Diamond Cr,
and Plenty R, Australia

1986–1987 303 40–45 Hardisty et al.
(1992)

Larvae >90 mm

Petromyzon marinus sea lamprey (anadromous)

Petitcodiac R, NB 1998 55 52.7* Barker and
Beamish (2000)

Larvae >120 mm; 49%
atypical (see Sect. 1.4.1.4)

Petromyzon marinus sea lamprey (freshwater)

Big Garlic R, MI (L
Superior)

1959 141 19f Manion and
Smith (1978)

Collected during first TFM
treatment

Big Garlic R, MI (L
Superior)

1966 289 27f Manion and
Smith (1978)

1960 year class above
barrier dam1967 407 19f

1969 672 15f

1970 924 18f

1971 298 22f

1972 357 22f

Little Garlic R, MI (L
Superior)

1965 644 23f Purvis (1979) TFM treatment 1960

Potato R, MI (L Superior) 1966–1969 363 21.5f Purvis (1979) TFM treatment 1965

Sturgeon R, MI (L
Superior)

1970 394 29f Purvis (1979) TFM treatment 1967

Ocqueoc R, MI (L Huron) <1965 267 47.6 Hardisty
(1965b)

Ocqueoc R, MI (L Huron):

Below falls 1968 525 45.3f Purvis (1979) TFM treatment 1968

1973 162 22f

(continued)



18 M. F. Docker et al.

Table 1.3 (continued)

Species and location Year n % Male Reference Comments

Above falls 1968 120 24.2f

Silver Cr (L Huron),
above dam

1969 – 17 Purvis (1979) Larvae ≥9 years old

L Superior (9 streams):

First TFM treatment 1958–1964 996 9f–72m Torblaa and
Westman
(1980)

See Fig. 1.4

Subsequent treatments 1962–1978 1,811 11f –57

L Huron (10 streams):

First TFM treatment 1960–1967 3,207 8f–70 m Torblaa and
Westman
(1980)

See Fig. 1.4

Subsequent treatments 1966–1975 4,425 7f –44

L Ontario (9 streams):

First TFM treatment 1971–1972 2,474 13f–54 Torblaa and
Westman
(1980)

See Fig. 1.4

Subsequent treatments 1973–1978 1,551 19f –56

Brown’s Cr, ON (L
Huron)

1998 49 55.1* Barker and
Beamish (2000)

56% atypical

12 streams: L Superior
(2), L Michigan (1), L
Huron (4), L Ontario (5)

1995, 1996 1,149 9.0–81.7* Wicks et al.
(1998a)

8–100% atypical (see
Sect. 1.4.1.4)

BROOK LAMPREYS

Ichthyomyzon fossor northern brook lamprey

Sturgeon R, MI 1960 261 48.7 Purvis (1970) TFM treatments 1960,
1963, 19661966 366 49.2

Ichthyomyzon gagei southern brook lamprey

Little and Choclafaula Cr,
AL

1980–1981 486 49.5 F. W. H.
Beamish (1982)

20 streams in AL, AR,
LA, MS, TX

1980–1991 40–1,707 9f–49 Beamish (1993)

Lampetra aepyptera least brook lamprey

12 streams in MD, DE,
KY, TN, AL

1987, 1988 66–297 28.7f–70.9m Docker and
Beamish (1994)

See Fig. 1.3

Lampetra planeri European brook lamprey and/or L. fluviatilis European river lamprey

R Yeo, UK 281 42.3f Hardisty
(1960a)

R Usk, UK 61 44.3 Hardisty
(1960a)

European brook and river
lampreysR Teifi, UK 49 49.0

R Stensån, Sweden 1976 978 45.0f Malmqvist
(1978)

Rörum South R, Sweden 1976 912 44.2f Malmqvist
(1978)

Stampen Stream, Sweden 1976 564 46.7 Malmqvist
(1978)
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Fig. 1.3 Sex ratio (percent males) of least brook lamprey Lampetra aepyptera in length-frequency
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for each of the 12 streams. Data are from Docker and Beamish (1994) and Margaret F. Docker
(unpublished data)
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1979; Torblaa and Westman 1980). After initiation of lampricide treatments, no sig-
nificantly male-biased sex ratios were observed (Purvis 1979; Torblaa and Westman
1980), although a wide range of values was still observed among tributaries (7–57%
male; Table 1.3). A general trend toward increased femaleness following initiation
of lampricide treatments was observed when averaged across all streams (Fig. 1.5),
but the relationship between abundance and larval sex ratio is far from clear (see
Sect. 1.2.6).

Interpretation of larval sex ratios is complicated by potential sex-specific differ-
ences in age of metamorphosis and technical difficulties associated with determining
sex in smaller larvae. There is evidence that males, at least in some species or popula-
tions, metamorphose at younger ages (and smaller sizes) than females. In European
brook lamprey from three Swedish streams, for example, Malmqvist (1978) esti-
mated 7–9 year classes in females versus 5–7 year classes in males, and he suggested
that female-biased larval sex ratios are the result of more year classes of females
being present. In least brook lamprey, Docker and Beamish (1994) found that, with
only two exceptions (Cod Creek and Butler Mill Branch), sex ratio was consistent
among age classes II–IV, but the relatively small number of age class V individuals
were disproportionately female (Fig. 1.3). These authors concluded that males were
likely under-represented in larval age class V due to their earlier recruitment to the
adult population. Earliermetamorphosis inmale northern brook lampreywas demon-
strated by Purvis (1970) when he found that the earliest-metamorphosing age class of
a cohort re-established following lampricide treatment was almost exclusively male
(see Sect. 1.2.3). Delayed metamorphosis in females is a relatively well-understood
phenomenon in non-parasitic species. In these species, because individuals cease
feeding at the onset of metamorphosis, increased body size and thus fecundity (see
Sect. 1.6.3) can only be achieved by larger size at metamorphosis (see Docker 2009;
Manzon et al. 2015). However, this phenomenon is less well understood in parasitic
species which continue to feed and grow following metamorphosis. Nevertheless,
there is evidence thatGreat Lakes sea lamprey alsomay show sex-specific differences
in age at metamorphosis. For example, larval sea lamprey populations isolated for
years above barriers (i.e., after most individuals are thought to have transformed and
left the population) typically show female-biased sex ratios. Purvis (1979) reported
that a population of larval sea lamprey isolated for 9 years above a lamprey-proof
dam in Silver Creek, a tributary to Lake Huron, was only 17% male. Similarly, lar-
val sex ratio in the Ocqueoc River was 24% male above falls which limited annual
recruitment but 45% male below the falls. That these isolated populations represent
older residual females is borne out by the observation that the earliest transformers
were disproportionatelymale (see Sect. 1.2.3).Malmqvist (1978) predicted that post-
poned metamorphosis in non-parasitic species would provide a selective advantage
for females if the mortality rate during the final larval years is low. Clearly, however,
a scenario of low larval mortality rates would not apply in Great Lakes tributaries
subject to regular lampricide treatments. There is evidence for selection of younger
age at metamorphosis in Great Lakes sea lamprey following initiation of sea lamprey
control (e.g., Morkert et al. 1998), but whether there has been selection against later
metamorphosis in females relative to males is unknown.
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Fig. 1.4 Sex ratio (percentmales) of larval (solid bars) and transformed (hatched bars) sea lamprey
Petromyzon marinus collected during initial and subsequent lampricide treatments in 28 tributaries
to Lakes Superior, Huron, and Ontario. Vertical arrows show timing of TFM treatments within each
tributary; gray diamonds represent qualitative estimates of larval abundance (1 lowest to 5 highest)
prior to each treatment. Sample sizes per collection averaged 188 and 220 (ranges 16–906 and
10–1,173) for larvae and transformers, respectively. Sex ratio data are from Torblaa and Westman
(1980); relative abundance estimates and treatment dates were collected from Great Lakes Fishery
Commission annual reports (GLFC 1960–1978)
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Fig. 1.4 (continued)
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Fig. 1.5 Mean sex ratio (percent males) of larval (solid bars) and transformed (hatched bars) sea
lamprey Petromyzon marinus prior to and after initiation of lampricide treatments in tributaries to
Lakes Superior, Michigan, Huron, and Ontario; pre-treatment includes sea lamprey collected prior
to and during initial lampricide treatments; post-treatment includes sea lamprey collected in all
subsequent treatments. Number of collections (and total sample size) in each mean is given above
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and Torblaa and Westman (1980)
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Therefore, a disproportionate number of females among older and larger larvae
(and therefore female-biased larval sex ratios overall as the result ofmore year classes
of females being present) may result from features of lamprey biology. However, an
excess of females in the older and larger age classes, in turn, may produce obser-
vational biases in studies when, for ease of sex identification, only large larvae are
included in the analyses. For example, sex in Great Lakes sea lamprey can gener-
ally be distinguished histologically by ~90 mm TL (see Sect. 1.4.1.5), but studies
evaluating sea lamprey sex ratios before and after initiation of sea lamprey control
typically sampled only the very largest larvae (e.g., >119 mm; Purvis 1979). Docker
and Beamish (1994) found that a small female-biased age class V did not greatly
influence overall sex ratio in least brook lamprey, given the much larger number of
individuals sexed from age classes II–IV, but the degree to which bias will be intro-
duced will increase when only the largest age classes are sampled. Further study is
also required to determine the extent to which lampricide treatment schedules bias
larval sex ratios. If male lampreys are, on average, metamorphosing and leaving the
streams earlier than females and prior to the next round of lampricide treatment, the
large larvae that are killed and recovered during treatment will be disproportionately
female relative to the sex ratio of the younger (largely unsampled) age classes and
the larval population as a whole. However, if lampricide is applied at intervals short
enough to kill both males and females prior to metamorphosis or long enough to
allow both sexes to recruit to the parasite population with equal frequency, less bias
is expected.

Nevertheless, it should be noted that sexing individuals when they are too small
or too young may also be problematic. In lampreys, ovarian differentiation occurs
during the larval stage, but testicular differentiation is delayed until the onset ofmeta-
morphosis (see Sect. 1.4.1). Male larvae are thus identified as those individuals that
are not yet female by the stage atwhich females are expected to be clearly identifiable.
As a result, “slow” differentiating females might be misdiagnosed as presumptive
males. Moreover, at least a few small oocytes are present in most presumptive testes,
particularly in smaller larvae at the onset of sex differentiation, resulting in some
future males being misdiagnosed as females. Although the size at which sex appears
to be confidently identifiable has been established for many species, and reversal
past this point is understood to be rare, Lowartz and Beamish (2000) used a gonadal
biopsy technique to monitor the gonad of individual larvae over time and demon-
strated that sex reversal did occasionally occur following primary differentiation (see
Sect. 1.4.1.4). Other exceptions to normal sex differentiation include the occurrence
of “intersex” or otherwise atypical gonads, and this also may prevent accurate eval-
uation of larval sex ratios. Among 12 Great Lakes streams, Wicks et al. (1998a)
classified 8–100% of larvae >90 mm TL as intersexes. Omitting these individuals,
sex ratios were 9–82%male, but it is impossible to knowwhether some of these indi-
viduals would subsequently develop as normal males or females. Similarly, Barker
and Beamish (2000) reported that 56 and 49% of larvae in one sea lamprey popula-
tion from the Great Lakes and one anadromous population, respectively, had atypical
gonads, although equal sex ratios were detected among those identifiable as defini-
tive males or females (Table 1.3). Greater study is required to understand whether
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these atypical individuals would eventually develop as functional males or females
and how larval sex ratio in general is related to adult sex ratio.

1.2.3 Sex Ratio of Transformers and Downstream Migrants

Sex ratio data formetamorphosing and downstream-migrating lampreys are available
for five parasitic species and four non-parasitic species (Table 1.4), and sex ratio
during this stage appears to be highly variable. Significantly skewed sex ratios were
observed in three of the non-parasitic species studied: a female-biased sex ratio was
reported in the southern brook lamprey during the early stages of metamorphosis
(F. W. H. Beamish 1982), and male-biased sex ratios were reported in the northern
brook lamprey and mountain brook lamprey Ichthyomyzon greeleyi (Purvis 1970
and Beamish and Medland 1988, respectively). However, the highly male-biased
sex ratio observed in northern brook lamprey transformers appears to have been a
consequence of sea lamprey control practices (see below).

In parasitic species, significantly skewed transformer sex ratios have been reported
in only the Great Lakes sea lamprey, where both male- and female-biased sex ratios
have been observed. Among sea lamprey populations in several tributaries to the
upper Great Lakes surveyed prior to or during initial lampricide treatments, Purvis
(1979) found that the sex ratio of transformers was generally at parity or male-biased.
However, exceptions were observed. Most notably, males comprised only 4% of all
transformers collected in Rock River, a tributary on the south shore of Lake Superior.
Applegate and Thomas (1965) reported a slight but significant excess of females in
transformers collected during initial lampricide treatment in theOgontzRiver in 1960
and in downstreammigrants in the PereMarquette and Ocqueoc rivers in 1962–1963
(Table 1.4). The only significantly male-biased sex ratio observed by Applegate and
Thomas (1965) was inmetamorphosed sea lamprey outmigrating from the Carp Lake
River in 1960–1961. However, the male-biased sex ratio of this transformer cohort
might be an artifact of the barrier constructed in 1955 that prevented subsequent
recruitment (see below). Purvis (1979) found that sex ratios of transformers collected
following initiation of sea lamprey control were generally female-biased or equal,
but there was still considerable variation (12–54% male). Torblaa and Westman
(1980) also reported highly variable sex ratios (20–85% male) in transformed sea
lamprey collected during initial treatments (Fig. 1.4). After initiation of control, there
was an overall shift toward fewer males (Fig. 1.5), but there was still considerable
among-stream variation (13–68%). In Lewis Creek, a tributary to Lake Champlain,
where lampricide treatments were not initiated until 1990 (see Chap. 5), the sex ratio
of transformers collected during the initial treatment was not significantly different
from parity; a female-biased sex ratio (35%male) was observed in the first collection
following initial treatment, but sex ratio returned to parity thereafter (Zerrenner and
Marsden 2005). Sex ratio may vary temporally during downstream migration (see
Sect. 1.2.5), biasing collections made during a restricted part of the run. However,
many of the studies above either collected transformers within the stream prior to
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Table 1.4 Sex ratio of metamorphosing and downstream-migrating lampreys; significantly male-
and female-biased sex ratios are identified with a superscript m and f, respectively. Values in bold
signify sex ratios observed following initiation of lampricide (TFM) treatment in that stream; italics
signify populations isolated above barriers

Species and
location

Year n % Male Reference Comments

PARASITIC SPECIES

Geotria australis pouched lamprey (anadromous)

Tributaries of the
Donnelly and
Warren R, Australia

1976–1979 218 54.1 Potter et al.
(1980)

Transformers and
downstream migrants

Entosphenus tridentatus Pacific lamprey (anadromous)

Oregon drainages 12–46 57.6–58.7 Kan (1975)

Lampetra fluviatilis European river lamprey (anadromous)

Teme R, UK 142 54.9 Bird and Potter
(1979)

Stage 6 metamorphosis

Firth of Forth, UK 1980
1981

93
42

47.3
57.1

Maitland et al.
(1984)

Downstream migrants

Mordacia mordax short-headed lamprey

Bunyip R, Diamond
Cr, and Plenty R,
Australia

1986–1987 89 50.6 Hardisty et al.
(1992)

Transformers

Petromyzon marinus sea lamprey (freshwater)

Ocqueoc R, MI (L
Huron)

<1965 76 52.6 Hardisty
(1965b)

Transformers

Ocqueoc R, MI:

Below falls 1968 995 52 Purvis (1979) Collected during first TFM
treatmentAbove falls 1968 84 18f

Ogontz R, MI (L
Michigan)

1960 527 44.2f Applegate and
Thomas (1965)

Collected during first TFM
treatment

Sturgeon R, MI (L
Michigan)

1961
1962
1963

266
382
30

61m

66m

70m

Purvis (1979) Mean TL 137–140 mm
(males) and 140–142 mm
(females); first TFM
treatment 1963

Ford R, MI (L
Michigan)

1961
1962
1963

476
56
13

76m

75m

69

Purvis (1979) Mean TL 133–135 mm
(male) and 141–149 mm
(female); first TFM treatment
1964

Cedar R, MI (L
Michigan)

1961
1962

343
86

52
55

Purvis (1979) Mean TL 138–145 mm
(male) and 150–155 mm
(female); first TFM treatment
1964

Whitefish R, MI (L
Michigan)

1961
1962
1963
1966

56
174
685
22

50
67m

54m

9f

Purvis (1979) TFM treatments 1962, 1965

Bark R, MI (L
Michigan)

1961 511 39f Purvis (1979)

(continued)
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Table 1.4 (continued)

Species and
location

Year n % Male Reference Comments

Huron R, MI (L
Superior)

1958
1961
1965

25
42
38

64
48
16f

Purvis (1979) First TFM treatment 1958

Middle R, MI (L
Superior)

1958
1962

56
22

73m

18f
Purvis (1979) First TFM treatment 1958

Chocolay R, MI (L
Superior)

1961 34 29f Purvis (1979) First TFM treatment 1958

Rock R, MI (L
Superior)

1958
1961

24
52

4f

12f
Purvis (1979) First TFM treatment 1958

Ontonagon R, MI
(L Superior)

1960 32 69m Purvis (1979) Collected during first TFM
treatment

Sturgeon R, MI (L
Superior)

1970 32 53 Purvis (1979) TFM treatment 1966

Potato R, MI (L
Superior)

1969 190 28.9f Purvis (1979) TFM treatment 1965

Little Garlic R, MI
(L Superior)

1965 209 44 Purvis (1979) TFM treatment 1960

Big Garlic R, MI (L
Superior)

1966
1967
1969
1970
1971
1972

46
172
314
541
313
298

54
31f

23f

21f

21f

15f

Manion and
Smith (1978)

Isolated 1960 year class;
downstream migrants
24–33% male Sept–Dec,
14% male Jan–May

L Superior (9
streams):

First TFM treatment 1959–1963 20–45 33f–65 Torblaa and
Westman
(1980)

See Figs. 1.4, 1.5

Subsequent
treatments

1962–1975 10–64 13f –68m

L Huron (10
streams):

Torblaa and
Westman
(1980)First TFM treatment 1960–1967 43–1,173 20f–85m See Figs. 1.4, 1.5

Subsequent
treatments

1966–1975 26–1,060 26f –67m

Lewis Cr, VT (L Champlain):

Below falls 1990 127 47 Zerrenner and
Marsden (2005)

First TFM treatment 1990

1994 71 35f

1999 18 56

2000 23 48

Above falls 1990 150 25f

Carp Lake R, MI (L
Michigan)

1956–1957 370 46.2 Applegate and
Thomas (1965)

Downstream migrants; 50%
male Nov–Dec, 40% male
Mar–Apr

(continued)
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Table 1.4 (continued)

Species and
location

Year n % Male Reference Comments

Carp Lake R, MI (L
Michigan)

1960–1961 8,780 76.4m Applegate and
Thomas (1965)

Isolated since 1955;
downstream migrants 82%
male Oct, 64% male Apr

Pere Marquette R,
MI (L Michigan)

1962–1963 1,862 41.2f Applegate and
Thomas (1965)

Downstream migrants; 40%
male Nov, 45% male
Feb–Apr

Ocqueoc R, MI (L
Huron)

1962–1963 408 42.6f Applegate and
Thomas (1965)

Downstream migrants; 45%
male Dec, 42% male
Mar–Apr

BROOK
LAMPREYS

Ichthyomyzon fossor northern brook lamprey

Brule R, WI (L
Superior)

1944 68 54.4 Churchill
(1945)

Transformers; mean TL 110
mm (males) and 125 mm
(females)

Sturgeon R, MI (L
Superior)

1966 31 97m Purvis (1970) TFM treatment 1963

Ichthyomyzon gagei southern brook lamprey

Little and
Choclafaula Cr, AL

1980–1981 45 31.1f F. W. H.
Beamish (1982)

Early stages of
metamorphosis

Ichthyomyzon greeleyi mountain brook lamprey

Bent Cr, NC 1980–1986 86 64.0m Beamish and
Medland (1988)

Stages 1–7 metamorphosis

Lampetra aepyptera least brook lamprey

7 streams in MD,
DE, KY, TN, AL

1980, 1988 20–38 46.2–79.2m Docker and
Beamish (1994)

Transformers and adults
(Oct–Feb; see Fig. 1.3)

Lampetra planeri European brook lamprey

R Honddu, UK 55 52.7 Bird and Potter
(1979)

Stage 6 metamorphosis

outmigration (Purvis 1979; Torblaa and Westman 1980) or collected virtually all
individuals throughout the period of downstream migration (e.g., Applegate and
Thomas 1965).

However, the observed differences in transformer sex ratios might be, in part,
an artifact of sea lamprey control (i.e., dependent on time since isolation above
barrier dams and on lampricide treatment frequency). Nevertheless, these “manipu-
lations” (and populations isolated above natural barriers) also have provided much
of the evidence for sex-specific differences in age at metamorphosis. Applegate
and Thomas (1965), observing a heavily male-biased (76% male) sex ratio among
8,870 sea lamprey outmigrating from Carp Lake River in 1960–1961, concluded that
females metamorphosed at a younger age than males (Table 1.4). Because virtually
no recruitment had occurred in this river since construction of a barrier in 1955 (i.e.,
no individuals younger than age V–VI were present), these authors concluded that
the majority of females had already metamorphosed and outmigrated prior to moni-
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toring in 1960–1961. However, other studies suggest the opposite (i.e., that females
metamorphose at an older age).Manion and Smith (1978)monitored (over the course
ofmultiple years, 1966–1972) the 1960 sea lamprey year class in the BigGarlic River
after it was isolated above a barrier dam. In this study, the sex ratio of downstream
migrants was 54% male in 1966 (age class V), but progressively decreased to 15%
male by 1972. This is strong evidence that female sea lamprey metamorphose at
an older age than males and that they can remain in the larval stage for 12 years
or more. Metamorphosing sea lamprey collected above natural barriers also appear
to be female-biased if sampled after they have been isolated without recruitment
for some time (Zerrenner and Marsden 2005). Later metamorphosis in females is
consistent with the observation by Purvis (1979) that metamorphosing female sea
lamprey are, on average, larger thanmales (although the size difference varied among
streams; Table 1.4), and Applegate and Thomas (1965) likewise found that female
downstream migrants in the Carp Lake River were slightly larger than the males
(148 vs. 145 mm TL). Clearly, duration since isolation (i.e., whether the leading or
trailing edge of metamorphosis is being surveyed) will influence whether, and in
which direction, the sex ratio will be skewed. Similarly, sex ratio of metamorphosing
lampreys may also be influenced by the frequency of lampricide treatment. Purvis
(1970) monitored the 1963 year class of northern brook lamprey in the Sturgeon
River following re-establishment after lampricide treatment. He found that only 6%
of the individuals captured in 1966 (age class III) had metamorphosed, but 31 out
of 32 of these transformers (i.e., representing the leading edge of metamorphosis)
were male. Churchill (1945) found that male northern brook lamprey transformers
were smaller than female transformers, likewise suggesting that males metamor-
phose at a younger age and smaller size. However, in the absence of lampricide
treatments (i.e., where survival to metamorphosis was not prevented in all but the
earliest-transforming individuals), the sex ratio was not significantly different from
parity (Churchill 1945).

1.2.4 Sex Ratio During the Parasitic Feeding Phase

Given the difficulty sampling lampreys during the parasitic feeding phase at sea
or in large lakes, relatively little information is available regarding sex ratios dur-
ing this stage. Nevertheless, sex ratio data during this stage are available for four
species (Table 1.5). Sex ratios were not significantly different from parity in the
limited collections available for Pacific lamprey, western river lamprey Lampetra
ayresii, and freshwater-resident Arctic lamprey; in anadromous sea lamprey, sex
ratios were equal or male-biased. In contrast, in the Great Lakes, everything from an
equal sex ratio to highly female- or highly male-biased sex ratios has been reported.
In Lakes Superior, Michigan, and Huron, when collections were pooled over mul-
tiple years in the 1970s, the percentage of males in catches of parasitic-phase sea
lamprey (23–35%) was consistently 8% lower than in adults (31–43; Johnson and
Anderson 1980). Recent data from Lake Huron (2000–2015) show an identical 8%
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under-representation of males during the parasitic feeding stage relative to upstream
migrants (Gale Bravener, Fisheries and Oceans Canada, Sea Lamprey Control Cen-
tre, Sault Ste. Marie, ON, personal communication, 2018). Across all years, sex
ratio during the parasitic feeding phase averaged 53% male but upstream migrant
sex ratios averaged 61%, andmales were under-represented during the feeding phase
in 13 of the 16 years monitored. Nevertheless, despite these consistent differences
between stages, the same general return to “normal” sex ratios was observed by the
mid-1990s. Sex ratio of parasitic-phase sea lamprey collected by commercial fishers
in LakeHuron (n= 18,352) averaged 41%male in 1983–1995 but 54% in 1996–2014
(n = 21,357; Gale Bravener, personal communication, 2018).

However, available data suggest considerable potential for sampling bias intro-
duced by spatial and temporal differences in the distribution of the sexes. In general,
males appear over-represented in collections made earlier in the season and under-
represented later in the season and in deeper offshore waters versus surface or inshore
areas (see Sect. 1.2.5). Also, in Great Lakes sea lamprey, it appears that females are
over-represented in larger size classes; this was most noticeable in Lake Superior
where males made up 31–35% of individuals <300 mm TL but only 14% of those
≥500 mm TL (Johnson and Anderson 1980). A consistent over-representation of
females during the feeding stage (and the larval stage) relative to the adult stage
would suggest increased mortality of females after the feeding phase, but spatial and
temporal variations in sex ratio could be confounding observations.

1.2.5 Spatial and Temporal Variation in Sex Ratio

As mentioned above, there appear to be sex-specific behavioral (e.g., timing of
upstream and downstream migration) and life history (e.g., older average age at
metamorphosis in females) differences in lampreys that result in spatial and tempo-
ral variation in sex ratio. These differences can result in biased sex ratio estimates
in lampreys, but biased sex ratios can, in turn, help inform our understanding of
lamprey biology.

With respect to upstream migration, a number of studies report sex ratio over the
course of the spawning run (Table 1.1), and several studies suggest that males initiate
upstream migration earlier than females, at least in terms of time during the season.
There is no evidence to suggest that females feed for one or more seasons longer than
males (with the exception of the praecox form of Arctic lamprey; Kucheryavyi et al.
2007; see Sect. 1.2.1). In anadromous sea lamprey, most researchers report a greater
proportion of males earlier in the run (Beamish et al. 1979; Beaulaton et al. 2008;
Silva et al. 2016), although Stier and Kynard (1986) report a slight increase in the
proportion of males later in the run. In sea lamprey in the Great Lakes and Cayuga
Lake, Applegate (1950) and Wigley (1959) found that the proportion of males was
reasonably consistent over the duration of the run. Studies in other species also fail
to show a consistent over-representation of males earlier in the run. In the Caspian
lamprey, sex ratio was similar in fall versus spring migrants (Ahmadi et al. 2011)
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Table 1.5 Sex ratio of lampreys during the parasitic feeding phase; significantlymale- and female-
biased sex ratios are identified with a superscript m and f, respectively

Species and location Year n % Male Reference Comments

Entosphenus tridentatus Pacific lamprey (anadromous)

Pacific Ocean off Oregon 23 43.5 Kan (1975)

Strait of Georgia, BC 1975–1979 39 58.3 R. J.
Beamish
(1980)

Lampetra ayresii western river lamprey (anadromous)

Strait of Georgia, BC 1975, 1976 50 60.0 R. J.
Beamish
(1980)

46–50% male in surface
waters Jul–Aug, 24–36%
male Aug–Sept

Lethenteron camtschaticum Arctic lamprey (anadromous)

Great Slave Lake, NWT 1966 72 45.8 Nursall and
Buchwald
(1972)

Late Aug–Sept

Petromyzon marinus sea lamprey (anadromous)

Washademoak L, NB 1975 141 72.4m Potter and
Beamish
(1977)

May (115–155 mm TL)

Washademoak L, NB 1974–1977 134 61.2m Beamish
et al. (1979)

May (mean TL 133 mm
males; 143 mm females)

St John R, NB @ Mactaquac
Dam (rkm 120)

88 48.9 June–July (mean TL 267 mm
males; 272 mm females)

Petromyzon marinus sea lamprey (freshwater)

Canadian waters of Great
Lakes, esp. L Huron

1967
1968

2,530
3,022

~0f–80m

~0f–50m
Johnson
(1969)

Males rare in offshore areas
by Aug–Dec (see Sect. 1.2.5)

L Superior: from US
commercial fishermen

1970–1978 2,800 22.7f Johnson and
Anderson
(1980)

31–35% male <300 mm,
14% male ≥500 mm TL

L Superior: from Canadian
fishermen

1967–1976 9–73 ~3–22f Johnson and
Anderson
(1980)

30% male in Jun–Jul, 5–13%
male Aug–Dec

L Michigan: from US
fishermen

1971–1978 7,082 34.5f Johnson and
Anderson
(1980)

34–37% male <300 mm,
30–32% male ≥400 mm TL

L Huron: from US fishermen 1971–1978 1,351 30.9f Johnson and
Anderson
(1980)

29–38% male <300 mm,
25% male ≥500 mm TL

L Huron: from Canadian
fishermen

1967–1976 123–1,900 ~5–40f Johnson and
Anderson
(1980)

25–30% male in Mar–June,
4–6% male Aug–Dec; 10%
male offshore, 20% male
inshore

L Ontario: from Canadian
fishermen

1967–1976 13–1,815 ~4f –55 Johnson and
Anderson
(1980)

25–49% in Jan–Apr, 8–18%
May–Dec; 9% male offshore,
24% male inshore

L Erie: from Canadian
fishermen

1969–1972 27–160 ~10–33f Johnson and
Anderson
(1980)

32–43% male in Apr–Jun,
7–28% male July–Dec
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and relatively stable over the course of the spring run (Nazari and Abdoli 2010;
Table 1.1). In the Pacific lamprey, the proportion of males was either similar over the
course of upstreammigration (R. J. Beamish 1980; Porter et al. 2017) or increased or
decreased, depending on the year (Clemens et al. 2016; Benjamin Clemens, Oregon
Department of Fish and Wildlife, Corvallis, OR, personal communication, 2017).
In the European river lamprey, the proportion of males appeared to increase late in
the run in the typical anadromous form but was reasonably consistent throughout
the run in the praecox form (Abou-Seedo and Potter 1979). Brook lampreys exhibit
much more limited spawning migrations (i.e., 1–2 km; Malmqvist 1980; F. W. H.
Beamish 1982), and no consistent differences between the sexes are evident. Studies
report either no evidence of sex-specific differences in migration timing (Kott 1971;
Beamish and Thomas 1984), a higher proportion of males in the early part of the
spawning “run” (Hardisty 1961a; F. W. H. Beamish 1982) or nesting period (Young
andCole 1900), or a higher proportion ofmales somewhere in themiddle (Malmqvist
1980). Some of the observed differences among species and studies may be related
to the duration of the run that was monitored. Some studies did not include initial
inshore movement in parasitic species, and some may not have monitored the full
spawning period (e.g., nesting, spawning, and post-spawning periods; see Jang and
Lucas 2005). In parasitic species, males may predominate in the earliest part of the
run if they cease feeding and move inshore first (see below), and males in both
parasitic and non-parasitic species may potentially increase again at the end of the
spawning period ifmales spend longer on the spawning grounds (Malmqvist 1978) or
survive longer after spawning (Beamish et al. 2016; see Sect. 1.5.2). There also may
be species- or situation-specific differences that have yet to be clarified. Nevertheless,
it is important to be aware that sex ratios obtained over a restricted portion of the
spawning run have the potential to be biased.

With respect to downstream migration, studies that have monitored the entire
cohort of outmigrating Great Lakes sea lamprey have found that the proportion of
male outmigrants was generally higher in the fall than in winter and early spring
(Applegate and Thomas 1965; Manion and Smith 1978; Table 1.4).

During the parasitic feedingphase, both temporal and spatial differences havebeen
observed in the distribution of the sexes. In anadromous sea lamprey, males were
over-represented (61%) among small sea lamprey captured shortly after initiation of
feeding inMay relative to larger individuals captured in June–July (49%), suggesting
that males start feeding earlier than females (Potter and Beamish 1977; Beamish
et al. 1979). In the Great Lakes sea lamprey, data suggest that males may also cease
feeding and move to inshore areas in preparation for upstream migration earlier
than females. Johnson (1969) found that both sexes were captured by commercial
fishermenbetweenApril and July, butmales virtually disappeared fromoffshore areas
by August and males encountered in the fall generally came from inshore catches. In
amore detailed follow-up study, Johnson andAnderson (1980) reported that sex ratio
varied temporally and spatially in each of Lakes Superior, Huron, Ontario, and Erie.
Precise timing varied among lakes (e.g., the proportion of males peaked between
January and April in Lake Ontario and between June and July in Lake Superior;
Table 1.5). Nevertheless, in all cases, males were noticeably more prevalent in the
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spring and early summer (25–49%) than in the late summer and fall (4–18% in Lakes
Superior, Huron, and Ontario; 7–28% in Lake Erie). In Lakes Huron and Ontario,
females were more prevalent in gill nets in deeper offshore waters relative to inshore
trap nets or seines (Johnson and Anderson 1980). A similar pattern was observed in
the western river lamprey feeding in the Strait of Georgia: the percentage of males
(46–50%) was higher in surface waters in mid-summer when the species was most
abundant near the surface, but sex ratio decreased to 24–36% male by late summer
(R. J. Beamish 1980). Thus, considering these observations alongside the temporal
variation observed to date in the sex ratio of downstream- and upstream-migrating
lampreys, one could infer that male lampreys generally outmigrate, start feeding, and
cease feeding earlier than females. However, further study is required before broad
generalizations can be made.

With respect to larval sex ratios, temporal and spatial variation that may be related
to an environmental effect (e.g., following initiation of sea lamprey control or varia-
tion among locations within a species) is discussed in Sect. 1.2.6. In addition, there
is limited evidence for some longitudinal segregation of the sexes within a stream.
There is no evidence to suggest that larval male and female lampreys actively select
for specific habitat types. However, the largely passive downstream drift that occurs
during the prolonged larval stage is expected to result in an accumulation of older
larvae as distance from the spawning grounds increases, although the degree to
which this happens may be related to specific features of the stream (e.g., gradient
or frequency and magnitude of flooding; Dawson et al. 2015). If females tend to
metamorphose at older ages than males (see Sect. 1.2.3), older larvae in downstream
reaches should be female biased relative to more upstream reaches. However, few
studies have examined spatial differences in larval sex ratios and the results are con-
flicting. In the Little Garlic River, a tributary on the south shore of Lake Superior,
Purvis (1979) found that the percentage of males collected near the mouth (17%)
was about half that collected 1.6 km upstream (30%), as predicted. In contrast, in
Shelter Valley Creek, a tributary of Lake Ontario, Lowe (1972) found a much higher
proportion of males near the mouth (53%) than in the upper reaches (11%).

1.2.6 Environmental Influences on Sex Ratio

It has often been observed that lamprey sex ratio is correlatedwith relative abundance.
Meek (1889) and Wigley (1959) reported that the proportion of male sea lamprey in
Cayuga Lake was positively correlated with population size, and Hardisty (1961b)
likewise reported a direct relationship between the proportion ofmale adult European
brook lamprey and relative spawner abundance. Most notably, in the sea lamprey in
the three upper Great Lakes, significantly male-biased adult sex ratios coincided with
the peak of abundance that preceded the initiation of sea lamprey control; sex ratios
then shifted to an excess of females as population abundance dramatically declined
following implementation of control (Smith 1971; Purvis 1979;Torblaa andWestman
1980; Fig. 1.2). However, the relationship between sea lamprey abundance and sex
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ratio is not as clear as generally suggested. First, a similar decline in the proportion
of males following the initiation of sea lamprey control was not observed in either
of the lower Great Lakes, despite a similar rapid decline in abundance following
initiation of lampricide treatments (see below). With one exception, sex ratios of
adult sea lamprey in Lakes Ontario and Erie have not deviated from the variable,
but consistent, excess of males typical of adult lampreys. Secondly, variable, but
comparatively low, abundances have been maintained in the upper Great Lakes since
these initial declines (see Chap. 5); yet the sex ratio in all three lakes returned to
parity or an excess of males by the mid- to late 1990s.

The methods by which sea lamprey abundance is estimated in the Great Lakes
have changed over time, but, given the wealth of data available from the sea lamprey
control program, the trends are clear. A standardized method to assess spawner
abundance was implemented in 1977 in Lakes Michigan and Huron, in 1978 in
Lake Ontario, and in 1980 in Lakes Superior and Erie, and subsequent refinements
have been adopted (Mullett et al. 2003; see Chap. 5). In brief, these more recent
abundance estimates are derived from mark-recapture studies conducted on a subset
of streams with traps, and abundance in non-sampled streams is modeled using
stream drainage area and other factors that allow sea lamprey index values to be
scaled up to lake-wide abundance estimates using a lake-specific correction factor
(Mullett et al. 2003; Jessica Barber, U.S. Fish and Wildlife Service, Marquette,
MI, personal communication, 2018; Fig. 1.2). Abundance estimates prior to, and
immediately following, initiation of sea lamprey control were based on counts of
upstream migrants at selected barriers (Smith 1971; Heinrich et al. 1980) or nest
counts (Sullivan et al. 2003); these estimates permit comparison among years but
do not represent lake-wide estimates. Nevertheless, historical lake-wide abundances
have been estimated; peak values were ~780,000 in Lake Superior; 600,000 in Lake
Michigan; 700,000 in Lake Huron; 450,000 in Lake Ontario; and 40,000 in Lake Erie
(GLFC 2015). Thus, scaling pre-control abundance in the index streams to these peak
lake-wide values allows comparison with recent abundance data. For example, Smith
(1971) reported a peak abundance of 69,584 upstream migrants in 24 index streams
to Lake Superior in 1961. Therefore, we assumed that lake-wide abundance peaked
at 780,000 in 1961, and index values from other years were scaled accordingly (e.g.,
a count of 9,614 adults in 1962, or 14% of the peak value from 1961, was assumed
to represent a lake-wide abundance of 109,758).

Although not precise (particularly where a small number of index streams was
monitored), this approach allows us to compare historical and recent data. It shows
that the decline in the proportion of males strongly paralleled the approximated
declines in spawner abundance in the three upper Great Lakes (Fig. 1.2). However, it
also shows that female-biased sex ratios have failed to persist in the upperGreat Lakes
despite lake-wide abundance levels over the past two decades that have remained at
a fraction of their historic peaks (11, 16, and 28% in 1997–2016 in Lakes Superior,
Michigan, andHuron, respectively). Even in LakeOntario, where sex ratio has varied
little over the past 50 years, the significant shift to female excess coincided with the
most abrupt decline in abundance (1978). Nevertheless, sex ratio remained at parity
or with a slight excess of males despite abundance having been reduced to ~10% of
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peak values (Fig. 1.2). Historic abundance data are sparse for Lake Erie, but they
suggest less dramatic changes in sea lamprey abundance. Sea lamprey were present
in the lake for more than 50 years before becoming sufficiently abundant to cause
noticeable effects on the fish community (Sullivan et al. 2003). Recent estimates
indicate that spawner abundance fell dramatically immediately after initiation of
sea lamprey control in 1986 (e.g., falling from 19,372 in 1988 to 2,633 in 1989),
but abundance started increasing again by 1996 and has remained relatively high
since (Sullivan et al. 2003; Chap. 5). Unfortunately, sex ratio data are not readily
available for Lake Erie prior to and during the initial rapid decline in abundance in
the mid-1980s.

Therefore, it has been challenging to understand the possible mechanisms respon-
sible for these changes (or lack thereof) in adult sex ratios. If abundance affects sex
ratio through a direct effect on the sex differentiation process (i.e., if crowding during
the larval stage favorsmale differentiation; see Sect. 1.3.2.2), it is not clearwhy a rela-
tionship between adult sex ratio and abundance was not observed in Lake Ontario
and why sex ratios in the upper Great Lakes returned to parity by the mid-1990s
despite continued low abundances. Furthermore, evidence of a relationship between
abundance and larval sex ratio is evenmore equivocal.A shift to slightlymore female-
biased larval sex ratios was reported following initiation of sea lamprey control, but
only when averaged across streams (Torblaa andWestman 1980; Fig. 1.5). This rela-
tionship was far less evident within individual streams. Significantly female-biased
sex ratios (8–41%male) were observed in 15 of 28 tributaries to Lakes Huron, Supe-
rior, and Ontario even before these streams were treated with lampricide and when
lake-wide spawner abundance was still high. Furthermore, there was no apparent
correlation between qualitative assessment of larval abundance (GLFC 1960–1978)
and sex ratio (Fig. 1.4). Sex ratio within streams having larval abundance ranked 1,
2, 4, and 5 (where 1 is lowest and 5 is highest) averaged 33, 41, 46, and 35% male (n
= 4, 7, 10, 7), respectively. In subsequent treatments, sex ratios averaged 30, 31, and
26% male in streams where larval abundance was ranked at 1, 2, and 4, respectively.
A decline in the proportion of males was also reported in metamorphosing sea lam-
prey following initiation of sea lamprey control, but, as with larvae, even initial sex
ratios were highly variable (20–85% male) so that a pattern was evident only when
averaged across streams (Torblaa and Westman 1980; Fig. 1.5). Transformer sex
ratio was similarly not correlated with qualitative assessments of larval abundance:
during initial treatments, sex ratios averaged 43, 48, 64, and 42% male in streams
where larval abundance was ranked at 1, 2, 4, and 5, respectively, and averaged 17,
57, and 33% male during subsequent treatments at relative abundances of 1, 2, and
4.

Interestingly, however, geographic patterns in larval sex ratio were evident (Tor-
blaa andWestman 1980). Most notably, female-biased sex ratios were observed in all
five tributaries surveyed on the north shore of Lake Superior and in four of five tribu-
taries to Georgian Bay (Fig. 1.4). Given the variable sex ratios present in streamswith
divergent physical and chemical characteristics, Torblaa and Westman (1980) sug-
gested that environmental factors play a role in lamprey sex differentiation. Specific
environmental characteristics that might be shared by the streamswith female-biased
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sex ratios were not identified by these authors, but the fact that these streams include
most of those on the north shore of Lake Superior and in Georgian Bay (but not those
on the east shore of Lake Superior or the north shore of Lake Huron) is interesting
and deserving of further study.

Aswas observedwith adults, a relationship between sea lamprey larval abundance
and sex ratio has not been observed in recent decades. In 1994 and 1995, Wicks et al.
(1998a) compared larval sex ratios in a total of 12 streams tributary to Lakes Superior,
Michigan, Huron, and Ontario where the highest density was ~35× higher than
the lowest density. Interpretation of sex ratios was complicated by the observation
that 8–100% of the larvae >90 mm TL were classified as intersexes. Nevertheless,
including only individuals that were recognizable as male or female, sex ratios were
significantly female biased (9–37% male) in eight streams where densities ranged
from 0.1 to 4.2 larvae/m2 and significantly male biased (82% male) in only one
stream (Gordon’s Creek, tributary to LakeHuron) where larval density was estimated
at 0.3 larvae/m2. Including the intersex individuals, females outnumbered males in
eight streams (mean density 1.1 larvae/m2), and males outnumbered females in three
streams (meandensity 0.2 larvae/m2). The predominance of females in themajority of
streams is consistent with a shift toward female-biased sex ratios following initiation
of sea lamprey control, but adult data suggest that spawner sex ratios were returning
to parity by this time (e.g., 56, 41, 53, and 54% male in Lakes Superior, Michigan,
Huron, and Ontario, respectively, in 1995; Fig. 1.2). Female-biased sex ratios in
larval populations and equal or slightly male-biased sex ratios in adult populations
is the general pattern observed in most lamprey species, regardless of abundance
(see Sects. 1.2.1 and 1.2.2). Furthermore, the relationship between sex ratio and
larval density was not significant, although Wicks et al. (1998a) observed a trend
toward an increase in the proportion of females with increasing density (i.e., the
opposite of what has been predicted). These authors suggested that sea lamprey
control measures have lowered larval densities in streams to a point that density no
longer has a significant effect on sex differentiation (i.e., that contemporary densities,
even over the range studied, are all relatively low as the result of frequent lampricide
treatment). Wicks et al. (1998a) also measured or calculated stream pH, alkalinity,
hardness, temperature (as degree days), and larval growth rate, and they did not
detect relationships between any of these characteristics and sex ratio. However, the
high proportion of intersexes in these populations makes it very difficult to interpret
the relationship between sex ratio and environmental factors. Wicks et al. (1998a)
observed that the proportion of intersex larvae in a population increased with larval
growth rate, but the cause and the impact on the population sex ratio is unknown (see
Sect. 1.4.1.4). More recently, Johnson et al. (2017) suggested that larval growth rate,
rather than density per se, influenced sex determination in sea lamprey, but sex ratio
was evaluated only at upstream migration and results may have been confounded by
sex-specific differences in rates of metamorphosis (see Sect. 1.3.2.2). More work is
needed to understand contemporary larval sex ratios in Great Lakes sea lamprey.

Hardisty (1960a), upon finding that larval sex ratios did not correlate with adult
sex ratio or abundance, concluded that the environment did not have a direct influence
on the sex differentiation process, and he concluded instead that sex-specific differ-
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ences in rates of metamorphosis or mortality produced the skewed adult sex ratios.
The only evidence that larval lamprey sex ratios are correlated with in-stream abun-
dance comes from two brook lamprey species in the southeastern United States. Sex
ratio variations were observed among least brook lamprey populations in Maryland,
Delaware, Kentucky, Tennessee, and Alabama; the proportion of males ranged from
29 to 71% andwas found to increase significantly with relative larval density (Docker
and Beamish 1994). There was no evidence for sex-specific differences in mortal-
ity (i.e., sex ratio differences were established in the earliest age classes in which
sex could be identified and remained relatively consistent thereafter). Furthermore,
although a disproportionate representation of females in the oldest age class sug-
gested that females recruit to the adult population at older ages than males (Fig. 1.3),
this age class was small and had little influence on the overall sex ratio. In this study,
larval sex ratio was not significantly related to water hardness, pH, annual thermal
units, or latitude. In the southern brook lamprey, Beamish (1993) observed a positive
relationship between larval density and the proportion of males when conditions for
larval growth were favorable, but he found that under poor growth conditions, higher
densities were associated with fewer males.

We also considered whether the female-biased sex ratios in these two brook lam-
prey species could be a response to exploitation (i.e., given that female-biased sex
ratios in sea lamprey in the upper Great Lakes followed the population “crash” that
occurred after initiation of controlmeasures). F.W.H. Beamish (1980) suggested that
a slight excess of males is typical of established lamprey populations, and an increase
in the proportion of females has been suggested as a compensatory response to low
abundances or rapid decreases in abundance (Jones et al. 2003). Some of the southern
brook lamprey populations examined by Beamish (1993) have been sampled repeat-
edly over several years. For example, Choclafaula Creek in Alabama was sampled
in 11 successive years by Beamish and coworkers (Beamish 1993; Table 1.2) and
by other researchers in the 1940s and 1950s (see Dendy and Scott 1953). However,
there was no correlation between the frequency of known sampling events and pop-
ulation sex ratio, and the frequently sampled populations still exhibited high larval
densities. Furthermore, overexploitation has been reported in other lamprey species
(see Maitland et al. 2015), but there are no reports of similar compensatory shifts in
sex ratio. Granted, abundance and especially sex ratio data for these species are far
more limited than with the well-studied sea lamprey in the Great Lakes, but there
is no evidence for female biases in any of the more heavily exploited species. For
example, abundance of adult Pacific lamprey in much of the Pacific Northwest has
decreased exponentially following peak returns in the 1950s and 1960s. Counts of
upstream migrants at Winchester Dam in the coastal Umpqua River decreased from
a high of ~46,800 in 1966 to only 34 in 2000; at Ice Harbor Dam in the Snake River,
a tributary to the Columbia River, counts decreased from a peak of 49,450 in 1963
to 203 in 2001 (Close et al. 2002). Likewise, at Bonneville Dam in the mainstem
Columbia River, counts averaged 103,700 during 1939–1969 but only 38,700 in
1997–2010 (Murauskas et al. 2013). Sex ratio data are patchy, but equal or slightly
male-biased sex ratios have been reported during periods of both high and low abun-
dance. Upstreammigrants were 55–57%male in two Oregon streams pre-1975 (Kan
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1975) and 49–57%male in theWillamette River in 2007–2016 (Clemens et al. 2016;
Porter et al. 2017). Potential female-biased sex ratios were reported by Lampman
(2011) and McIlraith et al. (2015), but the proportion of males was likely underesti-
mated, especially in the early stages of maturity, because many of the unidentifiable
lamprey were likely males (Table 1.1). However, greater study is required, particu-
larly if shifts in sex ratio are transitory following perturbation.

Finally, to try to understand the ultimate cause of sex ratio variations in lam-
preys, it is important to also consider other changes that accompanied the initial
increase in the percentage of males observed following invasion of the upper Great
Lakes and the subsequent shift to female-biased sex ratios in the ensuing population
“crash.” Decreases in the availability of prey (e.g., lake trout Salvelinus namaycush)
and decreases in sea lamprey size at maturity were observed as sea lamprey abun-
dance increased in each lake, and these trends were reversed as sea lamprey numbers
declined again following the initiation of sea lamprey control (see Chap. 5). Houston
and Kelso (1991) found that sea lamprey sex ratio was more closely related to prey
availability in Lake Superior (commercial catch and stocking rates, 1954–1987) and
Lake Huron (stocking rates, 1949–1987) than it was to spawner abundance. The
proportion of males increased in close association with declines in prey availability
and then waned again as prey abundance increased once more. In Lake Superior,
for example, severe sea lamprey predation beginning in the late 1940s, combined
with intensive commercial fishing in the early 1950s, resulted in lake trout stocks
being at an all-time low by 1960 (Heinrich et al. 1980). The proportion of males in
Lake Superior peaked in 1961–1964 (69%). Lake trout numbers began to rebound in
Lake Superior by about 1962, resulting from a combination of sea lamprey control
measures, intensive stocking, and commercial fishing restrictions (Heinrich et al.
1980; Smith and Tibbles 1980), and sea lamprey sex ratios decreased to an average
of 53% male by 1965–1966 (Fig. 1.2). In Lake Huron, commercial catch of lake
trout in U.S. waters declined from 177 t in 1947 to less than 0.5 t in 1959, and
the proportion of sea lamprey males peaked in 1950–1955 (70%). Stocking efforts
began in 1963 (Heinrich et al. 1980; Smith and Tibbles 1980) and sex ratio was 54%
male by 1964. Although not included in the Houston and Kelso (1991) study, the
same pattern was seen in Lake Michigan: lake trout had been almost extirpated by
1950 and the proportion of males first exceeded 60% in 1954 and remained high
(averaging 63%) until 1964. The subsequent decline in the proportion of males (58
and 44% in 1965 and 1966, respectively) corresponded closely with the initiation of
lake trout and Pacific salmon (coho and Chinook salmon,Oncorhynchus kisutch and
O. tshawytscha, respectively) stocking efforts in 1965–1966 (Heinrich et al. 1980;
Smith and Tibbles 1980).

Therefore, as an alternative explanation to density-dependent sex determination
acting during the larval stage, one could speculate that the changes in adult sea
lamprey sex ratio observed during this time period were a response to dramatic
changes in prey availability and were mediated largely during the feeding phase.
There was certainly little lag time between the sharp declines and recoveries noted
in prey abundance and the peaks and valleys observed in the proportion of male sea
lamprey. A short lag time would be more consistent with differential mortality acting
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during the feeding and adult stages rather than density-dependent sex determination
in the larval stage. During the initial population explosion, as prey levels declined
dramatically, it is possible that female mortality rates during the late parasitic and
adult stages were disproportionately higher than in males given the much higher
energetic demands of ovarian maturation (F. W. H. Beamish 1980; see Sects. 1.5.3
and 1.5.4). Resource limitations were certainly apparent as sea lamprey abundance
increased and prey availability decreased, and these changes paralleled the initial
shifts in sex ratio. In Lake Superior, size at maturity declined throughout the 1950s,
from a reported high in 1953–1954 (455 mm, 227 g) to a low (412 mm, 140 g) in the
early 1960s, but it began to increase modestly throughout the 1960s–1980s. By the
late 1980s, it had almost returned to themaximum size recorded pre-control (Houston
and Kelso 1991), and it appears to have more or less stabilized since then (averaging
434mmand 202 g since 1955;GLFC1996–2017). In LakesHuron andMichigan, sea
lamprey remained small until the 1960s (414mm, 133 g in 1947–1960 inLakeHuron;
433mm, 164 g in 1954–1962 in LakeMichigan) but showed pronounced increases in
the 1960s–1980s, and TL and weight have averaged 475 mm and 235 g (Huron) and
488 mm and 259 g (Michigan) in the last two decades (Smith 1971; Heinrich et al.
1980; Houston and Kelso 1991; GLFC 1996–2017). The shift to an excess of female
adult sea lamprey, as prey availability rebounded and sea lamprey size increased
again, would then suggest that survival of females subsequently became higher than
that of males during the parasitic and adult phases as the result of improved feeding
conditions. There are no data available to test this conjecture, but it is important
to remain aware of the many population-level changes that occurred during and
following colonization and control of sea lamprey in the Great Lakes.

Furthermore, LakeOntario showed a similar recovery of the prey base and increase
in sea lamprey size following initiation of sea lamprey control, but, as mentioned,
it did not show the pronounced shift to female-biased sea lamprey sex ratios that
were evident in the three upper Great Lakes. Commercial salmonid catches and
salmonid stocking rates were increasing by the mid-1970s, and sea lamprey size,
which averaged 412 mm and 154 g in 1968–1970 (prior to initiation of sea lamprey
control), increased thereafter; TL and weight reached ~480 mm and 260 g by the
late 1980s (Houston and Kelso 1991) and has remained at this level during the last
two decades (484 mm, 257 g; GLFC 1996–2017). Yet, despite evidence that sea
lamprey in Lake Ontario were no longer resource-limited, a significant excess of
females was detected in 1978 only, and the highest proportion of males (64–65%)
was observed in 1985–1986. One possible difference is the pattern of colonization
in Lake Ontario compared to the upper Great Lakes. Whether sea lamprey invaded
Lake Ontario via manmade canals in historical times (Eshenroder 2014) or whether
they colonized post-glacially but remained rare until ecological changes in the mid-
1800s served as a “release” (Christie and Kolenosky 1980; Waldman et al. 2009)
has long been debated (see Chap. 4). There is also some debate regarding the first
credible report of sea lamprey in Lake Ontario (i.e., as early as 1835 or as late 1888;
see Christie and Kolenosky 1980; Eshenroder 2014), but it is nevertheless evident
that they have been present in Lake Ontario for at least 50–100 years longer than
in Lakes Michigan, Huron, and Superior (where they were first observed in 1936,
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1937, and 1938, respectively), and they have been slower to reach pest proportions in
Lake Ontario (Christie and Kolenosky 1980; Larson et al. 2003; see Chap. 5). These
differences require further exploration to help understand whether the response in the
upper Great Lakes may have been related to rapid population expansion and collapse
(compared, perhaps, to a less dramatic perturbation from equilibrium conditions in
LakeOntario) or other factors (see Sect. 1.3.2). Our understanding of themechanisms
responsible for the sex ratio shifts in the upper Great Lakes is still far from complete.

1.3 Sex Determination

Sex determination is the event that predisposes a bipotential gonad to develop as an
ovary or a testis (Sandra and Norma 2010), and these predisposing events can be
genetic or environmental (Sarre et al. 2004; Siegfried 2010; Parma and Radi 2012).
All birds and mammals exhibit genetic sex determination (GSD) where the mas-
ter sex-determining genes are conserved within each taxon (Ellegren 2010; Cutting
et al. 2013). In other vertebrates, mechanisms of sex determination vary, and both
GSD (with a variety of different master sex-determining genes even among closely
related species) and environmental sex determination (ESD) are known (Bulmer
1987; Takada et al. 2005; Heule et al. 2014). The factors that influence sex determi-
nation in lampreys continue to elude biologists, although new genomic technologies
are now being used to try to resolve this previously intractable problem and recent
discoveries related to mechanisms of sex determination in other vertebrates are guid-
ing the way. Therefore, we begin here with an overview of sex determination in other
vertebrates, particularly the variable nature of sex-determining mechanisms in the
so-called “lower vertebrates” and the complicated interplay between genetic and
environmental factors in these taxa. This broader taxonomic overview provides the
background information necessary for understanding the possible sex-determining
mechanisms at play in lampreys. For example, earlier studies suggesting strict ESD
in lampreys (e.g., Docker and Beamish 1994) may have been premature, and future
researchers should be aware of the complexity of vertebrate sex-determining mech-
anisms.

1.3.1 Sex Determination in Other Vertebrates

1.3.1.1 Genetic Sex Determination

Inmany vertebrates, the “master switch” that activates the sex-specific developmental
cascade directing the undifferentiated gonad to develop into an ovary or testis is
genetic. The master sex-determining genes are highly conserved within birds and
mammals (DMRT1 and SRY, respectively), and, in these well-studied vertebrates,
sex chromosomes subsequently evolved from a pair of autosomes after acquisition
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of the master sex-determining gene. This triggered a cascade of neutral and adaptive
processes that caused the once identical chromosomes to diverge from each other in
size, gene content, and structure (Charlesworth et al. 2005; Graves and Peichel 2010;
Wright et al. 2016). Mammals are said to have an XY/XX sex determination system,
wherein the males are the heterogametic sex, inheriting different sex chromosomes
(X and Y) at fertilization, and the females are homogametic. Birds have a ZZ/ZW sex
determination system, wherein the females (inheriting Z and W sex chromosomes)
are the heterogametic sex (Wallis et al. 2008; Cutting et al. 2013). In birds,DMRT1 is
located on the Z chromosome and is required in a dosage-dependent manner for male
development (Smith et al. 1999; Shetty et al. 2002; Yano et al. 2012; Cutting et al.
2013). In mammals, SRY (the Sex-determining Region Y) initiates development of
the male phenotype; its absence leads to female development (Cutting et al. 2013).
Thus, although the sex-determining genes are conserved within each taxon, different
sex-determining genes have evolved independently in birds and mammals. In fact,
although many of the key genes involved in the subsequent differentiation of the
gonads are conserved among vertebrates (see Sect. 1.3.2), their relative positions
in the ovarian and testicular cascades—including which genes represent the master
switch at the top of the cascade—often differ (Cutting et al. 2013). Turnover of sex
chromosomes can lead to the evolution of novel sex determination mechanisms, and
genes involved in sex determination in the “lower” vertebrates (i.e., reptiles and non-
amniotes) are far less conserved (see Cutting et al. 2013; Graves 2013; Wright et al.
2016; Capel 2017).

Sex determination mechanisms are poorly known in most fishes and can be highly
variable even among closely related species (Siegfried 2010). GSD, or sex deter-
mination with a significant genetic component, has been inferred in many teleost
fish species (Devlin and Nagahama 2002; Ospina-Álvarez and Piferrer 2008; see
Sect. 1.3.2.1). However, many of these species do not have morphologically distinct
sex chromosomes, and the sex-determining genes have been identified in very few
species. As of 2001, of the more than 1,700 fish species that had been cytogenetically
characterized, just over 10% were found to have heteromorphic sex chromosomes
(Devlin and Nagahama 2002). In species with recognizable sex chromosomes (e.g.,
Chen and Reisman 1970; Peichel et al. 2004; Chen et al. 2008), males are the hetero-
morphic sex in some cases (e.g., rainbow trout Oncorhynchus mykiss and medaka
Oryzias latipes; Thorgaard 1977;Matsuda et al. 2002), but females are heteromorphic
in others (e.g., blue tilapia Oreochromis aureus; Mair et al. 1991a).

The master sex-determining genes have been identified in only a limited num-
ber of fish species, and it is clear that these genes are highly variable even among
closely related species. Most dramatically, different species in the genus Oryzias
appear to use a number of different sex-determining genes. DMY, a homolog of the
bird DMRT1 gene, acts as the testis-determining gene in the medaka and Malabar
ricefish Oryzias curvinotus (Matsuda et al. 2002; Nanda et al. 2002). In contrast,
the Indian ricefish O. dancena uses SOX3 as the male-determining factor, and the
Luzon ricefish O. luzonensis uses the Gsdf Y gene (gonadal somatic derived factor
on the Y chromosome; Myosho et al. 2012). In the latter species, Gsdf Y is present
in both males and females, but males have 12 silent nucleotide mutations relative to
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females that alter upstream promoter regulation to direct male development (Myosho
et al. 2012). Conversely, sex-determining genes may be shared among taxa that are
not closely related. In the half-smooth tongue sole Cynoglossus semilaevis, DMRT1
appears to be required for male development in the same dosage-dependent manner
as is seen in birds (Chen et al. 2014). In some salmonid fishes, sdY (sexually dimor-
phic on the Y chromosome), a homolog of themammalian SRY, determines maleness
(Yano et al. 2012, 2013). sdY appears to be male-specific in at least 10 species in the
genera Oncorhynchus, Salmo, Salvelinus, Thymallus, Hucho, and Parahucho. How-
ever, sdY was found in both sexes of the European whitefish Coregonus lavaretus
and the lake whitefish C. clupeaformis (Yano et al. 2012, 2013), suggesting that it
is male specific in subfamilies Salmoninae and Thymallinae, but not in subfamily
Coregoninae. In the tiger pufferfish or fugu Takifugu rubripes, sex is determined
by sex-specific nucleotide differences in the Amhr2 gene (Kamiya et al. 2012). To
date, eight different genes have been implicated in sex determination in teleost fishes
(Table 1.6).

Furthermore, in addition to species that have monogenic sex determination (i.e.,
with a single sex-determining gene), other species are known that have polygenic
sex determination, where sex is determined by the combined effects of multiple loci
(Ohno 1974; Devlin and Nagahama 2002; Vandeputte et al. 2007; Sandra and Norma
2010; Heule et al. 2014; Liew and Orban 2014).

1.3.1.2 Environmental Sex Determination

In addition to more variable mechanisms related to GSD, sex determination in “low-
er” vertebrates can also include ESD. According to evolutionary theory, ESD should
be favored when an environmental factor is more advantageous to one sex or the
other but offspring disperse randomly and are unable to choose their environment.
Under these conditions, for example, ESD could ensure that an individual of a rela-
tively large size will become the sex in which the rewards for being large are greater
(Charnov and Bull 1977; Conover 1984). Thus, the environmental variables to which
sex determination is sensitive may act as cues to indicate conditions of favorable
growth.

ESD, specifically temperature-dependent sex determination (TSD), has been par-
ticularly well studied in reptiles (see Charnov and Bull 1977; Janzen and Phillips
2006; Warner 2011). All crocodiles and alligators and most turtles appear to use
ESD exclusively (Janzen and Krenz 2004; Warner 2011). In the American alliga-
tor Alligator mississippiensis, sex determination is highly sensitive to temperature
changes; offspring are all female when eggs are incubated at ≤30 °C and all male
when incubated at ≥34 °C (Ferguson and Joanen 1982). In some species of turtles,
equal sex ratios are produced at intermediate temperatures, with a higher prevalence
of males and females being produced at low and high temperatures, respectively
(Woolgar et al. 2013; Mork et al. 2014). Interestingly, however, although the master
sex-determining switch in these reptiles is temperature, the resulting developmental
cascade appears to use some of the same genes that are at the top of the cascade in
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Table 1.6 Genes implicated in vertebrate species with known genetic mode of sex determination;
the sex-determining genes (DMRT1 and SRY, respectively) are conserved in birds and mammals,
but at least eight different genes have been implicated in sex determination in fishes

Gene symbol* Gene name Species Sex specificity References

Amhr2 Anti-Müllerian hormone
receptor type II

Pufferfish Takifugu
rubripes

Gene present in
both male and
females; single
nucleotide
polymorphism
determines sex

Kamiya et al.
(2012)

amhy Y-linked anti-Müllerian
hormone gene

Patagonian
pejerrey
Odontesthes
hatcheri

Found on Y
chromosome in
XY males

Hattori et al.
(2012)

DMRT1 Doublesex and
mab-3-related
transcription factor 1

Birds, half-smooth
tongue sole
Cynoglossus
semilaevis

Male specific, two
copies needed for
ZZ/ZW system

Smith et al. (1999),
Shetty et al. (2002),
Chen et al. (2014)

DMY DM-domain gene on the
Y chromosome

Medaka Oryzias
latipes, Malabar
ricefish Oryzias
curvinotus

Present on Y
chromosome of
XY males

Matsuda et al.
(2002), Nanda
et al. (2002)

Gsdf Y Gonadal soma derived
growth factor on the Y
chromosome

Luzon ricefish
Oryzias
luzonenesis

Male-specific
factor on
Y-chromosome

Myosho et al.
(2012)

gdf6Y TGF-b family growth
factor

Turquoise killifish
Nothobranchius
furzeri

Male-specific
region on the
Y-chromosome

Reichwald et al.
(2015)

SOX3 SRY-box 3 Indian ricefish
Oryzias dancena

Male determining
factor on
Y-chromosome

Takehana et al.
(2014)

sdY Sexually dimorphic on
the Y-chromosome

10 salmonid
species (genera
Oncorhynchus,
Salmo, Salvelinus,
Thymallus, Hucho,
and Parahucho)

Male-specific gene
found on
Y-chromosome

Yano et al. (2012,
2014)

SRY Sex determination
region on the Y
chromosome

Therian mammals Male-specific gene
found on
Y-chromosome

Wallis et al. (2008)

*Formatting conventions for gene names depend on the type of organism; in general, symbols for genes are
italicized, but the proteins they encode are not italicized; gene names written out in full are generally not
italicized (although they are in fishes); capitalization of gene symbols varies considerably among organisms
(e.g., all in upper case in primates, chickens, and domestic species; all in lower case in fishes; with only the first
letter in upper case in mice and rats). In this chapter, to avoid confusion, we use the formatting employed by the
authors cited above (or used most commonly by the authors cited in the text) for each gene in question (i.e., we
use consistent formatting for each gene throughout the chapter, but not consistent formatting among genes
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vertebrates with GSD. For example, temperature-dependent expression of DMRT1
is seen in the developing genital ridge in red-eared slider turtle Trachemys scripta
elegansmales (Kettlewell et al. 2000). GSD predominates inmost (but not all) lizards
and snakes (Charnov and Bull 1977; Bulmer 1987; Schwanz et al. 2016), and ESD
and GSD are not necessarily mutually exclusive. In the eastern three-lined skink
Bassiana duperreyi, for example, sex is genotypically determined by the inheritance
of heteromorphic sex chromosomes, but extreme incubation temperatures are able
to override the genetic sex (Radder et al. 2009). An interaction of GSD and ESD is
also seen in the central bearded dragon Pogona vitticeps. In this species, GSD oper-
ates under most conditions, but, under extremely high temperatures, the populations
can consist of 100% phenotypic females despite their genotype (Quinn et al. 2007).
Some authors have suggested that ESD is ancestral in amniotes (e.g., Uller et al.
2007; Pokorná and Kratochvíl 2016), while others argue that GSD is ancestral (e.g.,
Alam et al. 2018). However, in general, recent studies suggest that sex determination
systems exist across a continuum of genetic and environmental influences and that
the classical dichotomy betweenGSD and ESD—at least in the lower vertebrates—is
“blurrier” than once thought (e.g., Holleley et al. 2015, 2016).

ESD, usually TSD, has also been reported in a number of fish species. In the
Atlantic silverside Menidia menidia, arguably the best-studied fish species with
respect to TSD, low fluctuating temperatures characteristic of the early breeding
season produce a high proportion of females, while a predominance of males are
produced as a result of higher temperatures experienced later in the season. Females,
having a longer growing season, are consequently the larger sex (Conover andKynard
1981; Baumann and Conover 2011). Sex determination in the California grunion
Leuresthes tenuis (which, like the silverside, belongs to the order Atheriniformes)
appears to be influenced by both temperature and photoperiod; a higher prevalence
of females is produced at cooler temperatures and longer day lengths (Brown et al.
2014).

However, no fish species with exclusively ESD have been identified to date. In
contrast to the steep 100%change in sex ratio observed inmany reptiles over a narrow
temperature range, genotype × environment interactions in teleost fishes produce a
gradual sex ratio shift with temperature (Conover 2004; Duffy et al. 2015). The
Atlantic silverside employs both TSD and GSD; the degree to which TSD or GSD
predominates varies among populations, but no populations display pure TSD or
GSD (Lagomarsino and Conover 1993; Duffy et al. 2015; see Sect. 1.3.2.2). In a
third atheriniform fish species, the pejerrey Odontesthes bonariensis, sex ratios of
100% female or 100% male can be achieved when embryos are reared at low and
high temperatures, respectively (Yamamoto et al. 2014). However, both sexes are
produced at intermediate temperatures, and there is a high, although not complete,
correlation between phenotypic sex and amhy genotype, the master sex-determining
gene in the closely related Patagonian pejerrey Odontesthes hatcheri (Hattori et al.
2012). Similarly, in the European sea bass Dicentrarchus labrax, sex determination
depends both on genetic factors and temperature, and there is no known temperature
regime that produces 100%males or 100%females (Palaiokostas et al. 2015).Ospina-
Álvarez and Piferrer (2008) concluded that many cases of skewed sex ratios observed
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at extreme temperatures might, in fact, be the consequence of thermal effects onGSD
(e.g., growth-dependent sex differentiation; Piferrer et al. 2005) rather than the result
of strict TSD.

1.3.2 Sex Determination in Lampreys

1.3.2.1 Genetic Sex Determination

Sex determination mechanisms in basal vertebrates are poorly understood, and the
factors that influence sex determination in lampreys continue to elude biologists
(Docker 1992;McCauley et al. 2015). Atwhat point in the life cycle sex is determined
is still unknown, and whether there is a genetic component has yet to be resolved.
Karyological studies in lampreys have failed to identify heteromorphic sex chromo-
somes (e.g., Ishijima et al. 2017), although this is not surprising given the difficulty
associated with counting the large number of very small “dot-shaped microchro-
mosomes” found in this group (e.g., 84 pairs in sea lamprey; Potter and Rothwell
1970; McCauley et al. 2015). Furthermore, identification of sex chromosomes (e.g.,
by karyotyping or banding patterns) will depend on the sensitivity of the method
used to search for them (Ospina-Álvarez and Piferrer 2008). A recent study using
reduced-representation genotyping (i.e., Restriction site Associated DNA Sequenc-
ing or RAD-Seq, which sequences ~0.1–10% of the genome) failed to find genomic
differences between male and female European brook lamprey (Mateus et al. 2013).
Although RAD-Seq lacks the power to identify subtle genetic differences between
the sexes, these results suggest that physically extensive genomic differentiation (i.e.,
X- or W-linked loci on sex chromosomes) does not exist between male and female
lampreys. Thus, as is typical of many other fishes, if sex determination in lampreys is
genetically based, the underlying system evolved without major chromosome diver-
gence (Mateus et al. 2013).

Sex-determining systems can be inferred from the sex ratios of large numbers of
progeny from single-pair matings, hormonally sex-reversed individuals, gynogens,
and triploids (e.g.,Mair et al. 1991a, b), but these approaches are either not possible or
not practical in lampreys. Hormonal sex control has not been successfully achieved in
lampreys (Docker 1992; see Sect. 1.4.1.6), and, althoughmeiotic gynogens have been
generated in sea lamprey (Rinchard et al. 2006), the length of time until progeny sex
ratios could be determined makes this approach impractical without improvements
to larval rearing protocols (see Chap. 2).

More recently, Khan (2017) used a candidate gene approach to test whether 19
genes implicated in sex determination or sex differentiation in other vertebrates were
present in lampreys in a sex-specific manner. Candidate genes tested included puta-
tivemaster sex-determining genes identified in birds (DMRT1), mammals (SRY ), and
teleost fish species (Amhr2, amh, gsdf, sdY; Table 1.6), as well as key genes involved
elsewhere in the sex differentiation cascade (SOX2, SOX8, SOX9, SOX10, SOX17,
SF1, TRA-1, RSPO1, WT1, WNT3, WNT5, FOXL2, and FEM1; see Sect. 1.4.2.1).
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Khan (2017) searched for homologs of these genes in the sea lamprey genome (Smith
et al. 2013) and tried to amplify (using polymerase chain reaction, PCR) fragments of
these genes inmale and female sea lamprey andPacific lamprey. Two lamprey species
from divergent genera of Northern Hemisphere lampreys (Potter et al. 2015) were
included because sex-determining genes in fishes can be highly variable even among
closely related species. Homologs of SRY, amh, Amhr2, GSDF, sdY, and TRA-1were
not found in the sea lamprey reference genome; SOX1 and SOX17 had homologs in
the sea lamprey reference genome, but primers designed for them repeatedly failed
to amplify them from genomic DNA. The remaining 11 genes (SOX2, SOX8, SOX9,
WT1, FEM-1, SF1, DMRT1, FOXL2, WNT3, WNT5, and RSPO1) were successfully
amplified from sea lamprey genomic DNA, and seven of these also amplified in
Pacific lamprey (SOX8, SOX9, FEM-1, DMRT1, FOXL2, WNT3 and WNT5). How-
ever, sex-specific differences (i.e., in terms of presence or absence of the gene or
sex-specific sequence differences) were not apparent in any of them. Given the wide
and unpredictable variation in sex-determining mechanisms seen in other fishes, it
is not surprising that a putative sex-determining gene in lampreys was not found
using this approach. Sex-associated loci in lampreys, if they exist, may be unique
to lampreys. A genome-wide association study (GWAS) using whole-genome rese-
quencing is currently being used to test for the genetic basis of sex determination in
sea lamprey (Margaret F. Docker, unpublished data).

It is also possible that some of the candidate genes not found in the sea lamprey
somatic genome are among the ~20% of the genome that is “jettisoned” during the
programmed genome rearrangement that occurs in lampreys during the very early
stages of development (Smith et al. 2009, 2013; Bryant et al. 2016; see Chap. 6).
Some of these genes might be found in the newly available germline genome (Smith
et al. 2018). Interestingly, programmed DNA elimination has also been reported in
the zebra finch Taeniopygia guttata (Pigozzi and Solari 1998). In this species, the
germline-restricted chromosome (GRC) is eliminated from mature sperm and trans-
mitted only through the oocyte (Pigozzi and Solari 2005), and a recently identified
GRC-limited gene is more highly expressed in the ovary than in the testis (Bieder-
man et al. 2018). In sea lamprey, the germline-specific genes are eliminated from
the somatic genome within the first few days of embryonic development (Bryant
et al. 2016), that is, at least 2 years before histological signs of sex differentiation
(see Sect. 1.4.1). Therefore, it is not clear how somatically eliminated genes could
be involved in lamprey sex differentiation, but it is fascinating to contemplate.

1.3.2.2 Environmental Sex Determination

Environmental sex determination (in particular, density-dependent sex determina-
tion) has been proposed in lampreys to explain the observation that sea lamprey
adult sex ratios in the three upper Great Lakes became highly male biased when their
abundance peaked in each of these lakes and then dramatically shifted to a signifi-
cant excess of females as abundance declined following implementation of control
measures (Smith 1971; Purvis 1979; Torblaa andWestman 1980; see Sects. 1.2.1 and
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1.2.6). However, evidence for ESD in lampreys—or at least an exclusive or dominant
environmental component to sex determination—is equivocal. Similar shifts in adult
sex ratio were not observed in the lower Great Lakes, and sex ratio returned to the
typical slight excess of males in all the lakes by the mid-1990s (Fig. 1.2). Further-
more, there is little evidence that larval sex ratio and abundance are correlated in
these populations (Hardisty 1960a; Torblaa and Westman 1980; Wicks et al. 1998a;
see Sect. 1.2.6).

There is no support for the suggestion that exposure to the lampricide TFM pro-
duced a direct effect on sea lamprey sex ratios. First, there is no evidence that TFM
produced female-biased sex ratios by preferentially killing male sea lamprey lar-
vae (Purvis 1979; Torblaa and Westman 1980). Secondly, it appears unlikely that
TFM caused direct feminization of larval sea lamprey. Interestingly, TFM exposure
in other fishes resulted in changes in the level of plasma sex steroids during labo-
ratory trials (Munkittrick et al. 1994), and TFM (or impurities associated with its
field formulations) was found to act as an estradiol agonist in rainbow trout hepa-
tocytes (i.e., binding to the estrogen receptor and inducing vitellogenin production
in vitro; Hewitt et al. 1998a). However, the effect was less dramatic in live caged rain-
bow trout, white sucker Catostomus commersonii, and longnose dace Rhinichthys
cataractae monitored following exposure to TFM during a normal field treatment
(Hewitt et al. 1998b). Elevated mixed function oxidase (MFO) activity was detected
in livers, particularly in fish held closest to the lampricide application points, but
MFO had declined to low levels within 18 days of treatment, and there was no induc-
tion of vitellogenin in live fish (see Sect. 1.5.5.2). Therefore, the authors concluded
that the weak estrogenic activity of TFM and the transient exposure produced only
slight in vivo effects. TFM treatment periods are short (~12 h; Hubert 2003), as is
its persistence in the water column (e.g., the estimated half-life of TFM is 16–32 h;
McConville et al. 2016). Thus, it is unlikely that feminization of the sea lamprey
gonad occurred during very short exposure to TFM relative to the long period of
sexual lability (see Sect. 1.4.1) and that females so produced would survive treat-
ment. Because Wicks et al. (1998a) observed a high proportion of atypical larvae
in anadromous as well as Great Lakes sea lamprey larvae, their occurrence is not
related to TFM treatment (see Sect. 1.4.1.4).

The most compelling evidence for ESD in lampreys comes from studies on two
non-parasitic species in the southeastern United States, the southern brook lamprey
(Beamish 1993) and least brook lamprey (Docker and Beamish 1994). These species
occur outside of the Great Lakes basin, and thus they have never been exposed
to TFM. In southern brook lamprey, comparison among 20 populations showed a
positive relationship between the proportion of males and larval density when larval
growth was good, but higher densities were associated with fewer males under poor
growth conditions (Beamish 1993). Among 12 least brook lamprey populations, the
proportion of male larvae was significantly correlated with larval density (Docker
and Beamish 1994; see Sect. 1.2.6). Because ESD has been proposed as amechanism
by which large individuals become the sex benefiting most from large size (or those
developing under growth-limiting conditions become the sex that is penalized least
by small size; see Sect. 1.3.1.2), density-dependent sex determination in lampreys
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would indeed be expected to produce more females at low densities (i.e., under
growth-enhancing conditions). Large females are more fecund than small females
(see Sect. 1.6.3), and larval growth rates are generally higher under conditions of
low density (Murdoch et al. 1992; see Dawson et al. 2015). However, contrary to
this expectation, female least brook lamprey within each age class were not larger
than males from the same cohort, and, in particular, there were no consistent sex-
specific differences in size at the approximate time of sex differentiation. Females
were consistently the larger sex only in the oldest larval age class and in the adult
population, but due to delayedmetamorphosis relative tomales (seeSect. 1.2.2) rather
than an obvious tendency for large larvae to develop as female. It should be noted that
the Docker and Beamish (1994) study determined larval age using both statoliths and
length-frequency aging methods (see Dawson et al. 2015). Using only length to infer
age classes would prevent unbiased testing for size differences between the sexes at
the approximate time of sex differentiation. It would be interesting to further test this
hypothesis using a single larval age class (e.g., in artificially propagated larvae or
those obtained in the wild from a known parental cohort; Dawson et al. 2015; Hess
et al. 2015; see Chap. 7).

Experimental evidence for density-dependent sex determination is inconclusive
at best. Docker (1992) reared wild-caught sea lamprey larvae at four experimental
densities for >3 years and found no significant relationship between density and sea
lamprey sex ratio, but such long-term laboratory studies are fraughtwith experimental
difficulties. Sea lamprey larvae were collected from Lewis Creek, Vermont, prior
to any histological signs of sex differentiation (i.e., <60 mm TL), and they were
reared in outside experimental tanks for 39 months (i.e., until sex determination was
complete at TL ~ 90–100mm). Larvaewere fed brewer’s yeast and exposed to natural
photoperiods andwater temperatures that approximated natural stream temperatures.
Nominal densities (in duplicate) were 10, 20, 50, and 100 larvae per 0.3-m2 tank,
although, in anticipation of mortality during the study, more larvae (18, 24, 58, and
137 larvae) were initially stocked into each tank (giving initial densities of 60–457
larvae/m2 and 22.5–206 g/m2). At the end of the 39 months, there were 11, 7, 41, and
57 larvae per 0.3-m2 tank (23–190 larvae/m2 and 38–207 g/m2), excluding one tank
at each of the three lowest densities where all larvae died before the experiment’s
conclusion. Sex ratios at the four densities were 33, 35, 27, and 46% male (i.e.,
hinting at the expected increase in the proportion of males at higher densities), but
the relationship between sex ratio and density was only significant at the 10% level.
Given the relatively low survival rates, it was not possible to exclude differential
mortality between the sexes (i.e., higher female mortality at high densities), although
Murdoch et al. (1992) found no evidence of sex-specific mortality in sea lamprey
larvae reared for 9 months in the laboratory. Growth rates were also low, averaging
only 8.9 mm per year. Unfortunately, all of the experimental densities used in this
studywere high (60–470 larvae/m2 at the study’s outset) compared to natural densities
(see Dawson et al. 2015). Slade et al. (2003) found an average of 0.01–10.4 larvae/m2

in patches of preferred habitat in tributaries to Lakes Superior andMichigan, and sea
lamprey densities >5 larvae/m2 are now considered moderate to high in the Great
Lakes (Steeves et al. 2003). Clearly, considerably larger tanks would be required to
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rear a sufficient number of larvae at realistic densities to achieve sufficient statistical
power, and replication of this study using large-scale propagation methods being
developed for other lamprey species would be valuable (see Chap. 2).

A subsequent laboratory study showed indications of sex reversal (i.e., even after
initial sex differentiation) in sea lamprey held atmedium and high larval densities, but
not consistently towards males as would be expected (Beamish and Griffiths 2001;
F. W. H. Beamish, unpublished data). Using the gonadal biopsy technique developed
by Lowartz et al. (1999) (see Sect. 1.4.1.4), larvae >110 mm TL were categorized as
presumptive males, females, or atypical. No changes were seen in larvae reared at
low density (10 larvae/m2) for 22 weeks. In contrast, two of 13 female larvae held
at medium density (30 larvae/m2) showed complete oocyte atresia (i.e., suggesting
complete sex reversal to male), although one of the two intersex lamprey showed an
increase (rather than the expected decrease) in oocyte density, and the gonads of the
other larvae remained unchanged. In the high density tanks (70 larvae/m2), two of
the 16 females showed a complete loss of oocytes (suggesting a reversal to males),
and one masculine female changed to a male; however, one male reversed sex to a
female. Thus, a number of lamprey apparently changed sex during the study, but not
in directions that supported the hypothesis that low larval density shifts development
toward femaleness and high density tomaleness. Furthermore, the extent towhich sex
is typically reversed following initial differentiation is still unknown (see Sect. 1.4.1).

In an exciting recent study, Johnson et al. (2017) suggested that sex determination
in sea lamprey is directly influenced by larval growth rate rather than density per
se. Tagged sea lamprey larvae stocked into unproductive lentic environments grew
more slowly than those in productive stream environments, and, when recaptured as
upstream migrants 2–7 years later, the sex ratio of sea lamprey from the lentic envi-
ronments showed a higher proportion of males (79% overall) relative to those from
the more productive stream environments (66%). However, larval sex ratios were not
determined, so Johnson et al. (2017) were unable to exclude the possibility that the
differences in adult sex ratio were established after sex differentiation (e.g., as the
result of differential mortality between the sexes or differential rates of metamorpho-
sis). In fact, the changes observed in sex ratios over time—particularly the observation
that the sex ratio from stream environments became progressively less male biased
between Years 2 and 6 (82 and 50% male, respectively)—suggest that sex ratio dif-
ferences are the result of differential rates of metamorphosis (Table 1.7). Capture of
upstream migrants derived from larvae stocked into streams tapered off by Year 5,
but larvae stocked into lentic areas continued to be captured as upstream migrants in
Year 7, and there may have been continued recovery of individuals from lentic areas
in subsequent years (i.e., after the study’s conclusion). Thus, it is conceivable that
delayed metamorphosis in females, particularly under growth-limiting lentic condi-
tions, produced an initial excess of adult males, but that collections in subsequent
years might have revealed more females (see Manion and Smith 1978; Sect. 1.2.3).
It is also possible that females experience higher mortality under growth-limiting
conditions (e.g., because of higher energetic demands during gonadal development;
see Sect. 1.2.6). Nevertheless, this is the only study to date that has monitored the
sex ratio of individuals stocked into different natural environments. Similar studies
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Table 1.7 Sex ratio of sea lamprey Petromyzon marinus that were tagged and stocked as larvae
into stream or lentic environments and recovered 2–7 years later as upstream migrants (data from
Johnson et al. 2017)

Year recovered Stream environments (n = 5) Lentic areas (n = 3)

Number recovered % Male Number recovered % Male

Year 2 11 81.8 4 50.0

Year 3 63 69.8 7 42.9

Year 4 101 67.3 65 86.1

Year 5 29 51.7 60 85.0

Year 6 4 50.0 27 63.0

Year 7 0 – 8 75.0

Average 66.3 78.9

in more confined areas (i.e., where larvae could be recovered and sexed prior to
metamorphosis) would be very interesting. Sea lamprey residing in lentic habitats
near river mouths have been observed in the Great Lakes basin since at least the
1960s (Hansen and Hayne 1962; Wagner and Stauffer 1962), and recent advances
in sampling methods have also revealed deepwater riverine larval populations (e.g.,
Fodale et al. 2003; Schleen et al. 2003; Arntzen and Mueller 2017; see Chap. 7). It is
not clear to what extent these habitats contribute to recruitment, but a better under-
standing of the demographics of these larval populations (e.g., sex ratio, growth rate,
age at metamorphosis) is important.

However, it should be kept inmind that a signal of ESD in lampreysmay be hard to
detect and interpret. The growing body of knowledge regarding ESD in other fishes
suggests that lamprey sex determination could involve both genetic and environ-
mental components (see Sect. 1.3.1.2). Many purported cases of ESD in other fishes
appear to be the result of environmental influences on GSD rather than strict ESD
(Ospina-Álvarez and Piferrer 2008), and the nature of the genotype × environment
interactions can differ among populations and even over time within populations.
For example, in some northern populations of Atlantic silverside, sex determina-
tion is controlled by major genetic factors that are largely temperature-insensitive
(Lagomarsino and Conover 1993; Duffy et al. 2015). In more southerly popula-
tions, TSD prevails and sex is determined by the interaction of temperature-sensitive
and polygenic factors, although even in these populations, 20–30% of individuals
appear less sensitive or completely insensitive to temperature (Lagomarsino and
Conover 1993; Duffy et al. 2015). Geographically intermediate populations exhibit
sex determination that is a more balanced mixture of TSD and GSD (Lagomarsino
and Conover 1993). Moreover, of potential relevance to lamprey sex determination,
experiments in the Atlantic silverside demonstrate that sex-determining mechanisms
are capable of rapid evolution. Conover et al. (1992) used thermal manipulations
during the sex-determining period to create highly skewed sex ratios over 8–10 gen-
erations in the laboratory, and they found that two of these populations evolved
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GSD from TSD after only 2–3 generations. Under extreme temperatures, selection
for temperature-insensitive sex-determining genes and GSD presumably prevented
production of highly male- or female-biased sex ratios. Thus, the persistence of
temperature-insensitive genotypes would be beneficial in that it permits an adaptive
response to extreme swings in sex ratio that would generate frequency-dependent
selection for the minority sex (Duffy et al. 2015). In the sea lamprey in the upper
Great Lakes, sex ratios of upstream migrants remained within the range 25–75%
male, and more extreme sex ratios were not observed even at the peak of abundance
or following rapid declines in abundance (Fig. 1.2).

Therefore, we hypothesize that the rapid colonization and population explosion of
sea lamprey in the upper Great Lakes initially produced highly skewed sex ratios as
the result of a relatively strong environmental influence on sex determination. Sub-
sequently, by the mid-1990s (after ~4–6 generations), population levels may have
returned to equilibrium conditions followed by a stabilization of the sex-determining
mechanism (e.g., with selection for individuals less sensitive to density). There are
reports of other invasive fish species showing male-biased sex ratios following ini-
tial invasion. For example, Gutowsky and Fox (2011) observed that round goby
Neogobius melanostomus populations in recently invaded areas were male biased,
and male biases were even more evident in the freshly colonized upstream segments
of the river (69% male) compared to the area of first introduction (58% male). Sim-
ilar male-dominated sex ratios were observed in the invaded Gulf of Gdansk in the
Baltic Sea (75% male), in the western basin of Lake Erie and the Detroit River (86%
male; Corkum et al. 2004), and in Hamilton Harbor, Ontario (Young et al. 2010). In
contrast, sex ratios close to parity have been reported in this species’ native range
(Kovtun 1979). Although the mechanism of sex determination is likewise unknown
in this species, like sea lamprey in the upper Great Lakes, round goby invasion was
rapid, and perturbation of the system was dramatic. In the lower Great Lakes, where
sea lamprey reached pest proportions more gradually, a similar perturbation of the
sex-determining system may not have occurred (see Sect. 1.2.6).

Clearly, our understanding of a possible environmental influence on sex deter-
mination in lampreys is still incomplete. Elucidation of the effect of density or
other environmental factors on larval sex ratios (i.e., as established at the time of
sex differentiation) has been complicated by the very long period during which the
gonad is histologically undifferentiated and presumably still labile to influence of
the environment. In most other fishes, the sexually labile period lasts for only a few
weeks to a few months (e.g., Conover and Fleisher 1986), making them much more
amenable to study. More refined larval rearing methods will help (see Chap. 2). Fur-
thermore, should sex-specific loci be identified in lamprey populations (at least loci
that strongly, if not completely, correlate with phenotypic sex at intermediate sex
ratios; see Sect. 1.3.2.1), environmental effects on sex differentiation could be rec-
ognizedmore readily by identifying conditions that produced significant mismatches
between phenotypic and genotypic sex.
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1.4 Gonadogenesis and Sex Differentiation

Gonadogenesis is the generation and development of the gonad, and sex differentia-
tion is the process by which the undifferentiated gonad develops into a recognizable
ovary or testis (Piferrer and Guiguen 2008; Parma and Radi 2012). Lampreys pos-
sess a single elongated gonad, which remains histologically undifferentiated for up
to several years (Hardisty 1971). Ovarian differentiation occurs during the larval
stage (at ~1–3 years of age in most species), but testicular differentiation (at least
the first production of spermatogonia) does not occur until metamorphosis (Figs. 1.1
and 1.6). Later sexual differentiation in males is characteristic of many fish species
(e.g., Yoshikawa and Oguri 1978; Nakamura et al. 1998; Saito et al. 2007), although,
with few exceptions (e.g., anguillid eels; Beullens et al. 1997a, b), the delay is far
less pronounced than in lampreys and the entire process occurs over the course of
weeks or months rather than years. Presumably, this delay in gonadogenesis is the
result of the evolution of metamorphosis and prolongation of the larval phase in lam-
preys (Evans et al. 2018; see Chap. 4). Eye development in larval lampreys likewise
appears to “pause” after reaching a very immature stage and is only resumed at later
larval stages and metamorphosis (Suzuki and Grillner 2018).

The histological process of gonadogenesis and sex differentiation in different
lamprey species has been described in detail by previous authors (e.g., Okkelberg
1921; Hardisty 1965a, b, 1971; Hughes and Potter 1969; Fukayama and Takahashi
1982, 1983; Hardisty et al. 1986, 1992; see Table 1.8). Here, we present an overview
of the process, with an emphasis on: (1) aspects of the process that differ between
future males and females, particularly those in the early stages of differentiation that
might presage subsequent differentiation; (2) features that differ among species and
life history types; and (3) facets that continue to elude researchers (e.g., the extent
to which the gonad remains labile during the larval stage). Trying to interpret the
dynamic process of gonadal differentiation from a number of static observations has
long been a challenge in such studies, although a gonadal biopsy technique has been
developed to monitor gonadal development in individuals over time (Lowartz and
Beamish 2000; Beamish and Barker 2002). We also review what is known to date
regarding the genes involved in sex differentiation in lampreys which, compared
to sex determination (see Sect. 1.3.1.1), are relatively conserved among vertebrates
(Siegfried 2010; Cutting et al. 2013). Elucidating the genetic basis of sex differ-
entiation in lampreys will show how deeply conserved these genes are across all
vertebrates and could provide early molecular markers predictive of a lamprey’s
future sex.

1.4.1 Sex Differentiation

Lampreys have been described as possessing a long period of sexual indeterminacy
or sexual lability (e.g., Hardisty 1965a, b; Fukayama and Takahashi 1982; Docker
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�Fig. 1.6 Timing of key events during lamprey gonadal development in a representative parasitic
lamprey (Great Lakes sea lamprey Petromyzon marinus) and in non-parasitic lampreys. Later (i.e.,
at a larger size) and more prolonged mitosis in parasitic species produces more oocytes during the
larval stage relative to non-parasitic lampreys. Ovarian differentiation (pink) begins when the germ
cells synchronously enter meiosis (e.g., Fig. 1.7b, c), after which the resulting oocytes gradually
increase in diameter (see Fig. 1.9). Non-parasitic females, with the elimination of the juvenile
feeding phase, initiate sexual maturation during metamorphosis; parasitic lampreys remain sexually
immature during the post-metamorphic feeding phase. In future males, limited oogenesis may occur
during the larval stage (e.g., Fig. 1.7a), but these small oocytes are generally eliminated by atresia,
leaving only a few residual undifferentiated germ cells until shortly before or during metamorphosis
(e.g., Fig. 1.7e). Testicular differentiation (blue) is characterized by renewedmitotic divisions,which
produce nests of spermatogonia (e.g., Fig. 1.7f)

1992). However, what is generally meant is that the gonad remains histologically
undifferentiated for a prolonged period. The terms “sexual indeterminacy” and “sex-
ual lability” imply that individuals, prior to histological differentiation, are not yet
committed to develop as males or females, but we do not know yet if this is the
case (see Sect. 1.3.2). Undifferentiated germ cells appear to be bipotential (Hardisty
1965b), thus retaining the ability to become oocytes or spermatocytes, but when the
fate of these cells is determined and when the gonad itself is irreversibly committed
to develop as an ovary or testis is unresolved. It has generally been thought that the
fate of the gonad is set once the majority of undifferentiated germ cells have become
oocytes (Hardisty 1965a; Docker 1992), but there is evidence that sex may remain
labile—in at least some individuals and some species—as long as undifferentiated
germ cells (i.e., reserve “stem” cells) remain (Lowartz and Beamish 2000; Beamish
and Barker 2002).

Different sex differentiation strategies have been described for gonochoristic
teleost species (i.e., where individuals develop only as males or females and remain
the same sex throughout life; Yamamoto 1969; Devlin andNagahama 2002). In those
species referred to as differentiated gonochoristic species, ovaries and testes develop
directly from the undifferentiated gonad; examples include coho salmon, muskel-
lungeEsoxmasquinongy, common carpCyprinus carpio, and European sea bass (see
Devlin and Nagahama 2002). In contrast, in undifferentiated gonochoristic species
(e.g., zebrafish Danio rerio, tiger barb Puntigrus tetrazona), all gonads initially
develop as ovaries, but, in approximately half of the population, the ovarian tissue
degenerates and the gonad is invaded by somatic cells, producing an intersexual
gonad that ultimately resolves into a testis (Devlin and Nagahama 2002). In other
species, all gonads appear to be intersexual prior to differentiation into either ovaries
or testes (Devlin and Nagahama 2002). In the Nassau grouper Epinephelus stria-
tus, all or most males appear to develop from an intersexual or bisexual gonad (i.e.,
possessing both oocytes and spermatocytes; Sadovy and Colin 1995). The juvenile
gonad of the European eel Anguilla anguilla is sometimes referred to as an inter-
sexual “Syrski organ,” but it is not clear that all individuals go through a transitory
intersexual stage (e.g., Colombo and Grandi 1996; Beullens et al. 1997a, b). Recent
studies suggest that female European eel develop directly from the undifferentiated
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gonad, but there appear to be two routes to produce males: direct male differenti-
ation from the undifferentiated gonad or delayed indirect male development via an
intersexual stage (Geffroy et al. 2013, 2016).

Similar differences in the pattern of sex differentiation may exist among and even
within lamprey species. However, because the early stages of oogenesis are seasonal
and relatively transitory (Hardisty 1965a, 1969), some apparent differences may
be the result of observational biases. Furthermore, inconsistent terminology used
by different authors to describe the early stages of sex differentiation sometimes
confounds comparisons. Some authors refer to the early stage of gonadogenesis in
lampreys as “intersexual” or “bisexual” or “hermaphroditic” because oocytes appear
to develop in some or all presumptive male larvae during the early stages of differ-
entiation (e.g., Okkelberg 1921; Lewis and McMillan 1965; Hardisty et al. 1986).
However, in other fishes, the term intersexual generally refers to the simultaneous
presence of male and female gonadal tissue in gonochoristic species (Bahamonde
et al. 2013), and the undifferentiated cell nests observed in larval lamprey gonads
(which are not homologous with the cysts of germ cells in the mature testis) should
not be viewed as male elements in an intersexual or hermaphroditic larval gonad
(Hardisty 1965a). Other studies refer to lampreys passing through an initial female
stage or female intersexual stage (Hardisty 1965b, 1971). In most cases, this initial
stage is short-lived in futuremales, requiring atresia of only amodest number of early
stage oocytes (Hardisty 1965b; Hardisty et al. 1992). However, in some cases, initial
female differentiation proceeds further, and future males are thought to result from
atresia of the entire stock of oocytes beyond the typical age of ovarian differentiation
(Hardisty 1965a; Fukayama and Takahashi 1982, 1983). To avoid confusion, we use
the term “intersexual” sparingly, using it only to refer to gonads that are more obvi-
ously intermediate between male and female (see Sect. 1.4.1.4). In the initial stages
of gonadogenesis, cells undergoing meiosis are considered oocytes only following
the onset of cytoplasmic growth (Hardisty 1971), and we consider the “mixed” larval
gonads that possess both cell nests and oocytes a transitional stage of differentiation
and not as an expression of intersexuality (Hardisty 1965b). Individuals or gonads
that appear to be developing as males are referred to as “presumptive” or “putative”
males or testes prior to differentiation of male germ cells at or following the onset
of metamorphosis. We use the term “indirect” male differentiation to refer to pre-
sumptive males that appear to develop following large-scale oocyte atresia prior to
testicular differentiation (Fukayama and Takahashi 1982, 1983) and “direct” male
differentiation where there is little evidence that oocytes develop en masse or to rel-
atively large sizes in future males (Hardisty et al. 1986). However, we recognize that
there are likely different degrees to which oocytes develop and regress in presump-
tive males (or different degrees to which they are detected) rather than two discrete
strategies.

Hardisty et al. (1992) theorized that indirect development is more prominent in
species with low fecundity (i.e., non-parasitic lampreys) than in those with greater
fecundity. However, fecundity appears to be determined largely by the phasing of
mitosis and meiosis. The onset of meiotic prophase usually marks the end of the
proliferative (mitotic) phase, after which point additional oocytes generally are not
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created. Thus, earlier (i.e., at a smaller body size) and less extensive mitosis prior
to meiosis limits the number of oocytes produced in non-parasitic species (Hardisty
1965b). In contrast, delayed onset and more prolonged mitotic division of germ cells
in parasitic species permit elaboration of a large stock of oocytes (Hardisty 1960b,
1964, 1965b, 1970; see Sect. 1.6.2). To some extent, however, persistence of a limited
number of undifferentiated germ cells in some species may allow further oocytes to
be added following completion of ovarian differentiation (Hardisty et al. 1986).

1.4.1.1 Initial Stages of Gonadogenesis

In lampreys, primordial germ cells first appear during embryonic development and
migrate to the genital ridge to form the gonadal primordium (Lewis and McMil-
lan 1965; Hardisty 1965a, 1971). In European brook lamprey prolarvae measuring
~7 mm TL, Hardisty (1965a) counted a total of 10–94 primordial germ cells measur-
ing 18–30 μm in diameter. In freshwater-resident (“landlocked”) sea lamprey larvae
measuring 18–35 mm TL, Lewis and McMillan (1965) and Hardisty (1965b) found
5–15 and 0–3 germ cells per cross-section, respectively, and each germ cell was
surrounded by its own envelope of follicle cells. Pouched lamprey larvae measuring
15–20 mm TL did not yet possess a distinct genital ridge (i.e., they possessed only
isolated primordial germ cells along the mid-dorsal surface of the body cavity), but
a distinct gonad was visible by 20–39 mm TL, generally with <10 germ cells per
cross-section (Hardisty et al. 1986). At this stage of development, the germ cells are
typically referred to as protogonia (primary gonia) if they occur singly. The proto-
gonia are smaller (~10–16 μm in diameter) and more numerous than the primordial
germ cells, suggesting that some mitosis has already occurred (Hardisty 1965a, b).
Subsequent division of the protogonia produces groups of 2–4 deuterogonia (sec-
ondary gonia) measuring ~10–11 μm in diameter (Hardisty 1965b, 1971). Although
gonia (i.e., germ cells during the mitotic phase) that give rise to primary oocytes and
primary spermatocytes are typically called oogonia and spermatogonia, respectively,
the terms gonia, protogonia, and deuterogonia are often used instead in the lamprey
literature before the future sex of the gonad is clear (e.g., Hardisty 1965a, b, 1971).
Besides the occasional mitosis of protogonia to produce deuterogonia, there is little
subsequent development of the gonad for several months to several years, depending
on the species and life history type.

In non-parasitic lampreys, mitosis is initiated within the first 6 months of larval
life. For example, in the European brook lamprey, germ cell proliferation begins in
the late summer or autumn when larvae measure ~15–25 mm TL, and it reaches
its peak in the early spring (February–March) when larvae are almost 1 year old
and measure ~25–40 mm TL (Hardisty 1965a). These mitotic proliferations start
to produce cell nests or cysts, although isolated protogonia and small groups of
deuterogonia may still persist. However, the mitotic stage is relatively short-lived in
this species, with meiosis being initiated almost simultaneously in both the cysts and
isolated gonia. In five European brook lamprey larvae 31–40 mm TL that were just
over 1 year old, a maximum of 19 germ cells were evident per cross-section, and all
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were already in meiotic prophase and arranged in small groups of up to 5 germ cells
per cyst (Hardisty 1965a). Similarly, in the Far Eastern brook lamprey Lethenteron
reissneri, mitosis was first apparent in larvae ≥30 mm TL and was relatively limited
prior to the onset of meiosis (Fukayama and Takahashi 1983). In this species, cysts
were evident in only 18% of individuals 30–50 mm TL.

In contrast, in most parasitic species, mitosis is delayed until larvae are larger and
older, and it ismore extensive prior to the onset ofmeiosis. In the gonads of landlocked
sea lamprey, mitotic proliferation was not evident until larvae were 51–65 mm TL
(during September of presumably their second year of larval life; Hardisty 1965b).
The dividing germ cells remained together to form cysts (e.g., Fig. 1.7a), and ~20%of
all individuals 51–60 mm TL possessed cystic gonads, although some isolated gonia
and small groups of 2–4 cells were still evident. Mitotic activity peaked at 61–70 mm
TL (between their second and third years), producing 4–13 cysts per cross-section,
with an average of 20–50 germ cells per cyst. By 71–80 mm TL, ~70% of the gonads
were in the cystic stage, and the number of germ cells per cross-section averaged 322
(Hardisty 1965b, 1969). By 81–90 mm TL, the proportion of individuals with cystic
gonads had decreased to ~20%, and cysts were seen only rarely in landlocked sea
lamprey ≥90 mm TL, indicating that these nests of undifferentiated germ cells are a
transitory developmental feature of the early stages of differentiation (Hardisty 1969).
The observation that well over 50% of sea lamprey larvae developed cystic gonads
(in a population where sex ratio was close to parity; Table 1.3) indicates that germinal
proliferation at this stage does not just occur in future females (i.e., it appears to be
more indicative of the stage of differentiation than the sex orientation of the gonad;
Hardisty 1965b), but it is worth noting that it appears not to occur in all future males
either (see Sect. 1.4.1.3). There is no obvious bimodality at this stage pointing to
future female and future male development, although subtle sex-specific differences
in the onset or extent of germ cell proliferation cannot be ruled out (Hardisty 1969).
In the Arctic lamprey, mitosis produced cystic gonads by the time larvae reached
~55 mm TL (Fukayama and Takahashi 1982). In larvae 60–90 mm TL, 75% of the
gonads were in the cystic stage, again suggesting that mitotic proliferation occurs
during the early larval stage in many—but not all—presumptive males. Only a few
solitary gonia were present, and gonads often exhibited at least 8–10 cysts per cross-
section. It was estimated that each cyst contained 8–512 germ cells, suggesting that
mitosis had occurred at least nine times (Fukayama and Takahashi 1982). Germ cell
proliferation in the anadromous sea lamprey, the largest and most fecund lamprey
(see Sect. 1.6.3), appears to be evenmore delayed andmore prolonged. In sea lamprey
larvae collected in the U.K., mitosis was rarely observed in individuals <70 mm TL,
and peak mitotic activity was observed at 81–90 mm TL (Hardisty 1969). In this size
class, >50% of all gonads were in the cystic stage and cystic gonads continued to be
found in larvae measuring 120–130 mm TL (Hardisty 1969).

The pouched and short-headed lampreys from the Southern Hemisphere (which
belong to separate families distinct from each other and from the Northern Hemi-
sphere lampreys; Potter et al. 2015) show somewhat different patterns of mitosis
during the initial stages of gonadogenesis. In the pouched lamprey, mitotic divisions
are initiated at the size expected in a relatively fecund parasitic lamprey (i.e., com-
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�Fig. 1.7 Representative stages of sex differentiation and development in lampreys: a undifferen-
tiated gonad (sea lamprey Petromyzon marinus, 70 mm TL) containing both well-defined cysts
(WC) and loose clusters (LC) of undifferentiated germ cells as well as the occasional small oocyte
(O); differentiated ovary in b least brook lamprey Lampetra aepyptera larva (118 mm TL) and
c chestnut lamprey Ichthyomyzon castaneus larva (58 mm TL), where the only germ cells are
oocytes (O) undergoing gradual cytoplasmic growth; d oocytes of upstream-migrating Pacific lam-
preyEntosphenus tridentatus (~595mmTL) duringmid-vitellogenesis; e gonad of futuremale least
brook lamprey larva (104 mm TL) showing persistence of only undifferentiated germ cells (WC)
amid stromal tissue (St); f differentiating testis of early metamorphosing sea lamprey (123 mm TL)
showing appearance of spermatogonial cysts (SC); g testis of sea lamprey in late metamorphosis
(127 mm TL) showing rapid increase in size of testis and development of lobular structure; and
h mature spermatozoa (SP) in pre-spermiating sea lamprey (454 mm TL). The photomicrographs
a, b and e were originally published in Docker (1992); c was originally published in Spice (2013);
and f, g and hwere originally published in Khan (2017); they are reproduced with permission of M.
F. Docker, E. K. Spice and A. Khan, respectively. The photomicrograph d was originally published
in Clemens et al. (2013) and is reproduced with permission of the Canadian Journal of Zoology

parable to landlocked sea lamprey and Arctic lamprey), but germinal proliferation
during the larval stage only appears to occur in presumptive females. Hardisty et al.
(1986) found that mitosis in pouched lamprey produced nests of germs cells in just
over 30% of all gonads by 50–59 mm TL. The proportion of cystic gonads increased
to 42% by 60–69 mm and nearly 50% in larvae >80 mm TL, but it never exceeded
50%.Moreover, compared to sea andArctic lampreys,mitosis appearedmore limited,
and mean germ cell count per cross-section was only ~15–30 when larvae measured
50–70 mm TL. However, much like the anadromous sea lamprey, these mitotic cysts
appeared to persist throughout the remainder of the larval stage. Mean germ cell
count in both mitotic and meiotic phase gonads continued to increase throughout
larval life, reaching ~100 and 300 germ cells, respectively, by 100 mm TL. Hardisty
et al. (1986) suggested that oogenesis in this species may occur in seasonal waves of
mitosis and meiosis, thereby adding oocytes to the ovary throughout the larval stage
(see Sect. 1.4.1.2). The short-headed lamprey also shows onset of mitosis at ~50 mm
TL, as expected, but mitosis appears much more limited throughout the larval stage
(Hardisty et al. 1992). Only small cell nests were evident, and germ cells averaged
only 7.1 cells per section by 60–69 mm TL and 10–11.4 cells in larvae measuring
≥75 mm TL. The limited mitotic proliferation in this species may account for its
relatively low fecundity compared to other anadromous lampreys (see Sect. 1.6.3).

Meiosis and germ cell degeneration also appear to be initiated in most larval lam-
preys regardless of future sex. Thus, to avoid confusion, the term auxocyte (i.e., any
cell undergoing meiosis) is often used rather than oocyte for the earliest stages of
meiosis (e.g., Hardisty 1965a, b, 1971; Fukayama and Takahashi 1982, 1983), and
auxocytes are considered oocytes only at the first phase of cytoplasmic growth (e.g.,
Hardisty 1971) or at meiotic prophase (Lewis and McMillan 1965). We will use the
definition employed by Hardisty (1971) because it is the most obvious to discern his-
tologically (see Sect. 1.4.1.2). Asmentioned above, meiosis is initiated almost simul-
taneously with mitosis in the non-parasitic species that have been studied, occurring
in the spring as larvae approach the end of their first full year of larval life (Hardisty



1 The Lamprey Gonad 63

1965a; Fukayama and Takahashi 1983). In European brook lamprey, auxocytes were
observed in >80% of the gonads in larvae 50–60 mm TL, at which point, meiotic
cysts numbered ~3–8, with no evidence of bimodality (Hardisty 1965a). The first
sign of divergence between future male and female European brook lamprey is the
more synchronized oogenesis and oocyte growth that occurs in presumptive females
later that summer (Sect. 1.4.1.2) and the appearance of morphological changes that
are thought to “betray” the future male character of the gonad (Hardisty 1965a;
Sect. 1.4.1.3).

In parasitic species, meiosis is generally initiated after a longer period of mitotic
proliferation. In the landlocked sea lamprey, meiosis was first evident in the
51–60 mm size class and was at its peak in May (Hardisty 1969). By 71–80 mm TL,
auxocytes were observed in 85% of all larvae and even growing oocytes were appar-
ent in most of these (e.g., Fig. 1.7a). More synchronized meiosis and oocyte growth
peaked in June and August in presumptive females, and the proportion of mixed
gonads (i.e., with auxocytes and cysts) began to decrease and mixed gonads were
rarely found in larvae >100 mmTL (Hardisty 1969). Cysts began to break up follow-
ing invasion of follicle cells, and germ cell degeneration was evident by 61–70 mm
TL; at this point, degenerating germ cells averaged 50–280 per section and repre-
sented 50–90% of the total germ cell count. By September, the majority of cysts
contained degenerating germ cells, presumably representing regression of auxocytes
or oocytes in the gonads of future males and degeneration of undifferentiated germ
cells in future females. By 71–80mmTL,Hardisty (1965b) found two distinct groups
beginning to emerge based on the cross-sectional area of the gonad, but there was
substantial overlap between presumptive males and females until 91–100 mm TL
so that reliable identification of future males and females based on the presence
of small and large gonads, respectively, would not be possible (see Sects. 1.4.1.2,
1.4.1.3 and 1.4.1.5). In anadromous sea lamprey, the smallest larva with auxocytes
was 70 mm TL; meiosis was evident in 10% of larvae 71–80 mm TL and in >50%
of larvae by 91–100 mm TL, and mixed gonads persisted into the 121–130 mm
size class (Hardisty 1969). Meiosis was evident in Arctic lamprey at 70–90 mm TL,
and gonads could be divided into three groups based on the degree to which the
process appeared synchronous: (1) in 50% of the 14 larvae examined, germ cells in
almost all the cysts had synchronously entered into meiotic prophase; (2) in 21%
of the larvae, germ cells in a given cyst were seen to enter into meiotic prophase
simultaneously, but, overall, cysts of mitotic germ cells were more numerous than
those of meiotic germ cells; and (3) in 29% of the larvae, onset of meiosis was not
synchronous even in the same cysts (Fukayama and Takahashi 1982). Whether these
different patterns are an early indication of the future sex of the larvae is unknown. In
the short-headed lamprey, onset of meiosis was first seen in ~10% of larvae <50 mm
TL, and meiosis was evident in ~25 and 60% of the larvae by 50–59 and 60–69 mm
TL, respectively (Hardisty et al. 1992). By 70–79 mm TL, these authors concluded
that 96% of short-headed lamprey exhibited at least some germs cells that appeared
to have differentiated in a “female direction.” In contrast, in the pouched lamprey,
the proportion of cystic gonads showing meiosis never exceeded 23% (at 70–79 mm
TL) and declined thereafter to only 5% at 90–99 mm TL (Hardisty et al. 1986). Even



64 M. F. Docker et al.

in future females, the early meiotic changes in cystic gonads appeared to be transient
(proceeding rapidly to the cytoplasmic growth phase in oocytes) and meiotic gonia
were seen in only 17% of future males.

1.4.1.2 Ovarian Differentiation

Oogenesis (i.e., the process bywhich eggs are produced) starts with transformation of
oogonia into primary oocytes with the onset of meiosis I (Fig. 1.6). Because the onset
ofmeiosis also occurs in at least some futuremales (seeSect. 1.4.1.1), lampreygonads
with auxocytes or oocytes are usually not immediately characterized as ovaries.
Rather, the differentiation of the ovary is typically recognized by the synchronous
transition of germ cells into meiotic prophase (Fukayama and Takahashi 1982), and
ovarian differentiation is generally considered complete after the rapid growth of
oocytes ceases (Hardisty 1971). Ovarian differentiation is generally complete at 1
and 2–3 years of age in non-parasitic andmost parasitic lamprey species, respectively,
and at 4–5 years in the anadromous sea lamprey (Hardisty 1969, 1971; Table 1.8).
However, intraspecific variation likely exists in many species. First, although age is
often inferred fromTL, it is not yet clearwhether the onset of ovarian differentiation is
triggered by size or age or a combination of the two. For example, in the landlocked
sea lamprey, ovarian differentiation is generally complete at 90–100 mm TL and
3 years of age, but Docker (1992) observed that a 73-mm female estimated to be
~5.5 years old had a fully differentiated ovary; this individual had been maintained
for 39 months at high density in the laboratory and grew only 6 mm during this
time. Conversely, in fast-growing sea lamprey populations, completion of ovarian
differentiationmaybedelayedwell past 90–100mmTL(Wicks et al. 1998a, b;Barker
and Beamish 2000; see Sect. 1.4.1.4). Furthermore, because mitosis and meiosis are
highly seasonal processes, their onset will presumably depend on larvae reaching the
appropriate (“threshold”) size or age by key times of the year. Intraspecific variation
in the presumed age at ovarian differentiation has been reported in chestnut and
northern brook lampreys also (Spice and Docker 2014; Table 1.8).

In presumptive ovaries, synchronous and extensive meiosis leads to the rapid
replacement of cell nests by growing oocytes (Hardisty 1965a, b, 1971; Fig. 1.8a).
The cysts are invaded and broken up by follicle cells that stretch to enclose each
germ cell (Lewis and McMillan 1965), and cytoplasmic growth (i.e., during the first
oocyte growth stage) is quite rapid while the cysts are breaking up (Hardisty 1965a).
It is estimated that 25–30% of germ cells survive the cystic and early meiotic stages
to progress to the cytoplasmic growth phase (Hardisty 1971; Hardisty et al. 1986).
Early stage oocytes can be distinguished from other cells by their greater amounts of
basophilic cytoplasm and larger size surrounded by follicle cells and a large space
or nuclear vesicle within the oocyte (Hardisty 1965a, b; Lewis and McMillan 1965;
e.g., Fig. 1.7b). The oocytes remain arrested in meiotic prophase throughout the rest
of the larval stage, and, during the second stage of oocyte growth, the cytoplasm
becomes basophilic and continues growing at a more gradual rate (Hardisty 1971).
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The third phase of oocyte growth does not occur until the onset of vitellogenesis and
sexual maturation (see Sect. 1.5.1).

The process of ovarian differentiation is similar in all species, although the timing
of the process and the resulting number and size of oocytes varies dramatically
(Table 1.8). The earlier onset and “curtailment” of mitosis prior to oogenesis in non-
parasitic species results in fewer oocytes compared to parasitic species (Fig. 1.7b, c).
The size of oocytes at the end of the larval stage (with means ranging from 32 μm
in the pouched lamprey to 100–120 μm in most non-parasitic species) is directly
related to the time between initiation of oogenesis and the onset of metamorphosis
and inversely related to the duration and extent of somatic growth during the post-
larval phase (Fig. 1.9). Egg size at maturity is remarkably consistent among all
lamprey species (see Sect. 1.6.1).

In thewell-studiedEuropean brook lamprey, although somegrowing oocyteswere
evident in the majority of gonads, more and larger oocytes developed in presumptive
females, and the nests of undifferentiated germ cells were generally eliminated by the
end of the summer (Hardisty 1965a). In larvaemeasuring 50–100mmTL, the number
of oocytes per cross-section was bimodally distributed, with 0–4 and 15–60 oocytes
per section in presumptive males and females, respectively (Hardisty 1965a). In
the rapid phase of cytoplasmic growth, oocyte diameter increased from a mean of
13.3μm to 61μm the following JunewhenTL averaged 65mm (Hardisty 1970). The
mean number of oocytes per cross-section at the completion of ovarian differentiation
was estimated to be 31–34, and theymeasured ~100μm in diameter (Hardisty 1961c,
1964, 1965a; Fig. 1.9b). Other brook lamprey species show very similar patterns.

In parasitic species, ovarian differentiation has been studied most extensively
in the landlocked sea lamprey (Hardisty 1965b, 1969; Lewis and McMillan 1965;
Docker 1992; Wicks et al. 1998b; Barker and Beamish 2000). As detailed above,
meiosis is generally initiated when larvae reach ~51–60 mm TL, and auxocytes and
even growing oocytes are observed in most larvae during the initial stages of sex
differentiation (e.g., Fig. 1.7a). In presumptive females, cysts begin to break up and
germ cell degeneration begins at ~61–70 mm TL, and growing oocytes first appear
in appreciable numbers at 71–80 mm (Hardisty 1965b). In an 80-mm presumptive
female, Hardisty (1965b) counted 60 oocytes with cytoplasmic growth, 450 cells in
early meiosis, 50 degenerating cells of various kinds, and 120 undifferentiated germ
cells. The first stage of cytoplasmic growth occurred at 80–100 mm, at which point,
oocytes increased from ~12 to 40μm in diameter (Hardisty 1965b, 1971; Barker and
Beamish 2000; Fig. 1.10a). Definitive ovaries could be recognized in 20 and 45%
of all larvae by 81–90 and 91–100 mm TL, respectively. Thereafter, the number of
undifferentiated germ cells continued to decrease with TL and the number of oocytes
increased, so that ovaries contained only oocytes and virtually no remaining undiffer-
entiated germ cells by 100 mm TL (Hardisty 1969; Docker 1992; Fig. 1.8a). There
was a clear bimodality in oocyte numbers in larvae 71–100 mm TL, with modes
of 21–40 oocytes in presumptive males and 121–140 (with a maximum of 200) in
females (Hardisty 1965b). By 100–119 and 120–139mmTL, mean oocyte count had
increased further (to 153 and 250, respectively), suggesting that further germ cell pro-
liferation produced some additional oocytes; this would imply that a few remaining
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�Fig. 1.8 Identification of female and male larval Great Lakes sea lamprey Petromyzon marinus:
a following histological preparation (stained with hematoxylin and eosin) and viewed under a
compound microscope; b under a dissecting microscope; and c using acoustic microscopy (see
Maeva et al. 2004). In a and b, larvae were cross-sectioned at the midpoint of their TL; in c, live
larvae were anaesthetized and placed on their side. Sex can be reliably identified histologically in
most Great Lakes sea lamprey by 90–100 mm TL: ovaries are recognized by their finger-like lobes
and a large number of developing oocytes (O) despite the possible persistence of well-defined cysts
of undifferentiated germ cells (WC); in contrast, at this size, presumptive testes are small with at
most a few small oocytes. The ovary is sufficiently large by ~120 mm TL (with few or no remaining
undifferentiated germ cells) that it is recognizable even under a dissectingmicroscope, but the future
testis is still small, with a few undifferentiated germ cells (often no longer organized into distinct
cysts) amid reticulate stromal tissue (St). In c, females are recognizable by the prominent ovary
(arrow) which, because it is considerably less reflective to the acoustic signal than the surrounding
kidney tissue (k), appears dark; males are recognizable by the absence of this large dark region.
The location of the intestine, posterior cardinal veins, and notochord are indicated by i, v, and
n, respectively. The photomicrographs in a were originally published in Docker (1992) and are
reproduced with permission of M. F. Docker; the photographs in b and c were originally published
in Maeva et al. (2004) and are reproduced with permission of The Fisheries Society of the British
Isles

undifferentiated germ cells persisted beyond 100 mm TL (Hardisty 1965b). Barker
and Beamish (2000) likewise reported increases in the number of oocytes with TL
well past the size at which ovarian differentiation is thought to be complete (i.e.,
with means of 141 and 170 oocytes per section at 120–139 and ≥140 mm TL,
respectively). During the second stage of oocyte growth, the mean oocyte diame-
ter increases with female TL to ~53–65 μm by 120–139 mm and 61–75 μm by
≥140 mm (Hardisty 1965b, 1971; Barker and Beamish 2000; Figs. 1.8a, 1.9b and
1.10a). As a result of the increase in the number and size of oocytes, ovary size
began to increase rapidly by the time larvae measured 90–100 mm TL, so that the
subtle bimodality observed by Hardisty (1965b) in gonadal cross-sectional area at
71–80 mm TL became increasingly more pronounced, and there was little or no
overlap in larvae >100 mm TL (Hardisty 1965b). In large larvae, the cross-sectional
area of the ovary can be in excess of 1.0 mm2, and the ovaries are characterized by
finger-like lobes containing double rows of oocytes separated by a central vascular
core (Hardisty 1965b; Docker 1992; Barker et al. 1998; Barker and Beamish 2000;
Fig. 1.8a, b).

In anadromous sea lamprey, initiation of ovarian differentiation is even more
delayed than in the landlocked form, but an even greater number of oocytes are pro-
duced. In sea lamprey larvae from the U.K., the earliest stages of oogenesis were not
evident until presumptive females reached 81–90 mm TL (Hardisty 1969). In this
size class, 56% of the gonads were observed to be in the initial stages of oogenesis in
June–August, but oogenesis progressed rapidly and in synchrony, and it was rarely
observed before or after the summer. Breakdown of the cysts and replacement by
oocytes took place more gradually than in the landlocked form, and ovarian dif-
ferentiation was generally not complete until 120–130 mm TL at ~5 years of age
(Hardisty 1969). The number of oocytes per section averaged 322 and 396 at 120–139
and≥140 mm TL, respectively, in sea lamprey larvae from the U.K. (Hardisty 1969)
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�Fig. 1.9 Oocyte diameter (μm) during development in: a non-parasitic lampreys; b parasitic
lampreys from the Northern Hemisphere; and c parasitic lampreys from the Southern Hemisphere.
In a, solid circles representmeanoocyte diameter in FarEastern brook lampreyLethenteron reissneri
for 10-mm larval size classes ranging from 50–60 to 150–160 mm TL, metamorphosing stages 1–7,
and young adults (data from Fukayama and Takahashi 1983) and mature adults from Lethenteron
sp. N (Yamazaki et al. 2001); solid squares represent southern brook lamprey Ichthyomyzon gagei
from larval age groups I, II, and III, metamorphosing stages 2, 3 and 6, and adults (Beamish and
Thomas 1983); and solid triangles represent mean oocyte diameter in larvae and adults of European
brook lamprey Lampetra planeri (Hardisty 1961c and 1964, respectively). In b, solid circles and
open circles represent Great Lakes and anadromous sea lamprey Petromyzon marinus, respectively
(Applegate 1949; Lewis and McMillan 1965; Hardisty 1969; Barker and Beamish 2000); solid
squares represent European river lamprey Lampetra fluviatilis (Hardisty 1961c, 1970; Witkowski
and Jęsior 2000; Dziewulska and Domagała 2009); and solid triangles represent Arctic lamprey
Lethenteron camtschaticum (Fukayama and Takahashi 1982; Yamazaki et al. 2001). In c, solid
circles and open circles represent larval (>95 mm TL) and post-larval, respectively, short-headed
lamprey Mordacia mordax (Hughes and Potter 1969; Hardisty et al. 1992); and solid squares and
open squares represent larval (75–99 mm TL) and post-larval pouched lamprey Geotria australis
(Potter et al. 1983; Hardisty et al. 1986). For ease of comparison of larval oocyte diameter among
panels, a dotted line is drawn at 100 μm

and 159, 189, and 200 oocytes per section at 100–119, 120–139, and ≥140 mm
TL, respectively, in sea lamprey larvae from New Brunswick, Canada (Barker and
Beamish 2000). Reasons for the apparently higher number of oocytes per section in
the European population relative to the North American population have not been
explored, but the increase in oocyte number with TL in both populations suggests
again that recruitment of additional oocytes can continue after ovarian differentiation
is considered complete. As expected, given the later onset of oogenesis, oocytes in the
anadromous form are smaller at a given female larval size relative to lampreys which
initiate oogenesis earlier; mean oocyte diameter was measured to be 24 and 44 μm
at 120–139 mm and ≥140 mm TL, respectively, in the U.K. population (Hardisty
1969) and 51 and 56 μm at the same sizes in anadromous sea lamprey females from
North America (Barker and Beamish 2000; Fig. 1.9a).

In other parasitic species from the Northern Hemisphere, ovarian differentiation
generally occurs at 2–3 years of age (at ~70–90mm) and results in amoderate number
of oocytes (~50–100 per cross-section) that are moderately sized by the onset of
metamorphosis (~60–75 μm; Figs. 1.7c and 1.9b). However, ovarian differentiation
in the short-headed and pouched lampreys shows some significant differences from
these other parasitic species. In the short-headed lamprey, the timing of oogenesis
is very similar to that of other moderately sized lampreys, but far fewer oocytes are
produced. As expected, ovarian differentiation was first observed (in about ~10% of
all larvae) by 60–69 mm TL and appeared to be complete by 80–89 mm TL when
definitive ovaries made up 50% of larvae (Hardisty et al. 1992). Cysts had mostly
degenerated by 90–109 mm TL, at which point residual undifferentiated germ cells
were evident in only ~20% of females. In contrast to other parasitic species, however,
mean number of oocytes ranged from only 15 per cross-section at 70mmTL to 20 per
cross-section in larvae >110 mm (Table 1.8). This number is even less than that seen
inmost non-parasitic lampreys and is presumably the result ofmore restrictedmitotic
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�Fig. 1.10 Atypical, intersex, and sex-reversed lamprey gonads: a development of a type I atyp-
ical sea lamprey Petromyzon marinus gonad into an ovary 52 weeks later, showing oocytes in
the first (FSO) and second (SSO) stages of oocyte growth and somatic cells (SC) in the atypi-
cal gonad, and showing only large SSO and a few atretic oocytes (inset) with vacuoles in their
cytoplasm (white arrows) in the ovary; the intestine (In) and opisthonephros (Op) are also shown;
b sex reversal of a typical sea lamprey ovary into a presumptive testis, showing a single cyst of
undifferentiated germ cells (GC), retention of the ovary’s finger-like lobes (black arrows) despite
a complete loss of oocytes, and somatic cells in the stroma (St); c gonadal biopsy from a male
Pacific lamprey Entosphenus tridentatus during upstream migration (TL 520 mm, Sept) show-
ing both mid-vitellogenic oocytes (top arrowhead) and spermatogonia and spermatocytes (bottom
arrowhead and inset); and d severe inhibition of oocytes in a female sea lamprey larva follow-
ing treatment with 0.01 mg/L estradiol (E2) for 21 weeks and subsequent rearing for 39 months.
The photomicrographs a and b were originally published in Lowartz and Beamish (2000) and are
reproduced with permission of The Fisheries Society of the British Isles; c was originally published
in Clemens et al. (2012) and is reproduced with permission of the National Research Council of
Canada; d was originally published in Docker (1992) and is reproduced with permission of M. F.
Docker

proliferation prior to the onset of meiosis (see Sect. 1.4.1.1), although the increase
in oocyte number with TL suggests some limited additional oocyte recruitment even
after ovarian differentiation is complete (Hardisty et al. 1992). Oocyte size was
comparable to that of most other parasitic lampreys during the larval stage (e.g.,
25–50 μm in larvae measuring >95 mm TL) and had increased to 63–90 μm by
stage 1 of metamorphosis (Hardisty et al. 1992; Fig. 1.9c). In contrast, the pouched
lamprey is characterized by its “exceptional state of immaturity” relative to other
larval lampreys, but the number of oocytes is what would be expected based on
body size at maturity (Hardisty et al. 1986). Growing oocytes were first evident in a
small proportion (6%) of larvae at 50–59 mm, and those showing a putative female
orientation (i.e., premeiotic cysts and auxocytes or growing oocytes) increased slowly
over the larval period up to a maximum of 39%. This suggests that at least some
future females possessed only cystic gonads even as large larvae. Moreover, ovarian
differentiation (i.e., with only growing oocytes in the gonad) was rarely complete,
and oocyte diameter in even the largest larvae (mean TL 88 mm) was only 32 μm
(Hardisty et al. 1986). In metamorphosing females, gonads possessing only cysts
were no longer apparent (and mean oocyte diameter had increased to 43 and 52 μm
by early and late metamorphosis, respectively), but 8% of females still exhibited
premeiotic cysts and auxocytes or growing oocytes rather than fully differentiated
ovaries. Hardisty et al. (1986) estimated that ~75% of germ cells underwent atresia
between the cystic stage and metamorphosis (i.e., based on a mean of 285 germ cells
per section in gonads with cysts or cysts and auxocytes and 60–80 oocytes in the
largest larvae andmetamorphosing pouched lamprey), but he suggested that retention
of some undifferentiated germ cells may be an important mechanism for additional
recruitment of oocytes even after the onset of meiosis and oogenesis. This suggestion
was supported by the observation that mean oocyte count was substantially higher
(>160 per section) in larvae and metamorphosing individuals that were >70 mm TL
compared to the number of oocytes in larvae <70 mm TL (≤80 oocytes per section).
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Additional recruitment of oocytes after the onset of oogenesis and perhaps even after
the onset of metamorphosis (coupled with the exceptionally small size of the oocytes
in larvae) could be particularly important in pouched lamprey, because, despite its
large size at maturity, this species’ small size at metamorphosis might otherwise
limit the number of oocytes it could elaborate (see Sect. 1.6.3). Therefore, based on
the degree of variation in the stage of ovarian maturity at metamorphosis observed
among lamprey species, Hardisty et al. (1986) concluded that metamorphosis must
not be dependent on larvae attaining a specific stage of gonadal development.

It has long been thought that sex in lampreys is irreversible following completion
of ovarian differentiation (e.g., Hardisty 1965a), although a few cases of reversal
of fully differentiated ovaries to presumptive testes have been shown using gonadal
biopsy (see Sect. 1.4.1.4). Such cases of sex reversal presumably also depend on
retention of residual undifferentiated germ cells.

1.4.1.3 Testicular Differentiation

Although mitosis and the early stages of meiosis appear to be initiated in the gonads
of most lampreys regardless of future sex (see Sect. 1.4.1.1), these processes are
halted in presumptive males, and the majority of cysts and auxocytes or occasional
oocytes degenerate (Hardisty 1965a, b). As a result of this atresia, there is generally
a reduction in the size of presumptive testes at this point, and only small numbers of
undifferentiated germ cells that have not enteredmeiotic prophase remain (Fig. 1.7e).
These remaining stem cells proliferate to produce spermatogonia only at the end of
the larval stage or the onset of metamorphosis (Hardisty 1965a, b, 1971; Fig. 1.7f, g).
Because the undifferentiated germ cells appear to remain bipotential throughout the
larval stage, testicular differentiation is generally not considered complete until pro-
duction of spermatogonia. The primary gonial cysts formed during the early stages of
differentiation are not homologous to these secondary cysts produced on resumption
of mitosis at metamorphosis. When mitosis resumes, the outline of the testis starts to
become lobed as groups of germ cells are pinched apart by follicle cells; with further
increases in mitotic activity, the testis starts to gain finger-like extensions that con-
tain maturing cysts of spermatogonia (Hardisty 1971; Fig. 1.7g). The rate at which
the subsequent stages of spermatogenesis occurs differs among life history types
(i.e., it is accelerated in non-parasitic lampreys toward the end of metamorphosis,
but parasitic species remain sexually immature until the end of the parasitic feeding
phase; see Sect. 1.5.2). However, during the larval stage (given the relative inactivity
of the presumptive testis at this point), there is less interspecific variation related to
testicular development than there is with respect to ovarian development. Variation
among species tends to be related mostly to the extent to which mitosis and the early
stages of meiosis are initiated in future males (i.e., whether male development is
direct or indirect) and the degree to which morphological differentiation of the testis
might precede cytological differentiation.

Several lamprey species appear to show both direct and indirect male develop-
ment. With the exception of the pouched lamprey, auxocytosis is generally observed
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in the gonads of 70–80% of all larvae (i.e., in all females and some, but not all, future
males) during the initial phase of gonadal differentiation (see Sect. 1.4.1.1). This
suggests that, even within a species, male differentiation may occur either directly
(i.e., without passing through an initial but abortive “female” stage) or indirectly
following extensive oocyte atresia. However, a closer examination suggests that the
“pathway to male development” may be more of a continuum than two discrete cat-
egories. For example, in European brook lamprey, Hardisty (1965a) suggested that
male differentiation proceeds via three routes: (1) testes that develop from gonads
which, at an early stage, possess some of the somatic characteristics associated with
the definitive male gonads (presumably the ~20% of larvae observed without aux-
ocytes; i.e., those showing direct male development); (2) those that are composed
almost or entirely of premeiotic cysts and auxocytes beyond the second summer of
larval life, the subsequent degeneration of which leaves a few potentially male germ
cells amid fibrous connective tissue (i.e., individuals that appear to show a “some-
what indirect” path of male development); and (3) those that differentiate, generally
beyond the typical size of ovarian differentiation at a later stage, from predominantly
ovarian-type structures, following atresia of all oocytes (i.e., individuals showing
even more indirect male development appearing almost as sex reversals). Hardisty
(1965a) observed evidence of this third route of male development in 17% of all
European brook lamprey larvae 51–60 mm TL up to maximum of 21% at 61–70 mm
TL. Initial meiotic activity and oocyte growth were more extensive and synchronous
than in the second category, and oocyte numbers (4–46) were similar to those of
the definitive ovaries. Indirect male differentiation appeared to involve infiltration
of somatic cells and fibrous tissue into a primarily ovarian-type structure, and iso-
lated germ cells sometimes resembling protogonia were seen in the cortical somatic
region immediately below the peritoneal epithelium. Hardisty (1965a) concluded
that the male germ cell line would subsequently be derived from these residual germ
cells. He indicated that the higher oocyte numbers observed in these putative males
likely represented those that would degenerate early in development and the lower
numbers those that would degenerate later. Therefore, there were rarely numerous
large oocytes past the usual point of ovarian differentiation, and the number and
proportion of degenerating oocytes decreased with TL. Further, he noted that even
the apparent reversals were not “sharply marked off” from the two other types, and
he considered these cases extreme examples of delayed differentiation rather than
sex reversal. However, in one severe case, the gonad of an 81-mm larva contained
60–70 oocytes, many of them in an advanced state of degeneration, but the shape of
the gonad lobes and width of the mesogonial area were characteristic of a testis (see
below). Busson-Mabillot (1967) also suggested two pathways for male differenti-
ation in this species, observing that ~20% of all larvae (~40% of males, assuming
a 50:50 sex ratio) developed directly into presumptive testes. She concluded that
the remaining 80% of larvae developed an ovary-like structure and only secondarily
produced presumptive males following oocyte atresia.

Direct and indirect male differentiation appears to occur, to different degrees, in
other lamprey species as well. In Arctic and Far Eastern brook lampreys, Fukayama
and Takahashi (1982, 1983) reported that development of future testes appeared to
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occur through degeneration of cysts and auxocytes in most larvae, particularly in
10–20% of the individuals that exhibited signs of widespread oocyte atresia during
or after the cytoplasmic growth phase. However, in the Arctic lamprey, oocytes in the
presumptive testes were often smaller than those in presumptive ovaries, suggesting
that male development in this species is somewhat less indirect than in European
and Far Eastern brook lampreys. In the short-headed lamprey, Hardisty et al. (1992)
reported that >90% of larval gonads developed some meiotic cells and growing
oocytes in the initial stages of sex differentiation, but extensive atresia of oocytes in
an ovarian-type gonad was evident in only four of 303 larvae examined. Hardisty
(1965b) considered differentiation in sea lamprey to be more direct than in the Euro-
pean brook lamprey, although growing oocytes were observed in 63% of landlocked
sea lamprey larvae measuring 71–80 mm TL. This suggests that oocytes developed
in at least some futuremales, althoughHardisty (1965b) did not observe second stage
oocytes undergoing degeneration. He indicated that the apparent absence of atretic
oocytes was almost certainly due to a lack of histological observations throughout the
entire year, because degeneration in the early meiotic prophase is extensive only in
the spring and late autumn and usually affects all the elements of the cyst. Atresia is
also thought to occur rapidly, so that static observations are less likely to capture this
transitory process. For example, in the fetal and neonatal rat ovary, most degenerat-
ing germ cells were eliminated within 24 h of the onset of degeneration (Beaumont
and Mandl 1962). Extensive atresia has been demonstrated in at least some future
male sea lamprey using a gonadal biopsy technique that showed that presumptive
testes can develop belatedly (i.e., TL > 118 mm) following atresia of both first and
second stage oocytes (Lowartz and Beamish 2000; Beamish and Barker 2002; see
Sect. 1.4.1.4). The pouched lamprey is the only species known to date that may show
only direct male differentiation (Hardisty et al. 1986). Follow-up work is required to
determine if there are distinctly different routes of male differentiation in lampreys
(among and within species), or whether individual variation or observational biases
are at play. Interestingly, almost 100 years ago, Okkelberg (1921) viewed sex dif-
ferentiation in lampreys as consisting of a continuum ranging from pure females to
pure males and including various intersexual forms.

Despite the possible differences seen among species during the early stages of
male differentiation, further development of the presumptive testis appears to bemore
consistent. There is a general decrease in the number of cell nests and the number
of germ cells within each nest, although considerable individual variation is often
observed. In the European brook lamprey, for example, by 70–90 mm TL, a high
proportion of the testes contain only single isolated germ cells or small groups of
germ cells per section (Hardisty 1965a). At this point, there remains little evidence
of previous meiotic stages or growing oocytes, although they are occasionally found
even in large larvae (i.e., at 130 mm TL). Resumption of mitosis can be observed
in some larvae >90 mm (i.e., prior to the onset of metamorphosis), although this
“pro-spermatogonial” proliferation occurs only slowly in the later periods of larval
life. Nevertheless, Hardisty (1965a) noted distinct differences in the size and cyto-
logical characteristics in the germ cells of the pre-metamorphic testis compared to
the undifferentiated deuterogonia of earlier stages, especially the presence of a sin-
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gle nucleolus in the pro-spermatogonia compared with the double nucleolus in the
deuterogonia. He also noted that cytological changes occurring in the presumptive
testis are accompanied by morphological differentiation. A wave of increased activ-
ity in the peritoneal epithelium covering the surface of the testis forms indentations
where the epithelial cells insinuate themselves between the gonia (Hardisty 1965a).
As a result, the larger cell nests are continually broken up into smaller groups or
separate cells, each invested by its own follicle cells.

Interestingly, Hardisty (1965a) observed that these morphological differences in
European brook lamprey, unlike in most other species, often preceded the more
dramatic cytological differences, and he thought that the male character of the gonad
is “betrayed” at an early stage by these features. He suggested that “morphologically
differentiated testes” could often be distinguished from early stage undifferentiated
gonads and differentiating ovaries, even if “female development” was occurring in
the germ cells, by four characteristics: (1) the shape and character of the gonad, where
vertical clefts in the peritoneal epithelium often separate the presumptive testis into
a number of relatively low lobes that have a flattened rectangular appearance rather
than the rounded outline of ovarian lobes; (2) a broader area of attachment between
the presumed testis and the dorsal wall of the body cavity (i.e., a wider mesogonial
stalk) compared to the slender mesogonium of the ovary; (3) more crowded nuclei
in the peritoneal epithelium covering the testis compared to the relatively sparser
epithelial cells on the surface of the ovaries (presumably because the rapid growth of
the oocytes outpaces proliferation of the ovarian epithelium); and (4)more developed
fibrous connective tissue in the testis, particularly in the hilar region where the blood
vessels and nerves enter the gonad (e.g., Fig. 1.7e), although this latter character
tended to be more variable. Hardisty (1965a) suggested that the somatic elements
of the gonad might, in fact, induce male development (e.g., by inhibiting further
meiosis).

In sea lamprey, cysts and auxocytes similarly degenerate in presumptive males, so
that the future testes are often smaller than the undifferentiated gonad. Following ini-
tiation of ovarian differentiation in future females, Hardisty (1965b) considered those
gonads that still possessed a high number of germ cells (316 and 248 at 81–90 mm
and 91–100 mm TL, respectively) to be undifferentiated and those that possessed
much lower numbers (mean of 68 at 91–100 mm) to be presumptive testes. Docker
(1992) counted 3–31 cysts per section and 1–103 cells per cyst in presumptive male
sea lamprey ≥90 mm TL; cyst number was unrelated to TL, but number of cells per
cyst decreased with TL. In the largest male larvae, isolated germ cells were common
amid extensive connective stromal tissue (Fig. 1.8a). Occasional small basophilic
oocytes (~12–14μm) were evident in presumptive males, but the number per section
decreased with TL and diameter did not increase with TL (Docker 1992). Hardisty
(1965b) found that the proportion of presumptive males with oocytes decreased from
88% (with an average of 21 oocytes per section) at 71–90 mm TL to 50% (15 per
section) at 91–100 mm, 28% (7 per section) at 111–130 mm, and 27% (6 per section)
in larvae >130 mmTL. Docker (1992) reported very similar proportions of presump-
tive males with oocytes (48, 27, and 27% at 99–109, 110–129, and ≥130 mm TL,
respectively), but she rarely observed >6 oocytes per section.
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Nevertheless, germ cell number and organization in presumptive male sea lam-
prey were highly variable even after ovarian differentiation appeared complete in
females, and presumptive testes were often indistinguishable from early undifferen-
tiated gonads. The somatic characters that distinguished the early presumptive testes
in European brook lamprey (Hardisty 1965a) appear to be less developed in sea lam-
prey (Hardisty 1965b), and they appear to emerge after (not before) the extensive
germ cell regression and reduction in gonad size. Hardisty (1965b) reported a hint
of bimodality in gonad cross-sectional area by the time sea lamprey larvae reached
71–90 mm TL, but differences between the sexes appeared diagnostic only once
larvae reached ~100 mm TL (see Sect. 1.4.1.2). In large presumptive male larvae
(110–130 mm TL), gonad cross-sectional area was ~0.003–0.08 mm2, once again
approaching the small size of the early undifferentiated gonad.

Slow germ cell proliferation may resume in the latter part of the larval period,
and both the size of the gonad and germ cell count tend to increase slightly in pre-
metamorphic males. For example, Hardisty (1965a) observed a few large male Euro-
pean brook lamprey larvae (141–150 mm TL) showing a noticeable increase in the
cross-sectional area of the gonad (~0.16–0.45mm2),which is almost certainly indica-
tive of a resumption of mitosis prior to metamorphosis. In most lamprey species, a
marked increase in the rate of cell division occurs at the onset of metamorphosis.
Cysts of spermatogonia become evident (Fig. 1.7f), and, as mitotic proliferation of
spermatogonia continues, the entire gonad becomes occupied by closely packed nests
of germs cells. It is at this point that the clefts and lobes described in European brook
lamprey testes become well developed in male sea lamprey (Fig. 1.7g).

Unlike other lampreys, future male pouched lamprey undergo little mitosis in the
initial stages of differentiation (see Sect. 1.4.1.1). As a result, the presumptive testes
retain the low germ cell numbers and morphological appearance of smaller larvae
throughout the larval stage (Hardisty et al. 1986). Unlike the Northern Hemisphere
species, there also is no evidence that mitotic activity in future testes accelerates in
the period preceding or even during metamorphosis. Undifferentiated gonads with
only isolated germ cells were found to persist in a small proportion of large lar-
vae (13 and 3% in the 80–89 and 90–99 mm size classes, respectively). In cystic
gonads, a linear relationship between the number of germ cells and TL indicated a
constant rate of proliferation, and germ cell numbers per cross-section were similar
in metamorphosing and larval males at the same TL. In fact, mean cell counts actu-
ally decreased during metamorphosis, from 132 and 106 germ cells per section in
stages 1–2 and 3–4 of metamorphosis, respectively, to 72 per section in stages 5 and
above (Hardisty et al. 1986; see Manzon et al. 2015 re: stages of metamorphosis). In
downstream-migrating pouched lamprey, 40–60 gonial cells were found per section,
and there was still no evidence of mitosis (Potter and Robinson 1991). It appears that,
in this species, spermatogonial proliferation is not initiated until the marine feeding
phase (see Sect. 1.5.2).

In the short-headed lamprey, the future testis is even less well developed at down-
stream migration (Hughes and Potter 1969; Hardisty et al. 1992). During the larval
stage, presumptive testes remain small and difficult or impossible to distinguish
from earlier undifferentiated stages (Hardisty et al. 1992). These authors found that
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germ cell proliferation resumed at metamorphosis, but, even then, the future testes
averaged only 38–73 μm in diameter during stages 1–3 of metamorphosis (area
~0.004–0.005 mm2). There were generally only a few sporadic gonia located in the
cortical zone of the rounded, oval, or fusiform gonad (Hardisty et al. 1992). Even in
late metamorphosing stages and young adults, gonad diameter in presumptive males
measured only 38–83 μm. A few individuals had gonads measuring up to 181 μm
in diameter (~0.03 mm2), but there was no correlation between gonad size and germ
cell number; the two largest gonads had only 8 and 9 germ cells per section and were
almost entirely composed of connective tissue.

1.4.1.4 Atypical or Intersex Gonads and Sex Reversal

The gonad in larval lampreys is frequently referred to as being hermaphroditic (e.g.,
Okkelberg 1921; Lewis andMcMillan 1965) or intersexual (Hardisty 1971; Hardisty
et al. 1992), because, in most species, some or all future males appear to pass
through an initial but brief “female” stage as part of normal male development. Even
more dramatically, a small proportion of presumptive male testes may differentiate
from an ovarian-like structure following atresia of the entire stock of oocytes (see
Sect. 1.4.1.3). In general, however, it has typically been thought that sex is definitive
in most individuals once ovarian differentiation is complete (e.g., Hardisty 1965a).
In this section, we review more recent reports suggesting that intersexual or highly
atypical gonads can persist far beyond the length at which ovarian differentiation
is normally complete (e.g., Barker and Beamish 2000) and, even more surprisingly,
that complete sex reversal is possible after primary sex differentiation (e.g., Lowartz
and Beamish 2000). However, because testicular differentiation (i.e., development
of spermatogonia) does not occur until the onset of metamorphosis, it is important to
note that intersex larvae do not possess the sex cells of both males and females. Inter-
sex (or “atypical”) gonads in larval lampreys refer to those where the morphological
characteristics of the gonad (e.g., area, shape) are intermediate between females and
presumptive males or where the morphological characters do not match the cytolog-
ical characters (e.g., type, number, or size of the germ cells). True intersex gonads
(i.e., in post-metamorphic lampreys) have been reported (Beard 1893; Okkelberg
1921; Hardisty 1965a; Clemens et al. 2012), but they are much rarer.

Atypical or intersexual gonads have been reported in a number of sea lamprey
larvae from several rivers tributary to the Great Lakes (Wicks et al. 1998a, b; Barker
and Beamish 2000) and in anadromous sea lamprey larvae collected from the Petit-
codiac River in New Brunswick (Barker and Beamish 2000). In sea lamprey from
12 streams in the Great Lakes basin, Wicks et al. (1998a) found that sex could
be identified in at least some individuals measuring 90–100 mm TL, but 8–100%
of larvae measuring 90–160 mm TL were categorized as intersexes. Growth rates
varied among streams, but, overall, 2- and 3-year-old larvae were estimated to be
54–93 and 72–128 mm TL, respectively, when aged using statoliths, or 58–109 and
86–163 mm TL, respectively, when larval age was estimated using length-frequency
histograms. Wicks et al. (1998a) observed that the proportion of intersex larvae in a
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population increased with larval growth rate, and they suggested that, as a response
to TFM treatments, sea lamprey may allocate a disproportionate amount of energy
to somatic growth (at the expense of gonadal development) in order to shorten the
larval period. In these situations, gonadal development would presumably resume
followingmetamorphosis. Wicks et al. (1998b) conducted more detailed histological
analysis on larvae from three Great Lakes streams. Using larvae from one stream,
they first established statistical tolerance limits for various morphological criteria
(gonad perimeter, which indicates the degree to which the margin is either smooth
or crenulated, and cross-sectional area) and cytological criteria (germ cell number,
oocyte number, and oocyte diameter) for typical male and female larvae from four
size classes (90–105, 106–120, 121–135, and >136 mm TL). Atypical gonads were
then identified as those where one or more characteristic fell outside these tolerance
limits or where some gonadal characteristics fell within male tolerance limits and
some fell within the typical female range. Atypical larvae comprised 52 and 33%
of the larvae in Cobourg Brook and Farewell Creek (Lake Ontario), respectively,
in collections from May, June, and September, and they made up 80% of the lar-
vae collected from Little Gravel River (Lake Superior) in July. Atypical larvae were
atypical in different ways, but such gonads usually included a high number of undif-
ferentiated germ cells (4–1,372 per section versus 4–598 in typical males and 0–159
in typical females), 0–167 oocytes per section measuring 16–79 μm in diameter (vs.
0–8 oocytes measuring 13–22μm in males and 75–90 oocytes measuring 46–77μm
in females), and up to 84 atretic oocytes per section (when none were evident in
typical males or females).

This same pattern of atypical gonads was found in other Great Lakes tributaries
by Barker et al. (1998): 9–82% of the gonads of sea lamprey larvae >90 mmTLwere
deemed atypical, and these authors suggested that there might be annual variation
in the proportion of atypical larvae. In Gordon’s Creek (Lake Huron), 82% of the
gonads appeared atypical in June 1995, but only 14% of the gonads were atypical in
October 1996. However, these differences could also represent seasonal differences:
43% of the larvae collected in June 1995 from Cobourg Brook (Lake Ontario) had
atypical ovaries, but only 9 and 19% of those collected in September 1995 from
Cannon Creek (Lake Huron) and Lynde Creek (Lake Ontario), respectively, had
atypical gonads. It could be that more gonads appear atypical in the spring as the
result of intense mitotic or meiotic activity, and that these processes then “settle
down” or are followed by rapid atresia in late summer and early fall. However, vir-
tually all other studies examining lamprey gonadal histology include larvae sampled
in the spring and summer without reporting a large proportion of atypical larvae.
Hardisty (1965b, 1971), for example, did not observe first-stage oocytes in female
sea lamprey larvae after the larvae reached 90–100 mm TL, regardless of season (see
Sect. 1.4.1.2). As was observed by Wicks et al. (1998b), however, atypical larvae
were atypical in different ways, and Barker et al. (1998) classified them into four
categories based on morphological and cytological characteristics. Typical ovaries
(in larvae 115–165 mm TL) were horseshoe-shaped, with prominent lobes, no atre-
sia, and second-stage oocytes (56–88 μm in diameter) arranged in pairs. In contrast,
category 1 atypical gonads (120–129 mm) were small, angular in shape and without



1 The Lamprey Gonad 79

lobes, and they possessed only first-stage oocytes (15–18 μm) around the gonad’s
perimeter with no evidence of atresia. Category 2 atypical gonads (116–137 mm
TL) were horseshoe-shaped and without lobes, and they had second-stage oocytes
(33–46 μm) scattered individually throughout the gonad, many germ cell clusters,
and 2,000–10,000 atretic oocytes. Category 3 gonads (122–146 mm TL) were also
horseshoe-shaped but with lobes, no atresia, excess stromal tissue, and only a few
oocytes (52–58 μm diameter) in some lobes. Category 4 gonads (119–141 mm TL)
were also horseshoe-shaped with lobes, but with many germ cell clusters, first- and
second-stage oocytes (39–56 μm), and 5,000–40,000 atretic oocytes. Oocyte diam-
eter and ovarian cross-sectional area in typical female larvae increased with TL (see
Sect. 1.4.1.2), but neither feature was correlated with TL in atypical larvae. The
estimated potential fecundity of atypical gonad categories 2 and 4 was well above
those for typical gonads, but this was predominantly the result of large numbers of
undifferentiated germ cells in these gonads (up to 5.3 and 4.1 million in category 2
and 4, respectively). In contrast, the total number of oocytes and the total number of
undifferentiated germ cells in typical gonads was 19,000–65,000 and 500–80,000,
respectively (see Sect. 1.6.2). Potential fecundity for atypical gonad types 1 and 3was
consistent with those for typical gonads, but these values likewise included undiffer-
entiated germ cells and small oocytes. Wicks et al. (1998a) suggested that atypical
gonads observed in Great Lakes sea lamprey >90 mm TL may result from a slow-
ing of gonadogenesis as a result of selection for rapid somatic growth. Histological
observations made in the early years of sea lamprey control may not have detected
this phenomenon. Wicks et al. (1998b) and Barker et al. (1998) further suggested
that the unusually high number of undifferentiated germ cells per section in these
Great Lakes sea lamprey may extend the period of sex differentiation, during which
time the gonad may remain labile and be susceptible to influence from abiotic or
biotic factors (see Sect. 1.3.2.2). Alternatively, the atypical gonads may represent a
transition in sex, perhaps induced by cyclic changes in larval density or growth rate
resulting from periodic TFM treatments (Wicks et al. 1998b).

However, atypical gonads were also common in larvae from the anadromous
sea lamprey population examined by Barker and Beamish (2000), indicating that
their occurrence is not related to chemical treatment of streams or a population
response to TFM treatment (see Sect. 1.2.6). Atypical gonads were reported in sea
lamprey larvae collected from the Petitcodiac River in New Brunswick at the end of
June (120–140 mm TL), and they were histologically similar to those collected from
Brown’s Creek (Lake Huron) inMay (100–140mmTL). Althoughmany larvae from
both the anadromous and Great Lakes populations could be easily distinguished as
male or female (see Sect. 1.4.1.5), gonads were atypical in 49 and 56% of the larvae,
respectively. As observed previously (see above), the atypical gonads were charac-
terized by intermediate or inconsistent morphological characters, an unusually high
number of undifferentiated germ cells (0–703 and 0–988 per section in anadromous
and landlocked sea lamprey, respectively), a variable number of oocytes (0–222 and
0–197 per section), oocytes of variable sizes (0–49 μm and 11–92 μm in diame-
ter), and often the occurrence of atretic oocytes (0–40 and 0–35, respectively) where
none were found in typical males or females. The reason why such a high propor-
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tion of atypical sea lamprey larval gonads were observed in these studies but not
previously—from both Great Lakes and anadromous populations—remains elusive.

An in vivo biopsy technique developed by Lowartz et al. (1999) and Lowartz
and Beamish (2000) permitted a non-lethal means of examining lamprey gonadal
histology in a single individual over time, allowing these researchers to learn the fate
(at least during the larval stage) of atypical gonads. Results indicated that atypical
gonads often developed into typical males (albeit at a larger size than is usually
associated with sexual differentiation), but a few cases of full sex reversal (i.e., from
a typical female to a typical male) were also observed. Gonads from sea lamprey
larvae (TL >118 mm) collected from a tributary to Lake Huron in May and June
were biopsied, and larvae were then reared for another 1, 2, 4, 8, 16, and 52 weeks,
at which point they were sacrificed for histological analysis. Because the biopsied
tissues were inconsistent in size and orientation (i.e., full gonadal cross sections
could not be taken), the criteria previously developed for typical males and females
and atypical gonads (Wicks et al. 1998b) were modified. Tolerance limits for typical
males and females in two size categories (121–135 mm and >136 mm TL) were
based on the number of oocytes and undifferentiated germ cells per unit area and
oocyte diameter.

At the time of biopsy, 17% of the 87 examined larvae possessed atypical gonads
that were divided into two basic types (Lowartz and Beamish 2000): 33%were type I
atypical gonads showing asynchronous oocyte development (i.e., with both first- and
second-stage oocytes averaging 20.4 and 40.8μm, respectively; Fig. 1.10a), and 67%
were type II atypical gonads that, despite the large size of the larvae, resembled an
indifferent gonad with both undifferentiated germ cells and predominantly first-stage
oocytes, although second-stage oocytes were occasionally present (overall mean
diameter 16.4μm). The exciting aspect of this study was the ability to follow the fate
of these atypical gonads over the next 1–52 weeks. Gonadal composition remained
relatively stable over the first 4 weeks, but significant changes were observed by
week 8. Of the 15 initially atypical gonads, only one remained atypical or indifferent
after week 8. One of the type I atypical gonads (from a larva 128 mm TL at biopsy)
developed into a presumptive testis by 8weeks, but the remaining four becameovaries
with atretic oocytes by week 52 (Fig. 1.10a). Of the 10 type II atypical gonads, two
remained indifferent (at 1 and 52 weeks), one developed into an ovary with atretic
oocytes, and seven became presumptive testes after 8 or 52 weeks. This observation
is consistent with delayed sex differentiation (through delayed atresia of first-stage
oocytes) in these individuals (e.g., Wicks et al. 1998b; see above).

Nevertheless, it appeared that gonadal differentiation was not delayed or atypical
in all individuals because, at the time of the biopsy, 63% of individuals had typical
ovarian tissue and 20% had gonads resembling typical presumptive testes (Lowartz
and Beamish 2000). However, over time, the proportion of typical ovaries declined,
and the proportion of presumptive testes increased due to oocyte atresia in 16 pre-
viously typical ovaries, development of presumptive testes from atypical gonads
in eight individuals (see above), and complete sex reversal in three typical ovaries
(Fig. 1.10b). These observations thus provide experimental support for previous sug-
gestions by Hardisty (1971) and Fukayama and Takahashi (1982, 1983). Based on
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interpretation of the histological appearance of the gonads at one point in time, these
authors suggested that presumptive testes can develop through atresia of an ovary’s
entire oocyte stock even after ovarian differentiation appears to be complete. The
biopsy results also provide insights into how quickly such transitions can occur. The
only change noted in typical ovaries during the first 4 weeks was very modest atresia
(of ≤7% of the total oocyte stock) in three individuals. By week 8, four of six typ-
ical ovaries showed oocytes undergoing more significant atresia: on average, 41%
of oocytes were atretic, and the number of oocytes per unit area had decreased. By
week 16, remarkable changes to gross gonadal morphology were observed in three
of the five previously typical ovaries: 18% of the oocytes of one female were atretic,
and complete sex reversal was seen in the other two females. These sex-reversed
individuals showed 100% oocyte atresia and occurrence of undifferentiated germ
cells, but the finger-like lobes characteristic of ovaries were retained. By week 52,
complete sex reversal from a typical ovary had been demonstrated in a third individ-
ual (Fig. 1.10b), and nine other ovaries (of the initial 22) displayed oocyte atresia.
Nevertheless, Lowartz and Beamish (2000) did not observe any sex reversals from
presumptive testes to ovaries, suggesting that ovarian development is precluded once
oocytes fail to develop or are entirely lost to atresia. In the female-to-male sex rever-
sals, germ cellswould occasionally appear in gonadswhich previously exhibited only
oocytes. In these cases, it is likely that a few germ cells were initially present but
not included in the biopsied tissue, because there is no evidence that oocytes would
“revert” to undifferentiated germ cells. These transitions were considered female-to-
male sex reversals (as opposed to transition of the ovary to a sterile gonad), because
it was assumed that the remaining few undifferentiated germ cells would undergo
mitotic proliferation at the onset of metamorphosis (see Sect. 1.4.1.3). By the end of
the study, typical ovaries and presumptive testes made up 46 and 23% of all individ-
uals, respectively, with ovaries with atretic oocytes and atypical gonads making up
the remaining 29 and 3%, respectively (Lowartz and Beamish 2000). If individuals
in the latter two categories became presumptive males, the sex ratio would be 54%
male, which is very much in line with the adult sex ratio observed in Lake Huron
and the other Great Lakes since the mid-1990s (Fig. 1.2). However, the ultimate fate
of the atretic ovaries and atypical gonads is unknown.

The Lowartz and Beamish (2000) study was groundbreaking in demonstrating
that sex differentiation in a substantial proportion of sea lamprey larvae is labile for
most or all of the larval stage and that primary sex differentiation is not definitive
in all lampreys. However, Lowartz and Beamish (2000) expressed some concern
that manipulation of the gonad during surgery could have been responsible for the
observed oocyte atresia and sex reversal, because mechanical manipulation of the
ovary of Siamese fighting fish Betta splendens resulted in the generation of testicular
tissue (Becker et al. 1975). In the Becker et al. (1975) study, however, the ovary
was removed, squashed, and replaced into the abdominal cavity. In comparison, the
method employed by Lowartz and Beamish (2000) seemed far less invasive, and
development proceeded normally in many of the ovaries (e.g., oocytes continued to
increase in diameter at rates seen inwild populations; see Sect. 1.4.1.2). Nevertheless,
the concern was addressed in a follow-up study by Beamish and Barker (2002).
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This latter study included a sham control (i.e., where the larvae underwent the same
operation as the biopsy group but without the removal of gonad tissue). Furthermore,
in the biopsy group, only ~3%of the total gonad lengthwas removed and it was gently
dissected from the dorsal wall of the coelom. At the time of sacrifice, cross-sections
for histological examination were taken from three regions along the length of the
ovary to ensure that any observed changes were not confined just to the biopsy area.
Another important advance in the study by Beamish and Barker (2002) was the
inclusion of metamorphosing sea lamprey (in addition to larvae 92–156 mm TL). At
the time of sacrifice 32–49 weeks later, gonad cytology did not differ between the
three regions examined and sex ratios did not differ significantly among the three
groups (e.g., atypical gonads were found in 3, 11, and 4% of individuals subjected to
the biopsy, sham, and control treatments, respectively), suggesting that biopsy and
surgery did not affect subsequent development. Nevertheless, significant changes in
gonadal morphology and composition were still observed in 27% of the 30 biopsied
individuals: two atypical ones became presumptive males; one female experienced
extensive oocyte atresia; four females reversed to males; and one male reversed to
female. This is the first (and, to date, only) report of male-to-female reversal. In
contrast to the larvae, all metamorphosing and juvenile lamprey examined at both
the beginning and end of the study were classified as typical males or females, and
none underwent sex reversal. Significant increases in cross-sectional area of the testes
and ovaries during and after metamorphosis suggested normal testicular and ovarian
growth despite surgery. Therefore, lability of the sea lamprey gonad may extend in at
least some individuals until the end of the larval stage, but sex differentiation appears
to be complete and fixed by the time metamorphosis has begun. Retention of even
small numbers of undifferentiated germ cells may permit sex reversal, but sex is
no longer labile once undifferentiated germ cells begin spermatogonial proliferation
(see Sect. 1.4.1.3).

There are a few reports of intersexuality in post-metamorphic lampreys (e.g.,
Beard 1893; Okkelberg 1921). In addition, Holčík and Delić (2000) mention two
Ukrainian brook lamprey Eudontomyzon mariae that appear to be hermaphrodites,
but it seems that this conclusion was based on the presence of intermediate sec-
ondary sex characteristics rather than internal examination. More recently, Clemens
et al. (2012) described the simultaneous presence of both oocytes and spermatogo-
nia or spermatocytes in adult Pacific lamprey. During their 2007 and 2008 sampling
seasons, Clemens et al. (2012) classified two of the 427 Pacific lamprey that were
sampled during their upstream migration in the Willamette River in Oregon as male
intersexes. Their gonads resembled normal testes macroscopically, but histological
examination of a biopsy sample showed the presence of a small number of dis-
tinct oocytes. One individual collected from Willamette Falls in August possessed
only pre-vitellogenic oocytes (~20–30 μm diameter) interspersed throughout the
spermatogonia-filled testis (see Sect. 1.5.2). In the second individual collected in
September, at least six mid-vitellogenic oocytes (~600 μm diameter) were evident,
and they were separate from the testicular tissue which contained both spermato-
gonia and early stage spermatocytes (Fig. 1.10c). Clemens et al. (2012) concluded
that these two males would be unlikely to self-fertilize or spawn viable eggs, but it
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is unknown if they would be able to produce viable sperm at maturity (~10 months
hence). Intersexuality in post-metamorphic lampreys is thought to be rare. However,
because detection of the two intersexes by Clemens et al. (2012) required histological
examination, it is possible that a “touch of intersexuality” in adult lampreys is more
common than currently thought.

1.4.1.5 Sex Identification in Larval Lampreys

Asdetailed above, the age and size atwhich larval lampreys can be “sexed” (i.e., when
females can be reliably identified) will depend on the species, and, to some extent,
on the population or individual (Table 1.8). Because male lampreys remain undif-
ferentiated throughout the larval stage, they are generally identified as presumptive
males when they are not yet female at the point when female differentiation should
be complete (i.e., males are inferred by default). However, it should be noted that sex
reversal has been suggested (Fukayama and Takahashi 1983) or reported (Lowartz
and Beamish 2000) in some individuals even after the point at which ovarian differ-
entiation has occurred (see Sect. 1.4.1.4).

In brief, non-parasitic species can generally be sexed histologically following the
summer of their first full year of larval life (i.e., in age class I or at ~14–16 months
of age) or at ~50–70 mm TL (Table 1.8). After this point, females should be clearly
identifiable when distinct oocytes (diameter >40 μm) make up most or all of the
germ cells (numbering ~15–35 in cross-section; Fig. 1.7b). Presumptive males are
identified by the absence of these features; the future testis remains small and still
retains undifferentiated germ cells (Fig. 1.7e).

Parasitic species generally cannot be sexed until they are at least 2 years old, but
the age and size at which individual species can be sexed is more variable than in
brook lampreys. In Northern Hemisphere species, ovarian differentiation is typically
complete at smaller sizes and younger ages in lampreys with smaller adults (e.g.,
chestnut and European river lampreys; Fig. 1.7c) and at progressively larger sizes
and older ages in large-bodied species (Table 1.8). Landlocked sea lamprey can
generally be sexed histologically by 90–100 mm TL (Fig. 1.8a), but anadromous
sea lamprey usually cannot be sexed until they are 120–130 mm TL. At these sizes,
females should be clearly identifiable by their large ovary, consisting of finger-like
lobes containing a large number (~25–200+) of large (diameter >40 μm) oocytes.
In contrast, males are identified by the absence of these features, even if a few small
oocytes persist (Fig. 1.8a). For example, the gonad of presumptive male sea lamprey
is much smaller in cross-sectional area than the developing ovary. It generally has
a smooth or shallowly cleft, angular shape and is comprised of stromal tissue and
undifferentiated germ cells occurring either singly or clustered in cell nests. If oocytes
are present, they are generally few (≤6 per section) and small (<20μm;Docker 1992;
Wicks et al. 1998a).

However, given apparent variability even within species, the appropriate “cut-off”
point (i.e., the size at which female differentiation is deemed complete and presum-
ably irreversible) should be verified for each population. If individuals are sexed
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prior to completion of ovarian differentiation, they may be erroneously called male
when they are not yet obviously female, or, conversely, they may be prematurely
diagnosed as female if the oocytes have yet to undergo atresia. In European brook
lamprey, for example, Hardisty (1965a) reported an excess of females (35% male)
at 41–60 mm TL, but sex ratios approached parity when individuals were sexed
at 61–80 mm (45% male) and 81–100 mm (48% male). Alternatively, individuals
with delayed differentiation may appear atypical or intersexual. In fast-growing sea
lamprey populations, for example, ovarian differentiation may not be complete until
individuals are well past 90–100 mm (Wicks et al. 1998a). In contrast, ovarian differ-
entiation might be complete at 70–80 mm TL in slow-growing individuals (Docker
1992; see Sect. 1.4.1.2).

In addition to using histological examination, large larval lampreys can often be
sexed under a dissecting microscope, because, near the end of the larval stage, there
is a considerable difference in the size, shape, and texture of the ovary compared to
the testis (Fig. 1.8b). Differences in the size and composition of the ovary and testis
also allow for live larvae to be sexed using acoustic microscopy. Conventional low-
frequency ultrasound (3.5–15MHz) has long been used to non-lethally determine sex
and stage of maturity in adult fishes (e.g., Martin et al. 1983; Colombo et al. 2004),
but the high-resolution ultrasound technique developed by Maeva et al. (2004) was
sufficiently sensitive to determine sex in live larval lampreys >110 mm TL. By using
a focusing lens to concentrate high-frequency ultrasound (15–100 MHz), female
sea lamprey larvae could be identified in ~30 s per animal by the presence of a
relatively large (1–1.5 mm diameter) ovary which was considerably less reflective
to the acoustic signals than the surrounding kidney tissue (Fig. 1.8c). Males could
sometimes be recognized by the appearance of a small (0.2–0.3 mm) testis with
slightly stronger reflective properties than the kidney, and they could always be
identified by the absence of an ovary. The only other non-lethal method currently
known for identifying sex in larval lampreys is the gonadal biopsy method developed
by Lowartz and Beamish (2000). Non-lethal sexing techniques are important for
studies that need to monitor the gonad over time (e.g., for evidence of sex reversal;
Lowartz and Beamish 2000; see Sect. 1.4.1.4) or that require live larvae of known
sex for subsequent studies (e.g., to examine sex-specific differences in mortality
or sex-specific differences in endocrine profiles or gene expression patterns; see
Sect. 1.4.2.2).

1.4.1.6 Effect of Hormone Treatments on Sex Differentiation

Hormonal sex control is themanipulation of an individual’s gonadal sex by the admin-
istration of hormones (e.g., androgens or estrogens) before or during sex differenti-
ation. In this manner, sex differentiation has been partially or completely redirected
(i.e., where the inherent sex differentiation process is overridden so that the gonads
develop as testes or ovaries regardless of genetic sex) in a number of teleost fishes
(e.g., Donaldson andHunter 1982; Yamazaki 1983; Piferrer 2001). Both 100%males
and 100% females have been produced, and several studies have shown hormonal
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sex reversal to be both permanent and functional (Hunter et al. 1982). The relative
ease with which gonadal steroids control sex in previously undifferentiated embryos
led Yamamoto (1969) to conclude that androgens and estrogens were the respective
male and female sex inducers in fishes. However, there is debate whether steroido-
genesis precedes (e.g., Feist et al. 1990) or follows (e.g., van den Hurk et al. 1982;
Rothbard et al. 1987) gonadal differentiation, and whether the high doses sometimes
used are within the physiological capabilities of the animal. Nevertheless, the ease
with which hormonal sex control can be achieved in fishes is thought to indicate
labile sex determination (i.e., that sex differentiation can be influenced by environ-
mental factors even in species with a genetic component to sex determination; see
Sect. 1.3.1).

Despite the apparent lability of the larval lamprey gonad (see Sect. 1.4.1.4), hor-
monal sex control in lampreys has been unsuccessful to date. Knowles (1939) found
that the gonads of larval European river lamprey were not noticeably affected by
injections of the androgen testosterone (T) propionate or the estrogen estrone (see
Sect. 1.7.2). Likewise, sex reversal was not achieved in previously undifferentiated
European brook lamprey larvae immersed in T propionate or estradiol (E2) benzoate
for 6 months (Hardisty and Taylor 1965). However, in the latter study, more larvae
immersed in T propionate contained cysts of undifferentiated germ cells relative to
the controls, and fewer larvae possessed oocytes. Nevertheless, because T propionate
impaired growth, treated larvae were also smaller than the control larvae, and it is
possible that presumptive females simply had not yet completed ovarian differen-
tiation (Hardisty and Taylor 1965). Immersion in E2 benzoate caused an apparent
degeneration of oocytes, rather than the expected feminization. In this case, how-
ever, the treated larvae were larger than the controls. It is possible that degeneration
of oocytes occurred as part of the normal progression toward testicular differentia-
tion in future males (Hardisty and Taylor 1965; see Sect. 1.4.1.3) or represented a
paradoxical or pharmacological effect (see below).

Similar results have been observed in sea lamprey: gonadal steroidswere shown to
be generally ineffective in altering larval sex ratios, but they often produced gonadal
abnormalities (Docker 1992). However, the precise results differed depending on the
initial size of the larvae. Larvaewere divided into three size classes that reflected their
presumed stage of gonadal development at the onset of treatment: 1) undifferenti-
ated (i.e., initial TL <60 mm); 2) in the process of ovarian differentiation (60–89 mm
TL); and 3) following completion of ovarian differentiation (≥90 mm TL). Larvae
were immersed twice weekly in T, E2, and 17α-methyltestosterone (MT) at con-
centrations of 0.01, 0.1, or 1.0 mg/L for 21 weeks, and they were then maintained
without further treatment for another 25 months until most were large enough for
identification of sex. Gonads of the initially undifferentiated larvae (<60 mm TL)
were the least affected, which is counter to the assumption that they would be the
most susceptible to hormonal influence. Sex ratios were not significantly different
from the controls, and few histological differences were noted. Intersex gonads (see
Sect. 1.4.1.4) were observed in 13 and 27% of the larvae treated with the lowest
doses of MT and T, respectively, and in 11 and 17% of the larvae treated with the two
higher doses of E2, but as many as 12% of the control larvae were also intersexual.
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However, growth was significantly impaired in the T-treated larvae, and virtually
all small larvae died at the medium and high MT doses. Hormone treatments also
failed to alter sex ratios in larvae that were in the process of ovarian differentiation
(60–89 mm TL), but these treatments often resulted in histological abnormalities
that were suggestive of incomplete sex reversal. For example, E2 treatment appeared
to cause slight “feminization” of males; relative to the controls, presumptive testes
showed increased cross-sectional area and finger-like lobes (i.e., showing superfi-
cial morphological resemblance to ovaries), but with an increase in the amount of
stromal tissue rather than in the number or size of oocytes (i.e., without correspond-
ing cytological changes). Following treatment with T, females had more and larger
well-defined cysts than control females, and intersexes were observed with larger
gonads and larger oocytes than comparable control larvae. Docker (1992) suggested
that these individuals might represent incompletely masculinized females. A sig-
nificant effect on sex ratio was observed only in larvae that were ≥90 mm TL at
the initiation of treatment, but the gonads were often abnormal in appearance. The
medium dose of E2 and the lower two doses of MT produced more females than
were evident in the control tanks, but individuals mostly showed evidence of inhibi-
tion of germ cell growth rather than masculinization or feminization per se, and the
survival rate of MT-treated larvae was low. In females treated with T after comple-
tion of ovarian differentiation, there was a decrease in the size and abundance of the
remaining cysts of undifferentiated germ cells and an increase in oocyte diameter
and ovarian cross-sectional area. Paradoxical feminization following treatment with
androgens has been reported in other fishes (e.g., Hackmann and Reinboth 1974;
Goudie et al. 1983; Davis et al. 1990) and may be the result of aromatization of T
andMT to compounds with estrogenic properties (Davis et al. 1990; see Sect. 1.7.1).
Most notable was the drastic reduction in oocyte number and size in large females
treated with E2, often producing near-sterile gonads (Fig. 1.10d). Oocyte inhibition
in already-differentiated females suggests a pharmacological effect caused by direct
toxic action on the gonad (Tsuneki 1976) or by inhibition of pituitary gonadotropin
secretion (Gorbman 1983), although it should be noted that the inhibitory effects
were least pronounced at the highest E2 dose (Docker 1992).

The lack of success to date in producing normal sex-reversed lampreys does not
necessarily mean that hormonal sex control is not possible in lampreys. Successful
hormonal sex control in different teleost fish species is the result of considerable
experimentation to refine treatment protocols (e.g., Donaldson and Hunter 1982;
Hunter et al. 1982; Yamazaki 1983; Piferrer 2001). Developing the right protocols
for lampreys is complicated by our current lack of understanding of the extent to
which lamprey gonads can be “atypical” even without treatment with exogenous
hormones (see Sect. 1.4.1.3), uncertainties regarding the physiologically relevant sex
steroids in lampreys (see Sect. 1.7.2), the extraordinarily long period during which
the gonad remains indifferent, and a clear understanding of the “window of lability.”
So far, the effect of hormone treatments has been evaluated only by comparing the
sex ratio and gonadal histology of treated and control lamprey larvae. This allows us
to only infer the changes that were produced in the treated individuals. Therefore, one
improvement would be to use the gonadal biopsy method developed by Lowartz and
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Beamish (2000) so that “before and after” comparisons of each individual could be
made, and individuals could potentially be followed over time. This method would
allow researchers to better determine if atypical gonads (e.g., with the cytological
features of one sex and the morphological features of the other sex) had been typical
prior to treatment, suggesting that treatment caused partial sex reversal, and to detect
complete sex reversal in a small number of individuals. Identification of the “true”
sex steroids is not necessary for successful sex control, and synthetic hormones are
often effective (e.g., Piferrer 2001). Nevertheless, some steroids are not as effective as
others, and somemay produce toxicological rather than physiological effects (Hunter
et al. 1983; Piferrer 2001). Considerable trial and error is also required to determine
appropriate doses (e.g., Yamazaki 1983; Piferrer 2001).

With respect to determining the window of lability, fishes are generally suscepti-
ble to exogenous hormones prior to phenotypic sex differentiation (Yamazaki 1983).
In most teleost fishes, this generally occurs within a few weeks to months of hatch-
ing, and testicular and ovarian differentiation occur at the same time or very close
together (Patiño and Takashima 1995; Wang et al. 2007; Sandra and Norma 2010).
In lampreys, however, the differentiation process is delayed, prolonged, and asyn-
chronous in males and females (see Sects. 1.4.1.2 and 1.4.1.3), and we do not know
if the lamprey gonad is open to exogenous influence as long as undifferentiated germ
cells persist (see Sect. 1.4.1.4), or whether sex-specific differences not yet visible by
light microscopy are established even prior to initiation of ovarian differentiation. An
apparent lack of histological differentiation does not necessarily indicate that the ger-
minal and somatic elements are not differentiated at a molecular level (Hardisty et al.
1992). In the Docker (1992) study where observed histological changes suggested
incomplete sex reversal, hormone treatments may have been initiated too late or ter-
minated too soon. In the larvae that were presumed to be initially undifferentiated,
average TLwas still only 66mm by the time hormone treatments ceased; ovarian dif-
ferentiation would not have been complete yet. Hormone treatment during only the
early stages of sex differentiation might have resulted in transitory changes that were
completely or partially reversed by the time of histological examination. Although
successful sex control has been achieved in coho salmon by a single 2-h treatment
(Piferrer and Donaldson 1989), the timing is critical, and treatments of insufficient
duration either have little or no effect on sex differentiation (e.g., Hackmann and
Reinboth 1974; Takahashi 1975) or produce intersexual or sterile fish (e.g., Boney
et al. 1984; Komen et al. 1989). However, longer treatments are not necessarily more
effective, because they can also result in intersexuality and sterility, impaired growth,
or high mortality (e.g., Hunter et al. 1983; Sower et al. 1984).

In lampreys, hormonal treatment throughout the entire undifferentiated stage does
not guarantee success. In an unpublished study by L. H. Hanson at theHammondBay
Biological Station in Michigan (cited in Docker 1992), several hundred sea lamprey
larvae were immersed twice-weekly in estrone, E2, diethylstilbestrol, progesterone,
or methyltestosterone for 3–5 years following hatch. Gonadal differentiation was
complete prior to cessation of treatment, and the lampreys were sexed as large larvae
(≥120 mm TL) or during metamorphosis. Mortality was high throughout the study,
and all the treated larvae exhibited very thin gonads classified either as aberrant
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testes or sterile gonads. However, 80% of the surviving control larvae were also
male or sterile, and the cause of such abnormalities in untreated larvae is unknown
(see Sect. 1.4.1.4).

Hormonal sex control in other fishes has had a profound impact on aquaculture.
For example, producingmonosex stocks (e.g., favoring the sex that shows the greatest
growth) can have significant economic advantages (Solar et al. 1991; Piferrer 2001).
It can also have important applications for the control of invasive fish species (e.g.,
Gutierrez and Teem 2006; Thresher et al. 2014). For example, sex-ratio distortion
systems that induce an extreme male bias can be particularly effective for the control
of pest species (Senior et al. 2015). Extrememale bias can be achieved using “Trojan
sex chromosomes” in species with predominantly genetic, but hormonally reversible,
sex determination (Gutierrez and Teem 2006; Thresher et al. 2014). In fish species
with anXYsex-determining system, viable females carrying twoYchromosomes can
be created over two generations using estrogen treatments during early development,
and then they can be released into the wild population. Mating of these YY females
with normalXYmales produces onlymales (XYandYY), and themale bias increases
in subsequent generations. Therefore, fewer individuals need to be released compared
to the sterile-male-release technique (see Chap. 6), because the effects of this method
extend beyond the life of the released individuals (Cotton andWedekind 2007; Schill
et al. 2016). A similar sex-ratio distortion approach could be an effective and highly
species-specific alternative to lampricides (Thresher et al. 2019), but considerably
moreworkwould be required to develop such a system in lampreys (see Sect. 1.3.2.1).
Nevertheless, the Trojan Y approach could represent a “friendlier” alternative to
sex-ratio distortion gene drives, because it does not require the release of genetically
modified organisms into the environment (Senior et al. 2015). The consequences
of YY female additions are non-permanent (as long as XX females still exist), so
undesirable effects can be reversed by cessation of YY input (Cotton and Wedekind
2007).

1.4.2 Genes Involved in Sex Differentiation

Although sex-determining genes are highly variable in reptiles and non-amniotes
(see Sect. 1.3.1), many of the genes involved in the sex differentiation process tend
to be conserved among vertebrates (Piferrer and Guiguen 2008; Sandra and Norma
2010; Siegfried 2010; Piferrer et al. 2012; Cutting et al. 2013; Forconi et al. 2013).
Many studies have examined whether genes known to be involved in mammalian sex
differentiation are expressed during gonadal differentiation in model and commer-
cially valuable fish species (see Piferrer et al. 2012). Although such a candidate gene
approach has been less useful for identifying the sex-determining genes in fishes,
often doing little more than ruling out “the usual suspects” (see Sects. 1.3.1.1 and
1.3.2.1), this approach has generally worked well to identify at least some of the
genes involved in sex differentiation in different taxa.
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Genes involved in gonadal differentiation tend to be present in both sexes during
the early stages of development, but the expression becomes sex-biased during the
critical period of gonadal differentiation. Bimodal expression patterns in the devel-
oping gonads can therefore be indicators of a gene’s role in sex differentiation. Even
better, in species where the genetic basis of sex determination has been identified
or where monosex populations can be produced, gene expression can be studied in
individuals of known sex even before the earliest signs of histological differentia-
tion (e.g., Baron et al. 2005; Tong et al. 2010; Tao et al. 2013). Once sex-specific
gene expression patterns are identified—with or without a known genetic basis of
sex determination—they can be used as early molecular markers for identification of
future sex (e.g., Geffroy et al. 2016; Ribas et al. 2016). Study of the genes involved in
sex differentiation in lampreys is still in its infancy. It is complicated by their evolu-
tionary divergence from other vertebrates (e.g., making it more difficult to recognize
homologs of the genes of interest), their anatomical differences (e.g., the lack of
Müllerian ducts and Sertoli cells; see Sects. 1.5.1 and 1.5.2), and uncertainty regard-
ing when—during the long period during which their gonads remain histologically
undifferentiated—the critical gonadal differentiation period is (see Sects. 1.4.1.5 and
1.4.1.6). Nevertheless, initial studies implicate at least some of the same genes as
other vertebrates in ovarian and testicular development in lampreys.

1.4.2.1 Genes Involved in Sex Differentiation in Other Vertebrates

We briefly review a few of the key sex differentiation genes that have been well stud-
ied in other vertebrates, because they provide the list of candidates for study in lam-
preys. Genes involved in the sex differentiation process include those which encode
steroidogenic enzymes, hormone receptors and their ligands, and transcription fac-
tors (or sequence-specific DNA-binding factors) that control the rate of transcription
of key genes to ensure that they are expressed in the right amount at the right time.

One of the key steroidogenic enzyme genes involved in gonadal differentiation
appears to be aromatase CYP19a1 (see Table 1.6 for guidelines regarding the for-
matting of gene names). CYP19A1 is the enzyme responsible for the conversion of
androgens to estrogens (see Sect. 1.7.1), and it appears to be essential for ovarian
differentiation in virtually all vertebrate species examined (Piferrer and Guiguen
2008). In rainbow trout, for example, although sex is not histologically identifiable
until ~67 days post-fertilization (dpf) at 10 °C,CYP19a1a expressionwas 10× higher
in developing ovaries relative to developing testes by 35 dpf, and expression levels
were 60–100× higher at 45 dpf (Vizziano et al. 2007). Early expression of CYP19a1
before ovarian morphological differentiation has also been demonstrated in the Nile
tilapia Oreochromis niloticus (Nakamura et al. 1998; D’Cotta et al. 2001; Tao et al.
2013) and turbot Scophthalmus maximus (Ribas et al. 2016), although some studies
have paradoxically shown higher CYP19a1a expression during testicular differen-
tiation (e.g., in Siberian sturgeon Acipenser baerii; Berbejillo et al. 2012). Other
steroidogenic enzyme genes showing sex differences in expression during gonadal
differentiation in fishes are 3β-hydroxysteroid dehydrogenase (HSD3b1), which was
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found to be overexpressed in female rainbow trout at ~40 dpf; and 11-hydroxylase
(CYP11b2.1), which showed up to 60× higher expression in males compared to
females at 45 dpf (Vizziano et al. 2007). Later expression ofCYP11b2.1 is consistent
with the observation in many fishes that testicular differentiation is delayed relative
to ovarian differentiation (see Sect. 1.4.1). In Nile tilapia, Tao et al. (2013) measured
gene expression in XX (female) and XY (male) gonads at 5, 30, 90, and 180 days
after hatching (dah). They found several steroidogenic enzyme genes, including
CYP19a1a, to be upregulated in XX gonads at 5 dah, the critical time for sex deter-
mination and differentiation. In contrast, in XY gonads, the steroidogenic enzyme
genes (including CYP11b2, which encodes the aldosterone synthase enzyme) were
not significantly upregulated until 90 dah. These results suggest that, at the time
critical to sex determination, the XX tilapia produced estrogen, but the XY fish did
not produce androgens. Consistent with this finding, genes encoding both estrogen
and androgen receptors were expressed in XX gonads at 5 dah, but only estrogen
receptors were expressed in XY gonads. Expression of steroidogenic enzyme genes
was most pronounced at 30 and 90 dah for XX and XY gonads, respectively, which
corresponded to the initiation of meiosis and oogenesis in females and meiosis or
spermatogenesis in males (Tao et al. 2013). In some species, male development
involves inhibition of aromatase production (Devlin and Nagahama 2002). In the
European sea bass, males have twice the amount of methylation in the aromatase
promoter region as females (i.e., repressing gene expression) to decrease the produc-
tion of estrogen and promote testis rather than ovary development (Navarro-Martin
et al. 2011). In tilapia, significant reduction of estrogens as a result of a decrease in
aromatase can lead to oocyte atresia and eventual sex reversal (Li et al. 2013).

Two well-studied genes encoding hormones and their receptors are the Anti-
Müllerian hormone and the Anti-Müllerian hormone receptor 2 genes (amh and
Amhr2, respectively). Amh exerts its male-specific action by causing the regression
of the Müllerian ducts that would otherwise develop into the female reproductive
organs and tract (Josso et al. 2001). Teleost fishes (but not cartilaginous and other
bonyfishes) lackMüllerian ducts (Adolfi et al. 2019), but, interestingly, inNile tilapia,
amh expressionwas localized to the testes and it was detected sooner than othermale-
specific genes (Ijiri et al. 2008). Amhr2 plays a role in sex determination in the tiger
pufferfish (see Sect. 1.3.1.1). It also appears to play a role in sex differentiation; inXY
(male) tilapia, mutations within Amhr2 can lead to drastic sex reversals (Morinaga
et al. 2007).

Transcription factor genes known to be important in sex differentiation include
FOXL2 (forkhead box L2), which is involved in ovarian development, and DMRT1,
SOX9, and SF1 (doublesex and mab-3 related transcription factor 1, sex-determining
region Y-related high mobility group containing box 9, and steroidogenic factor 1,
respectively), which are involved in testicular development (Bulun et al. 2003; Wil-
helm et al. 2007; Sandra and Norma 2010). FOXL2 is the activator of aromatase, and
it is an antagonist ofDMRT1 in mice and various fish species (Nakamoto et al. 2006;
Ijiri et al. 2008; Barrionuevo et al. 2016). In rainbow trout, FOXL2a and CYP19a1
show the same temporal expression patterns in presumptive females (Baron et al.
2004; Vizziano et al. 2007), and, in the medaka, FOXL2 expression is localized in
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all the somatic cells also expressing CYP19a1 (Nakamoto et al. 2006). Deficiencies
in FOXL2 have been associated with a decrease in aromatase activity and ovary-
to-testis sex reversal (Li et al. 2013; Barrionuevo et al 2016). DMRT1, a transcrip-
tion factor belonging to the DMRT family of genes, is largely known as the master
sex-determining gene in birds (Smith et al. 1999; Kikuchi and Hamaguchi 2013;
see Sect. 1.3.1). During testicular differentiation, it also plays the important role of
inhibiting genes essential for female gonadal development (Graves 2013). In several
fish species,DMRT is upregulated during testicular differentiation, and its expression
is localized to somatic cells surrounding the testis (Matsuda et al. 2002; Kikuchi and
Hamaguchi 2013; Adolfi et al. 2015). Even in turtle species that show TSD, DMRT1
is detected in the developing genital ridge at low (i.e., male-producing) tempera-
tures (Kettlewell et al. 2000; Woolgar et al. 2013; Mork et al. 2014). In mammals,
SOX9 is one of the earliest genes to be upregulated in pre-Sertoli cells following
the expression of SRY, and SOX9 is known to then activate downstream genes such
as amh (Bowles and Koopman 2001; Brennan and Capel 2004). In birds and some
fish species, SOX9 is largely associated with initial development in both sexes but
becomes exclusive to males during testis development (Takada et al. 2005; Vizziano
et al. 2007). In mammals, birds, and fishes, SOX9 also appears to be required for
subsequent testicular maintenance and spermatogenesis (Morais da Silva et al. 1996;
Barrionuevo et al. 2016). Mutations in SOX9 can lead to ovary-to-testis sex reversals
(Wagner et al. 1994;Vidal et al. 2001; Takada et al. 2005). SF1 is a transcription factor
found in Leydig and Sertoli cells that is required for the activation and upregulation
of amh in the developing male by promoting the regression of the Müllerian ducts
(Josso et al. 2001; Kato et al. 2012). Its role in fishes is not well known. However, in
mammals, SF1 works synergistically with SRY and amh to activate SOX9, and it is
essential for spermatogenesis (Schepers et al. 2003; Takada et al. 2005; Sekido and
Lovell-Badge 2008).

Sex differentiation involves multiple genes, acting in concert or in sequence,
and this is becoming particularly evident with studies that use a transcriptomics
approach to sequence and quantify the complete set of genes that are expressed
during gonadal differentiation (see Sandra and Norma 2010; Siegfried 2010; Piferrer
et al. 2012; Cutting et al. 2013; Ribas et al. 2016). Using this approach to identify all
the genes that are differentially expressed in the gonads of male and female turbot
prior to, during, and after histological differentiation, Ribas et al. (2016) were able
to measure the simultaneous expression patterns of 18 candidate genes implicated
in sex differentiation in other vertebrates, and they also identified 56 other genes
that had not been previously related to sex differentiation in fish but that were found
to have sex-specific expression patterns at 3 months of age (i.e., ~1.5 months prior
to histological identification). Of these 56 genes, 44 were associated with ovarian
differentiation and 12 were associated with testicular differentiation. Despite this
complexity, Ribas et al. (2016) found that expression levels of CYP19a1a alone at
3 months of age allowed early accurate identification of sex.

CYP19a1 expression is likewise an effective early molecular marker for ovarian
differentiation in theNile tilapia (Nakamura et al. 1998; D’Cotta et al. 2001; Tao et al.
2013), and upregulation ofDMY (DM-domain gene on the Y chromosome) has been
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found to be an early indicator of testicular differentiation in medaka (Kobayashi
et al. 2004; see Sect. 1.3.1). In some species, a small set of genes can be used
together to predict whether an individual’s gonads are in the early stages of ovarian
or testicular differentiation. In the European eel, four genes—DMRT1, amh, Gsdf
(gonadal soma derived factor), and pre-miR202 (pre-microRNA 202)—showed a
testis-specific expression pattern, and three genes—zar1 (zygotic arrest 1), zp3 (zona
pellucida 3), and foxn5 (forkhead box N5)—were specific to ovarian differentiation.
Interestingly, gene expression in the gonad of intersexual eels was similar to that
of males, supporting previous suggestions that the intersexual gonad represents a
transitional stage in the indirect development of males (Geffroy et al. 2016; see
Sect. 1.4.1).

1.4.2.2 Genes Involved in Sex Differentiation in Lampreys

Little is known regarding genes involved in sex differentiation in lampreys, although
a few recent studies have used a candidate gene approach to test whether genes
implicated in gonadal differentiation in other vertebrates show sex-specific patterns
of expression in lampreys as well (Spice et al. 2014; Khan 2017; Mawaribuchi et al.
2017). Efforts are also being made to use a transcriptomics approach to examine the
expression of these and other genes during sex differentiation and sexual maturation
in lampreys (Ajmani 2017). Identification of early molecular markers for ovarian
or testicular differentiation in lampreys would prove very useful. In other fishes,
CYP19a1 expression is one of the most common early molecular markers for ovarian
differentiation (see Sect. 1.4.2.1). CYP19 activity has been demonstrated in lampreys
(Callard et al. 1980; see Sect. 1.7.1), but expression ofCYP19 has not yet been studied
in lampreys.

Spice et al. (2014) examined the expression of eight other candidate genes
during ovarian differentiation in the chestnut and northern brook lampreys: 17β-
hydroxysteroid dehydrogenase (HSD17b); dehydrocholesterol reductase 7 (dhcr7);
estrogen receptor β (erβ); Wilm’s tumor suppressor protein 1 (WT1); germ cell-less
(gcl); deleted in azoospermia associated protein 1 (dazap1); insulin-like growth fac-
tor 1 receptor (igfr1); and cytochrome c oxidase subunit III (coIII). The target genes
were identified and primers for quantitative reverse-transcriptase PCR (qRT-PCR)
were designed using sequence data from the sea lamprey genome (Smith et al. 2013)
or transcriptomedata fromchestnut andnorthern brook lampreyovaries (Spice 2013).
These eight genes were chosen because they were known to be involved in sex differ-
entiation and related processes in other vertebrates (Hsu et al. 2008; Labrie et al.1997;
Maekawa et al. 2004; Li et al. 2006; Hale et al. 2011; see Sect. 1.4.2.1) or because
they were found to be differentially expressed during ovarian development in a small
sample of chestnut and northern brook lampreys using transcriptome sequencing
(dhcr7, coIII; Spice 2013). Primers for other target genes were designed from the sea
lamprey genome (e.g.,DMRT1,DMRTa2, SF1, and gonadotropin releasing hormone
receptor 1,GnRH1) or northern brook lamprey transcriptome (e.g., FOXL2,GnRH2,
progestin receptor 1, SOX9, and HSD3b; Spice 2013), but these genes amplified
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poorly. Spice et al. (2014) tested for differential expression of the eight candidate
genes among four stages of histological gonadal development: (1) undifferentiated
or presumptive male stage with few undifferentiated germ cells; (2) cystic stage dur-
ing or following initial mitotic proliferation; (3) first stage of oocyte growth; and (4)
differentiated females in the second stage of oocyte growth (see Sect. 1.4.1). They
also tested for differences in gene expression between the two species, because the
chestnut lamprey has delayed ovarian differentiation and higher potential fecundity
relative to the northern brook lamprey, and for differences related to intraspecific
variation in fecundity (i.e., number of oocytes per cross-section).

Spice et al. (2014) found that HSD17β expression was higher in differentiated
ovaries in the second stage of oocyte growth than in undifferentiated gonads, and
expression of this gene was directly correlated with fecundity. Along with CYP19,
17β-hydroxysteroid dehydrogenase helps regulate the levels of active androgens and
estrogens (Labrie et al. 1997; see Sect. 1.7.1). Igf1r expression was almost 100×
higher in chestnut lamprey relative to northern brook lamprey during the first phase
of oocyte growth, and expression level was directly related to number of oocytes per
section (Spice et al. 2014). Insulin-like growth factor 1 is associated with increased
growth and fecundity (but reduced lifespan), and it also stimulates the production of
sex steroids (Dantzer and Swanson 2012). Therefore, increased expression of igf1r
in chestnut lamprey may be related to their greater size and fecundity as adults.CoIII
expression was 54–70× higher in northern brook lamprey compared to chestnut
lamprey during all stages of development, inversely related to oocyte number within
species, and highest during the cystic stage of gonadal development in both species
(Spice et al. 2014). Therefore, because there is evidence to suggest that this gene plays
a role in regulating apoptosis in other vertebrates (Wu et al. 2009), it is tempting to
speculate that coIII upregulation is correlated with germ cell degeneration during
ovarian differentiation and reduced fecundity in non-parasitic lampreys. However,
far more research is required.

With respect to genes implicated in testicular differentiation, Mawaribuchi et al.
(2017) examined DMRT1 expression patterns in larval and post-metamorphic Far
Eastern brook lamprey, and they found that DMRT1 expression was significantly
greater in post-metamorphic testes than in ovaries. Further investigation using in situ
hybridization with DMRT1 showed a significant level of detection in spermatogo-
nial cysts of post-metamorphic males, but no detection in females (Mawaribuchi
et al. 2017). Khan (2017) compared expression of seven candidate genes (DMRTA2,
SF1, SOX8, SOX9, WT1, dazap1, and gcl) in ovaries and presumptive testes from
larval, metamorphosing, and adult sea lamprey (i.e., between males and females
and among stages of gonadal development in males), and she found that upregula-
tion of DMRTA2, SOX9, WT1, and dazap1 corresponded with an increase in germ
cells in the testes during spermatogenesis and spermiogenesis. The increase in SOX9
expression in males preceded the increase in DMRTA2 expression. DMRTA2 and
SOX9 expression was consistent with expression patterns in many other vertebrate
species (see Sect. 1.4.2.1), and WT1 is likewise upregulated in male rainbow trout
embryos shortly prior to sex differentiation (Hale et al. 2011). Similarly, upregulation
of dazap1 expression is consistent with observations that the deleted in azoospermia
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(DAZ) family of genes is involved in male fertility in humans and that these genes
are required for germ cell formation, differentiation, and maturation in other species
(Yen 2004). However, their role in fish development is uncertain, and they tend to be
expressed in the gonads of both sexes in other fish species (Xu et al. 2007; Peng et al.
2009; Li et al. 2011). In sea lamprey, SF1 was expressed at all stages in both males
and females (Khan 2017), although it is not certain what role it plays because lam-
preys have neither Sertoli cells nor Müllerian ducts (see Sect. 1.4.2.1). Homologs of
amh and amhr2 have not been found in the sea lamprey and Arctic lamprey genomes
(Khan 2017; Adolfi et al. 2019). In teleost fishes, amh and amhr2 appear to have been
retained as genes associated with male differentiation, but teleosts have secondarily
lost their Müllerian ducts; in contrast, agnathans never had Müllerian ducts (Adolfi
et al. 2019). Therefore,with some exceptions,many of the genes involved in testicular
differentiation appear to be conserved across vertebrates. Nevertheless, until wider
transcriptomic analysis is conducted, the involvement of additional lamprey-specific
genes cannot be ruled out.

1.5 Sexual Maturation

Reproduction in lampreys is a seasonal and highly synchronized process (see Johnson
et al. 2015b). Because all lampreys are semelparous, sexual maturation represents the
culmination of their life cycle, and resources are put into maximizing reproductive
effort without regard for future survival. At maturity, the single elongate gonad
constitutes ~25–35% of a female’s total body weight and ~2–10% of a male’s body
weight. Sexual maturation in parasitic lampreys is generally initiated near the end
of the juvenile feeding phase, and it is completed during the non-trophic spawning
migration (Fig. 1.6). Because parasitic lampreys differ in the duration of the spawning
migration (ranging from a few months to >1 year; Moser et al. 2015), the stage
of maturity observed at the start of migration and the rate of maturation during
migration vary among and within species. In non-parasitic lampreys, these same
processes are greatly accelerated: sexual maturation is initiated immediately after
metamorphosis and occurs over a period of ~3–4 months (Docker 2009). In non-
parasitic lampreys, the non-trophic period of metamorphosis coalesces with the non-
trophic period of sexual maturation, so that both processes are entirely “financed”
using energy reserves accumulated during the larval stage (Hardisty 2006; Docker
2009).

In this section, we present an overview of the maturational changes observed in
the gonads of lampreys during sexual maturation and a brief discussion of the most
conspicuous extra-gonadal change observed during this process, that is, the body
shrinkage required to fuel maturation and migration. Histological details of gonadal
maturation are reviewed elsewhere (e.g., Lewis and McMillan 1965; Afzelius et al.
1968; Nicander et al. 1968; Larsen 1970; Hardisty 1971; Hughes and Potter 1969;
Dziewulska and Dogmała 2009). The spawning migration and reproductive behavior
of lampreys are reviewed by Moser et al. (2015) and Johnson et al. (2015b), respec-
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tively; the role of the hypothalamic-pituitary axis and gonadal steroids in lamprey
reproduction are reviewed by Sower (2015) and in Sect. 1.7, respectively.

1.5.1 Vitellogenesis and Oocyte Maturation

In all lamprey species, oocytes that arrested in meiotic prophase I during ovarian
differentiation undergo slow cytoplasmic growth for the duration of the larval stage
(Hardisty 1971; Fig. 1.6). At metamorphosis, there are no undifferentiated germ
cell nests remaining in the ovary, and all oocytes are deeply basophilic and show the
same degree of development (Lewis andMcMillan 1965; see Sect. 1.4.1.2). However,
among species and life history types, oocyte size at metamorphosis varies. In non-
parasitic species, given the long period between their earlier oogenesis and their
delayed metamorphosis relative to most parasitic species, oocyte diameter measures
up to 150 μm at the onset of metamorphosis (e.g., Beamish and Thomas 1983;
Fukayama and Takahashi 1983; Fig. 1.9a). At the other extreme, in the pouched
lamprey, oocytes undergo only limited cytoplasmic growth between the relatively
late onset of oogenesis and early metamorphosis. Pouched lamprey oocytes average
32 μm in the largest larvae and 43 μm in downstream migrants (Potter et al. 1983;
Fig. 1.9c). In the landlocked sea lamprey and most other moderately sized parasitic
species, oocyte diameter measures ~80–100 μm at metamorphosis (e.g., Hardisty
1961c, 1969; Lewis and McMillan 1965; Fukayama and Takahashi 1982; Fig. 1.9b).

Cytoplasmic (pre-vitellogenic) growth of the primary oocyte continues aftermeta-
morphosis, gradually in parasitic species but more rapidly in non-parasitic species.
At metamorphosis, parasitic and non-parasitic lampreys experience a dramatic “part-
ing of the ways” in terms of the phasing of oocyte growth and development (Hardisty
1971, 2006). In the southern brook lamprey, for example, oocytes measure almost
300 μm in diameter by stage 3 of metamorphosis (i.e., ~1 month after its onset;
Beamish and Thomas 1983; Fig. 1.9a), but sea lamprey (290–400 mm TL) captured
inLakeHuronbetweenmid-Mayandmid-January (i.e., ~1.5 years aftermetamorpho-
sis) still had oocytes measuring only 150–250 μm in diameter. Cytoplasmic growth
results from accumulation of substrates secreted by the follicular cells and by the
incorporation of nurse cells into the oocytes (Lewis and McMillan 1965). As growth
of the oocyte continues (whether rapidly or slowly), basophilic granules continue to
fill the amorphous cytoplasm, but, because these granules are now widely dispersed,
the overall degree to which the cytoplasm appears basophilic decreases (Lewis and
McMillan 1965). Some of the follicular cells also acquire basophilic granules in their
cytoplasm, and they increase in size until the cell membrane between the oocyte and
the nurse cell appears to break down and the cells merge (Lewis andMcMillan 1965).

The vitellogenic stage of primary oocyte growth is also accelerated in non-
parasitic species, both in terms of its onset relative to metamorphosis and the rate at
which it proceeds (Hardisty 1971). Vitellogenins (precursors of the major egg yolk
proteins) are synthesized in the liver, delivered via the bloodstream to the growing
oocyte, taken up into the oocyte by receptor-mediated endocytosis, and processed
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into derivative yolk proteins which are then stored as granules, globules, or platelets
(Wiegand 1982; Reading et al. 2017). Hepatic synthesis of vitellogenins is induced
in females by estrogen (Mewes et al. 2002; Reading et al. 2017; see Sect. 1.5.5.2). In
Far Eastern brook lamprey females, vitellogenesis was evident by stage 4 of meta-
morphosis: extensive structural alterations of hepatocytes indicative of vitellogenin
synthesis were observed, and a female-specific protein (presumably vitellogenin)
was detected in the blood serum (Fukayama and Takahashi 1985; Fukayama et al.
1986). This evidence of vitellogenin synthesis and transport preceded the first dra-
matic increase in oocyte diameter which was observed at the end of metamorphosis
(~220–620 μm by stage 7; Fukayama and Takahashi 1983). In the southern brook
lamprey, oocyte diameter increased dramatically between stage 3 (~295 μm, in late
September) and stage 6 (~710 μm, in early December; Beamish and Thomas 1983),
and intense vitellogenesis and oocyte growth in both species has been shown to
continue until shortly before spawning (Fig. 1.9a).

In most parasitic species, vitellogenesis is initiated near the end of the par-
asitic feeding phase and continues during upstream migration, proceeding much
more slowly than in non-parasitic lampreys (Hardisty 1971). In landlocked sea lam-
prey, for example, Lewis and McMillan (1965) reported that yolk granules begin to
appear in the peripheral regions of the oocyte in feeding-phase individuals measur-
ing ~200–400 mm TL. At this point, oocyte diameter is 390–480 μm (Fig. 1.9b). As
the eosinophilic yolk granules increase in number, the basophilic granules observed
during pre-vitellogenic growth begin to withdraw toward the nucleus and eventu-
ally dissolve, after which a thin eosinophilic, hyaline vitelline membrane appears
around the periphery of the oocyte (Lewis and McMillan 1965). Radial striations
corresponding to the zona radiata may be seen just inside the thickened vitelline
membrane, and immediately inside it is a thin, non-granular layer adjacent to the
yolk. These two layers constitute the cortical zone, although the non-granular layer
will disappear as the yolk granules grow larger and the oocytes increase in size (Lewis
and McMillan 1965). In the Arctic lamprey, Fukayama et al. (1986) found that two
females (mean 477 mm TL) captured at sea in July showed histological evidence of
vitellogenesis and appreciable levels of the female-specific serum protein presumed
to be vitellogenin. Vitellogenesis in European river lamprey also begins during the
marine feeding phase (Zanandrea 1959; Larsen 1970), and mean oocyte diameter is
already ~600 μm at freshwater entry (~6 months year prior to spawning; Fig. 1.9b).

Vitellogenesis also begins during the marine feeding phase in Pacific lamprey,
although this species typically enters fresh water ~1 year prior to spawning, and
its oocytes are less well developed at the onset of the spawning migration than in
species with more condensed migrations. Pacific lamprey captured at the mouth of
the Klamath River in California (i.e., at freshwater entry) possessed oocytes that
were mostly in early and mid-vitellogenesis and measured only ~400 μm diameter
(Fig. 1.7d; Clemens et al. 2013). In the Willamette River in Oregon, by the time
upstream migrants reached Willamette Falls 205 km from the ocean, oocytes in late
vitellogenic and early maturational stages were also observed; by April and May, all
oocyteswere in the late stages of vitellogenesis or in the early stages ofmaturation and
measured ~700μmin diameter (Clemens et al. 2013). Interestingly, in addition to this
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river-maturing type, Clemens et al. (2013) also noted a few “ocean-maturing” Pacific
lamprey. At freshwater entry, these individuals were already in late vitellogenesis
and possessed larger gonads, with gonadosomatic index (GSI) averaging 5.5% rather
than 1.2–2.8% in the river-maturing form (see Sect. 1.5.3). These ocean-maturing
individuals (which are relatively rare and known to date only from theKlamathRiver)
generally enter fresh water in late winter and likely spawn only weeks or months
after freshwater entry (Clemens et al. 2013; Parker 2018). Parker (2018) found that
there was a genetic basis for maturation timing in this population (see Chap. 4).

The pouched lamprey and short-headed lamprey from the Southern Hemisphere
appear to represent extreme examples of “river-maturing” lampreys. Although the
initial stages of testicular maturation appear to occur at sea in these two species (see
Sect. 1.5.2), vitellogenesis does not occur until after freshwater entry. The pouched
lamprey enters freshwater 15–16months before spawning, atwhich point the oocytes
are still very small (mean diameter 190 μm; Fig. 1.9c) and without evidence of yolk
platelets (Potter et al. 1983). Likewise, the short-headed lamprey has small oocytes
without conspicuous yolk granules at the onset of its long spawning run (Hughes and
Potter 1969).

Despite differences in the timing of vitellogenesis relative to metamorphosis or
upstream migration and the rate at which it proceeds, all species and life history
types appear to converge again during final ovarian maturation. Vitellogenesis has
produced oocytes that are approaching their size at maturity (~1,000 μm; Fig. 1.9;
see Sect. 1.6.1), and final maturation happens rapidly, usually within a few weeks
before spawning (Wigley 1959; Lewis and McMillan 1965; Hardisty 1971; Larsen
1970; Farrokhnejad et al. 2014). The oocytes, which have remained in the diplotene
stage of meiotic prophase I for years, resume meiosis, as is evidenced by the migra-
tion of the nuclear envelope or germinal vesicle (GV) and its subsequent breakdown
(Yaron and Sivan 2005). In Caspian lamprey from the Shirud River in Iran, Ahmadi
et al. (2011) found evidence that meiosis I had resumed in >85% of female spring
migrants captured between late March and mid-May. Spawning in this river usu-
ally occurs in May and June (Nazari et al. 2010; Ahmadi et al. 2011). Interestingly,
75% of the autumn migrants (captured between late September and early Novem-
ber) also exhibited oocytes with migrating and peripheral GVs. Relatively high GSI
values (compared to spring migrants; Table 1.9) are also consistent with unusually
early maturation in these autumn migrants, although presumably they still overwin-
ter before spawning in the spring (Ahmadi et al. 2011; see Sect. 1.5.3). In European
river lamprey, Larsen (1973) reported that the GV was in the peripheral position
a few months before spawning, around the time that secondary sex characteristics
started to develop (see Sect. 1.5.5.3). In all species, following completion of meiosis
I, the resulting haploid secondary oocytes immediately initiate meiosis II (Fig. 1.6).
The secondary oocytes arrest in meiosis II (at the metaphase stage) until fertiliza-
tion. An ootid (i.e., an immature ovum) is formed shortly after fertilization, and it
rapidly (within minutes) matures into the mature ovum (Gilbert 2000). This short-
lived ootid stage is the female counterpart of the male spermatid (see Sect. 1.5.2).
Hardisty (1971) used the term “egg” to refer to oocytes following ovulation, although
this distinction is not universallymade; inmost cases, the oocytes, ootids, and ova are
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all referred to as eggs or egg cells regardless of their stage of maturity. Nevertheless,
for convenience, we adopt Hardisty’s terminology and use egg to refer to oocytes in
the final stages of maturation and fertilization.

Other changes involved in final ovarian maturation also appear similar among
lamprey species. We will briefly describe them here in a few well-studied represen-
tative species. In European river lamprey, the follicle cells surrounding the oocyte
begin to form a thin granular layer covering its vegetal pole (i.e., the hemisphere
with large yolky cells) by about January, and a slight elevation of the thecal interna
is observed at the animal (non-yolky) pole (Larsen 1970). The follicle cells grow in
height and become separated from each other, reaching a maximum height and sep-
aration by about March. The elevation of the theca also becomes more pronounced
with time, and, in the mature oocyte, it forms a conical projection (Hardisty 1971).
Ovulation, which is the release of the oocyte from the theca when the follicular layer
ruptures, occurs rapidly. Larsen (1970) concluded that all the oocytes are released
into the body cavity synchronously (within a few hours), because she never observed
partially ovulated ovaries, and she observed that the process appeared to start in the
posterior of the ovary (like spermiation; see Sect. 1.5.2). The follicle cells appear
to contain neutral and acid mucopolysaccharides, and Larsen (1970) speculated that
the enzymatic breakdown of the acid mucopolysaccharides might help rupture the
follicle at ovulation (i.e., by increasing the colloid osmotic pressure in the follicle,
thus causing an uptake of water and increase in hydrostatic pressure). Remnants of
follicle cells that remain on the ovulated egg appear to be identical to the adhesive
layer which, after spawning, attaches the egg to the gravel in the nest (Larsen 1970;
see Johnson et al. 2015b; Chap. 2). Little is known about when spermiation and
ovulation occur relative to the time active spawning begins (Johnson et al. 2015b),
but Larsen (1970) found that palpation of the abdomen of European river lamprey in
February andMarch (when the secondary sex characteristics had developed) revealed
softness in the ovary corresponding to a gradual loosening of the connective tissue,
and ovulated eggs could be pressed out in March or April. Ovulated eggs have a
small tuft of fibrous jelly at the animal pole (Larsen 1970; Hardisty 1971). A large
amount of fluid accumulates in the body cavity; the eggs are suspended in it, and it
likely facilitates their expulsion during spawning (Lewis andMcMillan 1965; Larsen
1970).

During mating, the eggs are forced to the exterior through a pair of genital pores,
first into the urogenital sinus and then out through the pore on the urogenital papilla.
NoMüllerian ducts (nor vasa efferentia inmales) are present (Applegate 1949;Adolfi
et al. 2019). Kille (1960) and Kobayashi and Yamamoto (1994) described the fer-
tilization process in European river and brook lampreys and in Arctic lampreys,
respectively. In brief, lamprey eggs do not possess a micropile; the spermatozoa pen-
etrate the chorion of the egg in the region of the tuft of fibrous jelly at the animal pole.
The function of the tuft seems to be to orient the spermatozoan head so that it strikes
the chorion at about 90°. Spermatozoa that strike the chorion at a smaller angle are
unsuccessful at penetrating the chorion, and eggs are more difficult to fertilize if the
tuft has been destroyed. Lamprey eggs retain their capacity for fertilization for only
a few minutes after contact with fresh water, although they may remain fertilizable
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for up to several days in lamprey Ringer solution or lamprey peritoneal fluid at tem-
peratures of about 4 °C (Hardisty 1971; see Chap. 2). Female lampreys generally die
within a week of spawning (Applegate 1950; Hagelin and Steffner 1958; Pletcher
1963), although Baker et al. (2017) documented both male and female pouched
lamprey in New Zealand surviving for more than 3.5 months after spawning.

Studies to date suggest that female lampreys generally release most or all of their
mature eggs.Applegate (1949),Manion andMcLain (1971), andManion andHanson
(1980) concluded that the percentage of unspawned eggs in sea lamprey from the
upper Great Lakes is generally <5%. Similarly, in sea lamprey from Cayuga Lake in
New York, Wigley (1959) estimated that only 1% of the ovary (by weight) remains
after spawning, and Maitland et al. (1994) reported that GSI in female European
brook lamprey was only ~1% following spawning (Fig. 1.11c). However, GSI in
spent European river lamprey was still ~14% (Fig. 1.11b). Applegate (1949) found
that some sea lamprey females, largely those collected near the end of the spawning
season, retained up to 37% of their eggs, and O’Connor (2001) reported egg retention
rates up to 70% (see Sect. 1.6.3).

However, there is still a great deal of uncertainty regarding the extent to which
oocytes may be “lost” prior to maturation. Hughes and Potter (1969) and Hardisty
(1971) have suggested that atresia occurring immediately before or at the onset of
vitellogenesis may be significant in non-parasitic lamprey species (see Sect. 1.6.2).
Intensely basophilic cytoplasm (at a time when normal oocytes tend to become less
basophilic), followed by initial hypertrophy of the cell and degeneration of the gran-
ulosa cells so that the follicle becomes a mass of hyaline globules surrounded by
a contracted basal membrane, was taken by these authors as histological evidence
of impending atresia. In addition, atretic oocytes often have irregular margins and
non-ovoid shapes and exhibit hypertrophy of the nucleus and nucleolus (Hardisty
1971). Lewis and McMillan (1965) likewise observed atresia following initiation of
vitellogenesis in the landlocked sea lamprey. The first signs of atresia during this
stage included concentration of yolk particles that resulted in more intense staining
and phagocytes derived from follicular cells that began to congregate at the periphery
of the oocyte and ingest the yolk. The result was an irregular mass of inward-moving
phagocytes surrounding a diminishing ball of yolk, eventually leaving only a ball
of cuboidal and ovoid follicular and stromal cells. Applegate (1949) reported the
occurrence of small undeveloped or partially developed ova in some sea lamprey
(particularly smaller-bodied individuals) that appeared consistent with atresia dur-
ing vitellogenesis or a cessation of vitellogenesis in some oocytes, but he saw no
indication that oocyte atresia occurred during the final stages of maturation. In Euro-
pean river lamprey, Dziewulska and Domagała (2009) likewise found that atretic
oocytes occupied, on average, <1% of the ovary during the upstream migration and
final maturation (October–May).
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Fig. 1.11 Gonadosomatic
index (GSI) as percentage of
total body weight in males
(solid circles) and females
(open circles) in: a southern
brook lamprey Ichthyomyzon
gagei during the late larval
(Lv) stage, metamorphosis
(stages 1–7), sexual
maturation, and after
spawning (vertical arrow)
(data from F. W. H. Beamish
1982); b European river
lamprey Lampetra fluviatilis
during its upstream
migration (Maitland et al.
1994); and c Pacific lamprey
Entosphenus tridentatus
during its prolonged
upstream migration
(Robinson et al. 2009)
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1.5.2 Spermatogenesis

Spermatogenesis in lampreys (as in other non-amniote vertebrates) progresses in
cysts, in contrast to the acystic form of spermatogenesis that occurs in the seminif-
erous tubules of amniote testes (Yoshida 2016). Lampreys also lack Sertoli cells, the
somatic cells in the testes of jawed vertebrates that are essential for the progression
of germ cells to spermatozoa and for nourishment of the developing sperm (Schulz
et al. 2010; Yoshida 2016), although similar functions appear to be performed in lam-
preys by lobule cells (Hardisty 1971). Despite these structural differences, the gen-
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eral pattern of spermatogenesis is conserved among vertebrates and can be divided
into three general steps: (1) mitotic division of the undifferentiated germ cells to
produce spermatogonia; (2) meiosis, which first yields primary (diploid) and then
secondary (haploid) spermatocytes, and then spermatids; and (3) spermiogenesis,
during which spermatids undergo rapid morphological transformation to produce
motile, flagellated spermatozoa (de Kretser et al. 1998; Papaioannou and Nef 2010).
Mitosis produces both type A and type B spermatogonia; type A spermatogonia
(recognizable by their lack of heterochromatin) are responsible for the proliferation
and renewal of spermatogonia, and type B spermatogonia (whose nuclei contain het-
erochromatin) ultimately undergo meiosis to produce spermatocytes (de Rooij and
Russell 2000). The number of mitotic divisions may vary among lamprey species.
Spermiation, equivalent to ovulation in females, is the process by which mature sper-
matids are released. In lampreys, this does not occur via ducts or tubules as it does in
jawed vertebrates. Rather, when the cysts have completed formation of sperm, they
simultaneously rupture and release sperm into the body cavity (Hughes and Potter
1969; Hardisty 1971).

In lampreys, production of spermatogonia is initiated at the onset of (or, in some
species, just before or after) metamorphosis (see Sect. 1.4.1.3). Mitotic divisions
increase the size of the testis; there is an increase in both the diameter of the cysts
(as each begins to contain large numbers of spermatogonia) and the number of cysts
(as perilobular connective tissue invades and divides existing cysts) (Hardisty et al.
1970; Hardisty 1971). As with ovarian development and maturation, the onset and
rate of progression of the remaining stages depend on the species and life history type
(Fig. 1.6). In non-parasitic species, spermatogenesis progresses rapidly following the
initiation ofmetamorphosis.Hardisty et al. (1970) reported that the testes ofEuropean
river andbrook lampreys couldnot bedistinguished fromeachother in the early stages
of metamorphosis on the basis of size alone, but that, even in these early stages, the
lobular structure in the testis of the European brook lamprey was better developed
and contained a larger number of spermatogonia than those found in the European
river lamprey. The “parting of the ways” between the life history types becomes very
evident during the latter stages of metamorphosis. By late autumn or early winter,
the European brook lamprey testis is a large lobular structure occupying most of
the body cavity. Mitosis is complete and spermatogonia enter meiosis I, yielding
primary (diploid) and then secondary (haploid) spermatocytes (Hardisty et al. 1970).
Meiosis is generally complete by late February or March, at which time spermatids
and spermatozoa first appear (Hardisty 1971). Up until the primary spermatocyte
stage, development is usually synchronous throughout the entire testis. In contrast,
in the later stages of spermatogenesis, spermatocytes, spermatids, and sometimes
spermatozoa are all commonly found within the same testis, although development
in individual lobules is usually synchronized (Hardisty 1971).

Similarly, in the Australian brook lampreyMordacia praecox, the testis contains
only a few presumptive spermatogonia at the onset of metamorphosis in late Octo-
ber to November, but mitotic activity is evident by December, and the cysts contain
large numbers of spermatogonia by February and March (Hughes and Potter 1969).
A few meiotic divisions have started to occur by this point, and increased meiotic
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activity during the next month produces all remaining stages of spermatogenesis with
the exception of fully mature sperm. Hughes and Potter (1969) reported that cysts
located centrally in the testis mature before lateral cysts and those in themiddle of the
testis mature before cysts in the anterior and posterior regions. By May, meiosis had
progressed to the point that there was a greater incidence of primary spermatocytes
and spermatids. By June and July, only a few remaining tracts of premeiotic sper-
matogonia were found in the dorsolateral part of the testis, and the majority of cysts
had become elongated and contained spermatids and immature sperm. Spermiogen-
esis, characterized by an elongation and condensation of nuclear chromatin and the
shedding of cytoplasmic material from the head region of the sperm, was first evident
in June and July. At this point, mitochondria and extensive vacuoles are located in the
cytoplasm of the sperm, a small acrosome cap is found under the plasma membrane
at the proximal extremity of the sperm head, and a flagellum arises from a centriole
situated deep within the nuclear chromatin (Hughes and Potter 1969). Spawning is
thought to occur around July.

In parasitic species, mitotic proliferation and renewal of spermatogonia continues
throughout the juvenile phase, and the onset of meiosis generally does not occur
until the end of the parasitic feeding phase or the start of the upstream migration.
Therefore, the onset of meiosis in males occurs at approximately the same time as
the onset of vitellogenesis in females, although the two processes are not precisely
aligned within species, and spermatogenesis appears to be less synchronous among
andwithin individuals than is vitellogenesis (see Sect. 1.5.1). For example, in anadro-
mous Arctic lamprey in Japan, vitellogenesis is initiated at the end of the parasitic
feeding phase, but production of spermatocytes from meiosis occurs only after the
onset of the spawning migration. Fukayama and Takahashi (1985) found only sper-
matogonia undergoing mitotic proliferation in male Arctic lamprey captured at sea
and those captured in October on their upstream migration; spermatocytes were not
observed until February. In contrast and somewhat surprisingly, spermatocytes are
evident in the testes of pouched lamprey at the start of their upstream migration,
even though they enter fresh water 15–16 months in advance of spawning and vitel-
logenesis has not yet been initiated in females (Potter and Robinson 1991). This
relatively early onset of meiosis in male pouched lamprey is also surprising because
the onset of mitosis seems relatively late; no spermatogonia were evident by the end
of metamorphosis and downstream migration in this species (see Sect. 1.4.1.3). Dur-
ing the marine feeding phase, the pouched lamprey testis increased in size ~20-fold,
and, by the end of this phase, spermatogonia were organized into distinct cysts. By
freshwater entry, at least some spermatocytes were evident in all males examined
(Potter and Robinson 1991). Some spermatids and early spermatozoa were evident
shortly thereafter, showing completion of meiosis in at least some cysts. An average
of 2–12% of the testicular area was made up of these stages by 0–3 months following
freshwater entry, and GSI was still very low (see Sect. 1.5.3). However, by 9 and
15–16 months following freshwater entry, post-meiotic cysts made up an average of
31 and 38%of the testicular area, respectively. These cysts were oftenmore distended
than previously, but GSI was still relatively low (0.5%) and mature sperm were still
not evident, which is unusual relative to other lamprey species approaching spawn-
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ing. Spermiogenesis was also not observed in pouched lamprey held in the laboratory
for the last 6 months of the spawning run. The proportion of spermatocytes and sper-
matids increased during this time, but mature sperm were not observed, even when
held for 2–3 months past their normal spawning time (Potter and Robinson 1991). In
the short-headed lamprey, spermatids have also been reported shortly after the start
of the upstreammigration (Hughes and Potter 1969), indicating that meiosis in males
of this other Southern Hemisphere species is likewise initiated prior to vitellogenesis
in females and long before spawning.

In other parasitic species, stage of maturity at the start of the upstream migra-
tion is as expected based on time until spawning (i.e., it is more advanced in those
that spawn shortly after river entry). Anadromous sea lamprey that enter fresh water
only 1–2 months before spawning in late June–early July already possess testes with
primary and secondary spermatocytes and spermatids at the start of the upstream
migration in mid-May (Fahien and Sower 1990). Spermiogenesis is in progress by
late May and early June, producing spermatids, immature sperm, and even some
mature sperm. By early July, the majority of testes contain only mature sperm. In
European river lamprey that enter fresh water in early autumn (~7–8 months before
spawning), males are either still at the spermatogonial (mitotic) stage or just starting
meiosis. Zanandrea (1959) observed only spermatogonia in males captured dur-
ing the marine feeding phase in the Gulf of Gaeta, and Evennett and Dodd (1963)
likewise found only spermatogonia in males captured in the River Severn at the
start of their upstream migration in late September. Meiosis was evident in most
testes by October, when the majority of migrants had primary spermatocytes, and
the remaining stages progressed rapidly. Timing of the final stages of sexual matu-
ration converged with that of the European brook lamprey. By late winter or early
spring, secondary spermatocytes, spermatids, and spermatozoa were evident, and,
as with all the species discussed above, development was asynchronous among and
within individuals (Evennett andDodd 1963;Hardisty 1971). Abou-Seedo and Potter
(1979) reported a slightly earlier onset of meiosis in typical European river lamprey
males captured in the Severn Estuary, with spermatocytes already evident in most
(but not all) males captured just prior to freshwater entry in September. The praecox
form of this species was even more mature on freshwater entry: spermatids were
already evident in one male examined, although primary spermatocytes were also
evident (Abou-Seedo and Potter 1979). The praecox European river lamprey in this
region appears to reduce its post-metamorphic period by 1 year relative to the typical
anadromous form, but it reduces the duration of the parasitic feeding phase by only
6months by delaying its upstreammigration until thewinter or spring prior to spawn-
ing (see Chap. 4). Meiosis also appears to start before freshwater entry in the Caspian
lamprey, which generally enters fresh water 2–8 months prior to spawning. In this
species, the testes of early migrants are characterized by the presence of spermato-
cytes, which are replaced with spermatozoa closer to the spawning period (Ahmadi
et al. 2011). In the Shirud River in Iran, autumn migrants showed an advanced stage
ofmaturity relative to the springmigrants. The testes of all autumnmigrants were full
of spermatozoa by late September to early November, compared to only one-third
of spring migrants even by late March to mid-May; GSI was likewise higher in the
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fall (see Sect. 1.5.3). Although it has been suggested that the autumn migrants may
spawn in the fall, they likely represent an initial period of migratory activity that is
halted by low winter temperatures (Ahmadi et al. 2011). If so, however, both male
and female autumnmigrants appear to start maturing unusually early relative to other
lampreys, although they likely undergo final gonadal growth and maturation in the
spring.

At spermiation, sperm are shed directly into the body cavity when the cysts simul-
taneously rupture and release sperm into the body cavity (Hardisty 1971). Mature
spermatozoa have a cylindrical head ~14 μm in length and 0.5–1 μm in diameter,
with a tail that may extend up to 140 μm (Hardisty 1971). Kille (1960) reported
that the swimming life of sperm on a glass slide may be <1 min after activation in
fresh water. However, Kobayashi (1993) and Ciereszko et al. (2002) found that Arc-
tic and sea lamprey sperm were still motile for up to 4–5 min following activation,
particularly in the presence of female coelomic fluid. This is quite long compared
to other freshwater fishes (average 2.5 min; Browne et al. 2015) and may permit
relatively high fertilization rates in lampreys. In the laboratory, prior to contact with
fresh water, lamprey sperm can be stored for up to 1 day (Ciereszko et al. 2000;
see Chap. 2). The fertilization process is described in Sect. 1.5.1. Although female
lampreys generally die within 1 week of spawning, males have been observed to live
for 1–2 months (Pletcher 1963; see Sect. 1.5.1).

1.5.3 Gonadosomatic Index

The gonadosomatic index (GSI), which is the gonad mass as a proportion of the total
body mass, is useful as a tool for estimating stage of sexual maturity and for compar-
ing reproductive output among individuals, populations, or species (deVlaming et al.
1982; Lowerre-Barbieri et al. 2011; Zeyl et al. 2014). In lampreys, GSI in females
is generally higher than GSI in males, particularly as oocyte size and consequently
ovary weight increase rapidly during the final stages of maturation, but interesting
differences appear to exist among life history types (Table 1.9; Fig. 1.11).

1.5.3.1 Temporal Changes in GSI During Sexual Maturation

Because the rate at which the ovary and testis mature varies among species (see
Sects. 1.5.1 and 1.5.2), change inGSI is a useful indicator of the onset and progression
of these processes. This is especially true in females. For example, the initiation of
vitellogenesis corresponds with a dramatic increase in both oocyte diameter and
GSI. In the southern brook lamprey, F. W. H. Beamish (1982) observed a 10-fold
increase in GSI (from 1.3 to 14%) between stage 2 of metamorphosis in October and
stage 7 in mid-February (Fig. 1.11a); during this time, oocyte diameter increased
from 270 to >710 μm (Fig. 1.9a). More gradual increases in both oocyte diameter
(Fig. 1.9b, c) and GSI (Table 1.9; Fig. 1.11b, c) are observed following the onset
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of vitellogenesis in parasitic species. In anadromous Arctic lamprey, GSI averaged
only 2% in early vitellogenic females captured at sea in July, increased to 6–8% after
river entry in October–November, and reached 14% near the end of vitellogenesis
the following April (Fukayama and Takahashi 1985). The increase in GSI is even
more protracted in Pacific and pouched lampreys (Potter et al. 1983; Robinson et al.
2009; Fig. 1.11c). However, all life history types appear to converge again in the final
stages of maturation, with rapid increases in oocyte size and GSI occurring during
the final fewmonths and even weeks before spawning. GSI in female southern brook
lamprey doubled in the final 6 weeks prior to spawning (F.W. H. Beamish 1982). GSI
in female European river lamprey likewise rose sharply from ~10 to 20% between
early December and late January (Maitland et al. 1994; Fig. 1.11b) and from ~8 to
23% between December and April (Mewes et al. 2002). In sea lamprey from Lake
Superior, Manion (1972) found that female GSI increased from only 10% in late
May to 20% just 3 weeks later. A sharp increase in GSI just prior to the spawning
period was also reported in sea lamprey from Cayuga Lake (Wigley 1959) and in
anadromous sea lamprey females (Beamish et al. 1979).

Thus, GSI values for female lampreys “nearing” maturity will generally be lower
than values atmaturity, so it should be noted that theGSI values presented in Table 1.9
will likely be underestimates inmost cases. This appears to be particularly true in pop-
ulations or individuals that undergo rapid maturation following river entry. European
river lamprey entering the Severn River consist of two forms: the typical form with
its more protracted upstreammigration (~September–March, with a peak in Novem-
ber) and the praecox form, which delays upstream migration until January–March
(Abou-Seedo and Potter 1979). However, GSI of both typical and praecox females
just entering the estuary in March (~1 month before spawning) was still only ~7 and
8%, respectively. This suggests that oocyte growth in these later-entering migrants
will be very rapid in the final month before spawning and that temporal proximity
to the spawning period is not always a good indicator of stage of maturity.

Conversely, an increase in GSI well in advance of expected spawning could indi-
cate an earlier or more protracted spawning period than previously thought. GSI in
female Macedonia brook lamprey Eudontomyzon hellenicus in October (28%) and
May (12%) is consistent with either two discrete spawning periods (one at the end
of January, one at the end of May) as proposed by Renaud (1982, 1986) or a single
protracted spawning period. Caspian lamprey autumn migrants in the Shirud River
in Iran showed GSI values slightly higher or comparable to that of spring migrants
(Ahmadi et al. 2011; Shirood Mirzaie et al. 2017), although they were still consider-
ably lower than spring values (30%) recorded from females in spawning condition
(Farrokhnejad et al. 2014; Table 1.9). Further study is required to confirm when the
autumn migrants spawn, but timing of maximum GSI can help deduce the spawning
period. Likewise, the exact spawning period has not been reported for the Kern brook
lamprey Lampetra hubbsi, but, judging from the condition of females collected in
February–March (GSI >30%), spawning was likely imminent (Lapierre and Renaud
2015). Because metamorphosing and recently metamorphosed Kern brook lamprey
have been collected in mid-February (Vladykov and Kott 1976), this suggests sexual
maturation proceeds extremely rapidly in this species (Lapierre and Renaud 2015).
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Male lampreys also show an increase in GSI with maturity, but with far more vari-
ation among species and without the dramatic rise seen in females during the final
stages of sexual maturation (Fig. 1.11; see Sect. 1.5.3.2). Male GSI largely increases
as the result of spermatogonial proliferation during and after metamorphosis, and it
may actually decrease in the final stages of maturation when the spermatids undergo
morphological transformation to produce spermatozoa but without the cell growth
observed in females. In anadromous Arctic lamprey, for example, GSI in males rose
from ~1 to 4% between July and October when the number and size of spermato-
gonial cysts were increasing, and it peaked in February (at 7%) when spermatocytes
first appeared in the testis (Fukayama and Takahashi 1985). GSI in male southern
brook lamprey likewise increased rapidly (to ~10–15%) during spermatogonial pro-
liferation and meiosis during metamorphosis (F. W. H. Beamish 1982; Fig. 1.11a),
andmaximumGSI inmale pouched lamprey (although only 1.2%)was also observed
during the peak of spermatogonial proliferation and meiosis (Potter and Robinson
1991). GSI decreased in all three species when the testes were undergoing active
spermiogenesis.

Not surprisingly, there is a dramatic decrease in GSI following spawning in both
females and males. In tagged sea lamprey from Cayuga Lake, Wigley (1959) found
that only 1% of the ovary remained after spawning (i.e., females were completely
spentwith fewunspawned eggs; see Sects. 1.5.1 and 1.6.3), although 26%of the testis
remained after spawning. GSI in spent female and male European brook lamprey
was ~1 and 3%, respectively (Maitland et al. 1994), and GSI in spent male southern
brook lamprey was 3% (F. W. H. Beamish 1982).

1.5.3.2 Interspecific Differences in GSI at Sexual Maturation

In female lampreys, GSI at maturity appears to be reasonably consistent among
species. Using the data in Table 1.9, the overall mean GSI for females at or
approaching maturity (excluding European river lamprey from the Severn Estuary;
seeSect. 1.5.3.1)was 20%.Means in each study ranged from10% in spring-migrating
Caspian lamprey to 34% in Pacific lamprey; GSI values >30% were recorded in
seven species and values >40% were recorded in two species. Given that egg and
ovary weight increase markedly until maturation, lower means likely indicate that
the females sampled were not yet fully mature.Wide ranges observed within samples
suggest that there is some asynchrony in the timing of maturation (i.e., with some
individuals not fully mature) and/or variable relative reproductive effort among indi-
viduals. In the Caspian lamprey, GSI (in both females and males) was highest in the
first individuals to mature and decreased gradually thereafter (i.e., 35 and 25% in
the first and last female, respectively, to mature; Farrokhnejad et al. 2014). There-
fore, lower mean GSI values after mid-April appeared to result from inclusion of
slower-maturing females (Nazari and Abdoli 2010).

Thus, the overall mean GSI of 20% is almost certainly an underestimate for most
individual females at maturity. Based on available information, a GSI of ~25–35%
for female lampreys at maturity seems more reasonable. It is well accepted that finite
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resources or body space constraints limit egg production and ovary size in female
lampreys to this level, but howmuch variation exists among species, populations, and
individuals is not known. With respect to fecundity, Hardisty (1964) suggested that
marked differences among species in the relationship between egg number and body
length would not be expected, because all lampreys exhibit similar body forms, and
there is relatively little variation in egg size among species (see Sect. 1.6.1). However,
it is worth noting that mean GSI values were different among females of the three life
history types: 13% for anadromous parasitic species, 19% for freshwater parasitic
species, and 22% for non-parasitic species. This suggests that brook lamprey females
devote a greater proportion of their energy reserves to ovarian development than do
parasitic species, especially anadromous species with more arduous migrations. A
similar trend was “hinted at” with respect to fecundity. Although absolute fecundity
increased approximately with the cubic power of TL regardless of species, anadro-
mous lampreys have slightly lower fecundities than would be predicted based on the
general power relationship with TL (see Sect. 1.6.3). Nevertheless, the seven species
noted with maximumGSI >30% represented all life history types: three anadromous
species (Caspian, Pacific, and Arctic lampreys), two freshwater parasitic species (sil-
ver and sea lampreys), and two non-parasitic species (northern brook and American
brook lampreys). Therefore, additional study is needed to determine whether there
are subtle but consistent differences among species, populations, or individuals in
the relative size of the ovary at maturity and whether such differences are related to
allocation of energy resources among competing demands or other factors.

GSI inmale lampreys at or nearmaturitywas lower than in females andmuchmore
variable (Table 1.9).Mean values were as low as 0.5% in pouched lamprey (~1month
before spawning) and as high as 12 and 13% in male European brook and river lam-
preys, respectively (Maitland et al. 1994; Fig. 1.11b, c). A peak of 17%was recorded
in southern brook lamprey males ~1 month before spawning, but GSI was only 8%
at maturity (F. W. H. Beamish 1982). Males of parasitic species had an overall lower
GSI (mean 4.2 and 3.5% in anadromous and freshwater species, respectively) com-
pared to non-parasitic species (10%), but, given the pronounced differences in body
size, absolute testis size is still much greater in the larger-bodied parasitic species.
Absolute testis mass averaged 14.0 g in anadromous sea lamprey (Beamish and Pot-
ter 1975), 2.6–6.2 g in anadromous Caspian lamprey (Ahmadi et al. 2011; Shirood
Mirzaie et al. 2017), 1.3 g in freshwater-resident European river lamprey (Maitland
et al. 1994), and only 0.2 and 0.5 g in southern and European brook lampreys, respec-
tively (F. W. H. Beamish 1982; Maitland et al. 1994). Presumably, the large absolute
size of the testis in larger-bodied parasitic species produces more sperm to fertilize
the much larger number of eggs from their large-bodied conspecifics.

The effect of testis size on fertility has been (and continues to be) studied in a
range of animal species, particularly those showing sperm competition, and testis
size is often used as a proxy for reproductive investment (Pintus et al. 2015). Larger
testes are considered “the quintessential adaptation to sperm competition,” although
focusing predominantly on testis size ignores other potentially adaptive features such
as sperm density and sperm quality (Ramm and Schärer 2014). The GSI of Atlantic
salmon Salmo salar males that mature as very small-bodied parr is about twice that
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of anadromous males (Fleming 1998), although absolute gonad size is a limiting
factor in mature male parr, and they are capable of only 1–2 successful spawnings
(Thomaz et al. 1997). However, mature male parr have higher sperm concentra-
tions and motility and a longer spermatozoa life span (Daye and Glebe 1984; Gage
et al. 1995). Whether male lampreys are sperm limited and whether fertility depends
merely on testis size or other traits deserves further study, particularly with respect
to life history evolution (see Chap. 4).

1.5.4 Body Shrinkage During Sexual Maturation

Because reproduction in lampreys is followed by senescence and death, lampreys
devote considerable resources during sexual maturation to maximizing their single
reproductive effort (Larsen 1980). Furthermore, lampreys do not feed during mat-
uration and upstream migration. In parasitic species, the intestine of the juvenile
parasite atrophies during the upstream migration (e.g., Vladykov and Mukerji 1961;
Battle and Hayashida 1965; Dockray and Pickering 1972; Potter et al. 1983; see
Sect. 1.5.5.4). Non-parasitic species cease to feed at metamorphosis (like all lam-
preys), and the poorly developed juvenile intestine atrophies before ever becoming
patent (Battle andHayashida 1965). Thus, in addition to being semelparous, lampreys
are “capital breeders,” financing their considerable reproductive efforts using stored
(rather than incoming) resources (Tammaru and Haukioja 1996; Hardisty 2006). In
parasitic species, this terminal period of natural starvation lasts from a few months
to >1 year. The upstream migration (ranging from a few kilometers to >1,000 km;
Moser et al. 2015) and sexual maturation are fueled largely with lipid and pro-
tein reserves accumulated during the parasitic feeding phase (Kott 1971; Beamish
et al. 1979; Larsen 1980; Hardisty 2006) and mobilized primarily from the body
wall (Larsen 1980; Beamish et al. 1979; O’Connor 2001; Araújo et al. 2013). Non-
parasitic species, which initiate sexual maturation “on an empty stomach” imme-
diately after metamorphosis, are non-trophic for 6–10 months prior to spawning,
and they must fuel the sexual maturation process and their shorter upstream migra-
tion with resources accumulated during the filter-feeding larval stage (Docker 2009;
Chap. 4). Therefore, all lampreys experience body shrinkage during sexual matura-
tion, although the degree to which this happens varies among species and between
females and males.

Female and male anadromous pouched lamprey decreased 20% and 11%, respec-
tively, in mean TL between freshwater entry in July–August and maturity the fol-
lowing October, and mean weight decreased 13% and 23% in females and males
during this period (Potter et al. 1983; Fig. 1.12a). In Pacific lamprey, which simi-
larly enter fresh water ~1 year before spawning, females and males shrunk in TL
by ~23 and 15%, respectively (R. J. Beamish 1980). In anadromous sea lamprey
from the St. John River in New Brunswick, TL of females and males decreased by
an average of 16 and 12%, respectively, between entry into fresh water in May and
completion of spawning in late June (Potter and Beamish 1977). F. W. H. Beamish
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Fig. 1.12 Total length (TL) and weight in males (solid circles), females (open circles), and both
sexes combined (solid squares) over the course of the spawning migration in two representative
parasitic lamprey species: a pouched lamprey Geotria australis (data from Potter et al. 1983) and
b European river lamprey Lampetra fluviatilis (Abou-Seedo and Potter 1979); and c one represen-
tative non-parasitic species, southern brook lamprey Ichthyomyzon gagei (F. W. H. Beamish 1982).
Vertical arrows indicate the time of spawning

(1980) subsequently suggested that values based on TL at first capture in fresh water
are underestimates and calculated total shrinkage to be 24% in females and 19% in
males. In anadromous sea lamprey from the Minho River in Spain, there was little or
no change in TL between river entry in January–April and capture near the spawning
grounds (65 km upstream) in early May, but weight decreased by an average of 23
and 20% in females and males, respectively (Araújo et al. 2013). In anadromous
European river lamprey from the River Severn, TL either did not change or was
found to increase between October and March, but weight decreased by 13 and 11%
in females and males, respectively (Abou-Seedo and Potter 1979; Fig. 1.12b). Arctic
and Caspian lampreys shrunk in TL by ~25% and 22%, respectively (Holčík 1986a,
b), with females showing greater shrinkage than males (Holčík 1986a).

Parasitic species that remain in freshwater typically have shorter spawningmigra-
tions, in terms of both duration (2–3 months) and distance (<100 km; Moser et al.
2015). Therefore, we would expect that shrinkage would be less than in anadromous
species with long migrations, but whether this is the case is not clear. Comparing
TL and weight of 27 males and 37 females tagged at the start of their upstream
migration and recaptured after spawning, Wigley (1959) reported a decline in TL
of 18 and 11% for females and males, respectively, and, after accounting for the
proportion of weight loss due to shed gametes, he estimated that weight loss “from
other causes” (predominantly shrinkage) was 17 and 6% for females and males,
respectively. However, using data from Applegate (1949), we estimated that female
sea lamprey in Carp Creek, a tributary to Lake Huron, decreased in TL and weight
by only 6 and 9%, respectively, between mid-April to mid-May and mid- to late
June. In contrast, female sea lamprey captured in mid-June during their upstream
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migration in the Chocolay River, a tributary to Lake Superior, were 16% shorter and
weighed 41% less than females captured a mere 3 weeks earlier (Manion 1972). The
Vancouver lamprey, which spawns in nearshore lake habitat or in the lower portions
of tributaries, is estimated to shrink in TL by only ~6% (R. J. Beamish 1982).

In the non-parasitic northern brook lamprey, Leach (1940) monitored TL and
weight of a single female and single male between early September (i.e., in the
early stages of metamorphosis) and late March or April. He found that TL decreased
by 8.1 and 6.8% in females and males, respectively, in the ~7.5 months between
measurements. Weight loss, measured over 6.5 months, was 16 and 12% in females
and males, respectively. Because the last measurements were taken a few months
prior to spawning (which occurred in late May or early June), total shrinkage during
metamorphosis and maturation would be even greater. In a larger sample size, Leach
(1940) estimated the total reduction in TL to be ~10%.One particularly small female,
which was 92 mm at sexual maturity, died in mid-May as “little more than a swollen
bag of eggs” (Leach 1940). Southern brook lamprey held in the laboratory at sea-
sonally adjusted temperatures decreased in TL and weight (sexes combined) by an
average of ~8 and 25%, respectively, in the 7 months between early metamorphosis
in mid-October and attainment of sexual maturity in mid-April (F. W. H. Beamish
1982; Fig. 1.12c). Rate of shrinkage was greatest in the final 1–2 months prior to
spawning, especially in females. Females decreased in TL and weight by 2.9 and
3.1%, respectively, between just February and mid-April. Not surprisingly, given
the higher relative weight of the mature ovary compared to the mature testis (see
Sect. 1.5.3), females “lost weight” much more precipitously than males following
spawning, and spent females weighed only 63% of that of ripe females (F. W. H.
Beamish 1982; Fig. 1.12c).

1.5.5 Effect of Hormone Treatments on Sexual Maturation

Recent advances in the study of neuroendocrine hormones (Sower 2015, 2018) and
sex steroids (see Sect. 1.7) in lampreys have allowed many inferences to be made
regarding the role of these hormones in lamprey reproduction (e.g., by measuring
hormone levels in males and females during different stages of maturation). Here,
we review some of the early experiments that used hypophysectomy (i.e., surgical
removal of the pituitary), gonadectomy (i.e., castration), and hormone replacement
therapy to experimentally examine the role of pituitary and gonadal hormones in the
sexual maturation in lampreys.

1.5.5.1 Spermatogenesis and Oogenesis

Evennett and Dodd (1963) performed hypophysectomy on upstream-migrating male
European river lamprey between early October (when only spermatogonia were
present or the germ cells were just enteringmeiotic prophase) and earlyMarch (when
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the testis contained an increasing number of spermatozoa), and they examined the
testes by biopsy in April and June. The results indicated that spermatogenesis in
lampreys (unlike in other vertebrates) is catalyzed by, but not entirely dependent on,
the pituitary and that the degree to which spermatogenesis is disrupted depends on
the timing of hypophysectomy. When the pituitary was removed in early October,
maturation was delayed by ~2 months; hypophysectomy in November and Decem-
ber resulted in a shorter delay in sperm maturation, and little, if any, disturbance was
observed when hypophysectomy was delayed until January or later. Replacement
therapy (using lamprey pituitary extracts, pregnant mares’ serum, and mammalian
chorionic gonadotropin) appeared to restore normal spermatogenesis (Evennett and
Dodd1963).Delay in sperm formation followinghypophysectomy is presumably due
to a loss of pituitary stimulation of gonadal steroid production (Gorbman1983; Sower
2015), and T implants appear to slightly accelerate spermatogenesis in hypophysec-
tomized males (Evennett and Dodd 1963; Dodd and Weibe 1968). Knowles (1939)
reported an acceleration of spermatogenesis in intact males injected with T propi-
onate. Larsen (1974) found that spermiation was normal in intact males exposed
to E2 in the water, but implantation of males with E2 pellets inhibited or delayed
spermiation.

In contrast to spermatogenesis, oogenesis in lampreys is severely affected by
hypophysectomy. In female European river lamprey, Evennett and Dodd (1963)
found that hypophysectomy performed at any point during the spawning migra-
tion inhibited the normal increase in size and dry weight of the eggs and prevented
ovulation. Loss of pituitary stimulation of gonadal estrogen production presumably
impaired vitellogenesis (Sower and Larsen 1991; Mewes et al. 2002; Reading et al.
2017; see Sect. 1.5.5.2). Ovulation was restored in hypophysectomized females that
were subsequently treated with lamprey pituitary extracts, pregnant mares’ serum, or
mammalian chorionic gonadotropin (Evennett and Dodd 1963). Interestingly, there
were no signs of oocyte atresia in the hypophysectomized females, even though atre-
sia of yolk-containing eggs “invariably” follows hypophysectomy in other female
vertebrates (Evennett and Dodd 1963). Replacement therapy using sex steroids has
not been performed on hypophysectomized females. However, in intact European
river lamprey females, ovulation was incomplete and sometimes delayed following
implantation with or immersion in E2, and it was incomplete or completely inhibited
in females implanted with T (Larsen 1974). It is not yet known what roles pituitary
hormones and sex steroids play in the earlier stages of spermatogenesis and oogenesis
(see Sect. 1.4.1).

1.5.5.2 Vitellogenesis

During maturation in oviparous vertebrates, estrogen induces the liver of females
to synthesize vitellogenins (calcium-rich yolk precursors), which are subsequently
released into the blood and deposited in the ovary (see Sect. 1.5.1). As in other
vertebrates, the liver of female lampreys becomes significantly hypertrophied at
the onset of vitellogenesis, and there is a marked elevation in serum calcium that
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is correlated with an increase in oocyte dry weight (Pickering and Dockray 1972;
Pickering 1976a). In lampreys, however, plasma E2 levels are generally as high
or higher in maturing males compared to females (e.g., Mewes et al. 2002), and
E2 appears to be the major reproductive hormone in both sexes (see Sect. 1.7.2).
Thus, studies examining the effect of E2 administration on intact male lampreys
and ovariectomized females have been critical in demonstrating that, despite the
apparent lack of sex-specificity in serum E2 levels, vitellogenesis in lampreys is
nevertheless stimulated by the direct effect of estrogen on the liver. In the upstream-
migrating European river lamprey, Pickering (1976a) showed that E2 implantation
in intact males resulted in hypertrophy of the liver and marked elevations in serum
calcium, protein, and organic phosphorus levels. In contrast, in intact females, E2

stimulated a small but insignificant rise in serum calcium and a barely significant ele-
vation of organic phosphorus. However, pronounced increases in ovarian size and
oocyte dry weight in these E2-implanted females indicated that vitellogenin levels
were not elevated in the plasma because these proteins were being deposited in the
ovary (Pickering 1976a). This was further supported by results from ovariectomized
females: when vitellogenin deposition in the ovary was prevented, serum calcium
levels were elevated, and implantation with E2 further increased levels of protein,
calcium, and phosphorus in the blood. Implantation of intact and gonadectomized
males and females with T produced no effect on any of the parameters measured
(Pickering 1976a).

Mewes et al. (2002) isolated lamprey vitellogenin from the blood of maturing
female European river lamprey, and they showed vitellogenin to be stimulated in
males following injection of high doses of E2 into the coelom. Thus, although the
regulation of hepatic vitellogenesis by E2 appears to be a universal phenomenon in
oviparous vertebrates, with the livers of both sexes being capable of synthesizing
vitellogenin when stimulated with E2 (Reading et al. 2017), the female-specificity
of vitellogenin synthesis in lampreys (in spite of the presence of E2 in the blood of
both sexes) is somewhat paradoxical. Mewes et al. (2002) have suggested that com-
plex regulatory mechanisms prevent the hepatocytes of male lampreys from synthe-
sizing vitellogenin at physiological E2 levels. In the African clawed frog Xenopus
laevis, vitellogenin synthesis appears to be regulated through sex-specific interac-
tion between E2, the E2 receptor (ER), and the vitellogenin and ER genes. Low E2

doses are sufficient to induce transcription of the ER, but a 1,000-fold higher dose is
required for activation of vitellogenin gene transcription (Barton and Shapiro 1988).
Unless male clawed frogs are treated with high doses of exogenous E2, the amount
of functional ER is too low to induce transcription of the vitellogenin gene.

1.5.5.3 Secondary Sex Characteristics

The secondary sex characteristics of lampreys do not appear until the onset of sexua1
maturation (Johnson et al. 2015a, b). The external characteristics include swollen
cloacal lips in both sexes, enlarged dorsal fins which differ in shape between the
sexes, and the appearance of a urogenital papilla which is much more developed in
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males than in females. Some authors refer to the presence of an anal fin (e.g., Larsen
1974) or post-anal fin (e.g., Evennett and Dodd 1963) in sexually mature female
lampreys. However, this is not a true fin because it lacks supporting fin rays; thus, it
ismore appropriately referred to as an anal fin-like fold (Vladykov 1973; Lapierre and
Renaud 2015) or a post-cloacal finfold (Renaud 2011). Internal changes at maturity
include the appearance of a pore at the base of each urinary duct for the release of
gametes (Dodd et al. 1960; see Sects. 1.5.1 and 1.5.2).

In mammals and birds, the role of the sex hormones in the development of sec-
ondary sex characteristics has been established through classic experiments involv-
ing castration and hormone replacement (Goldstein and Wilson 1975; Owens and
Short 1995). Such a role has been similarly demonstrated in lampreys. Hypophy-
sectomy, whether performed early or late in the spawning migration, completely
inhibited secondary sex characteristic development in both male and female Euro-
pean river lamprey (Evennett and Dodd 1963). Replacement therapy, using lamprey
pituitary extracts, pregnant mares’ serum, and mammalian chorionic gonadotropin,
restored development of secondary sex characteristics in both sexes. Secondary sex
characteristics were also restored following sex steroid treatment: intraperitoneal
implantationwithTpellets inducedmale characteristics in hypophysectomizedmales
(Evennett and Dodd 1963; Larsen 1987), and T implantation in intact and hypophy-
sectomized females produced an enlarged urogenital papilla similar to that of mature
males (Evennett and Dodd 1963). Gonadectomy also prevented the appearance of
the secondary sex characteristics, and their development was restored following sex
steroid treatment (Evennett and Dodd 1963; Larsen 1974). T implants induced male
characteristics in gonadectomized males and intact females, and E2 induced female
characteristics in gonadectomized females and intact males (Larsen 1974). In no
instance did T stimulate female characteristics or E2 induce male characteristics.
However, different sex characteristics appeared to vary in their sensitivity to these
hormones. Changes in the dorsal fins were difficult to induce, but the urogenital
papilla and anal fin-like fold characteristic of males and females, respectively, were
readily affected by exogenous hormones. In fact, untreated males kept in the same
tank as E2-implanted males received enough E2 through the water to inhibit growth
of the urogenital papilla and stimulate enlargement of the anal fin-like fold (Larsen
1974).

Nevertheless, all studies to date show that exogenous sex hormones are unable to
prematurely induce secondary sexual characteristics. Knowles (1939) demonstrated
that T propionate and estrone (E1) were effective in inducing the cloacal swelling
and pore development characteristic of maturation in both sexes as European river
lamprey approached sexual maturity, but the same treatment elicited only a weak
response at best in larvae. Evennett and Dodd (1963) similarly showed that pitu-
itary extract and other injections given in November did not induce secondary sex
characteristics in hypophysectomized upstream migrants until February. Sex steroid
implants performed in November–February likewise did not accelerate the appear-
ance of the secondary sex characteristics, except for a slightly precocious growth of
the urogenital papilla in males (Evennett and Dodd 1963; Larsen 1974). Increased
sensitivity of the relevant tissues to hormonal stimulation at the time of maturation
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is presumably important for normal development of these characteristics (Evennett
and Dodd 1963), although the mechanism of this action is, as yet, unknown.

1.5.5.4 Intestinal Atrophy

Sexualmaturation in lampreys is accompanied by amarked degeneration of the intes-
tine (Larsen 1969a; Dockray and Pickering 1972; Pickering 1976b), but removal of
the gonad reduces the rate at which atrophy occurs (Larsen 1969b; Dockray and Pick-
ering 1972; Pickering 1976b). Vasil’eva (1961) equated the histological changes in
the intestine of migrating lampreys to those that occur in the hibernating frog, and
she attributed these changes to the effects of starvation. That gonadectomy can pre-
vent normal intestinal degeneration does not necessarily exclude this possibility,
because gonadal development during the spawning migration is accomplished at the
expense of other body tissues. However, a direct or indirect effect of sex steroids
has also been suggested by hormone replacement studies: both E2 and T promoted
intestinal degeneration in gonadectomized (as well as intact) European river lamprey
during the early stages of their spawning migration (Pickering 1976a). Hypophysec-
tomy can also reduce the atrophy of the intestine (Larsen 1972), presumably by
preventing a pituitary influence on the secretory activity of the gonads. Furthermore,
when gonadectomy was delayed until after the gut had already atrophied, castra-
tion resulted in re-differentiation and growth of the intestine (Larsen 1972, 1974;
Pickering 1976b).

Therefore, it is tempting to conclude that normal intestinal degeneration in para-
sitic lampreys is triggered by sex steroids produced by the maturing gonads (Larsen
1980). Nevertheless, this hypothesis is probably too simple. For example, the effect of
these steroids appears to be dependent upon the time of administration. Sex steroids
administered to early upstreammigratingEuropean river lamprey (inSeptember) pro-
moted intestinal atrophy, but they were ineffective in January in counteracting the
intestinal hypertrophy observed after gonadectomy (Larsen 1974; Pickering 1976b).
Furthermore, initiation of sexual maturation and onset of intestinal degeneration do
not appear to be well-coordinated in all species. In the pouched lamprey, Potter et al.
(1983) found that the intestine underwent rapid atrophy immediately after freshwa-
ter entry, even though the gonads were still very immature. In contrast, Youson and
Beamish (1991) reported that the parasitic form of western brook lamprey found
in Morrison Creek on Vancouver Island retained a functional intestine even while
possessing well-developed gonads. The factors that trigger cessation of the parasitic
feeding phase and the onset of sexual maturation are as yet unknown in lampreys,
but they are of considerable interest in terms of life history evolution (see Chap. 4).
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1.6 Egg Size and Fecundity

Potential fecundity is the finite number of oocytes produced during larval devel-
opment, and actual or absolute fecundity is the number of oocytes that survive to
maturity (Beamish and Thomas 1983). All (or almost all) the eggs that survive to
maturity are released during the semelparous lamprey’s single spawning season,mak-
ing lifetime reproductive output in female lampreys easily quantifiable. The trade-off
between number of offspring and resource allocation per offspring (e.g., egg size)
is one of the central tenets of life-history theory (Lack 1954; Smith and Fretwell
1974; Stearns 1989). In lampreys, however, a relationship between egg size and egg
number or between egg size and female body size has not emerged.

In contrast, fecundity and its relationship with female body size has been well
studied in lampreys. This is not surprising, given its importance in understanding
the selective pressures involved in the evolution of different life history traits (see
Docker 2009; Chap. 4) and in predicting the reproductive potential of species of
conservation and management concern.

1.6.1 Egg Size

Following Hardisty (1971), we use the term “egg” to refer to an oocyte following
ovulation. Prior to ovulation, different lamprey species show different rates of oocyte
growth (Fig. 1.9; see Sect. 1.5.1), but final egg size appears to be reasonably consis-
tent among species. The average egg diameter across species from all the means in
Table 1.11 was 955 μm. Assuming this is a slight underestimate because it includes
eggs “nearing maturity” (see below), a good rule of thumb appears to be that egg
diameter at maturity is ~1,000 μm (1.0 mm).

Malmqvist (1986) suggested that lamprey egg size increases with adult body
length so that eggs are largest in the largest parasitic species, but this does not
appear to be a consistent pattern. Although large eggs have been reported in the
large-bodied pouched lamprey (mean diameter 1,120 and 1,180 μm; Potter et al.
1983; Baker et al. 2017), mean egg diameter in other large anadromous species
appears to be more modest: 940 μm in anadromous sea lamprey, 700–800 μm in
Pacific lamprey, and 770–1,040 μm in Arctic lamprey (Vladykov 1951; Kan 1975;
Clemens et al. 2013; Yamazaki et al. 2001; Kucheryavyi et al. 2007). Conversely,
mean egg diameters in excess of 1,000 μm have been reported in at least six brook
lamprey species (Table 1.11). Within species, Witkowski and Jęsior (2000) found a
positive relationship between egg diameter and TL in both spring and fall European
river lamprey migrants, but Manion (1972) and Kopp (2017) found no relationship
between egg size and female size in Great Lakes sea lamprey.

However, methodological differences likely confound comparisons among
species and studies. At maturity, the lamprey egg is slightly ovoid, with the long axis
being ~1.1–1.2× the length of the short axis (Witkowski and Jęsior 2000; Yamazaki
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et al. 2001). Some studies measure and report both the long and short axes (e.g.,
F. W. H. Beamish 1982; Beamish and Thomas 1983; Witkowski and Jęsior 2000;
Yamazaki et al. 2001; Dzeiwulska and Domagała 2009); some report only the max-
imum diameter (i.e., only the long axis; Lapierre and Renaud 2015); some report
the mean of the long and short axes (Kopp 2017); and some do not explicitly state
which axis wasmeasured but presumablymeasure and report the maximum diameter
(e.g., Applegate 1949; Clemens et al. 2013; Baker et al. 2017). In Table 1.11, we
tried to include only the maximum diameter. Furthermore, some studies measure egg
size using fresh material (e.g., Manion 1972), but most others use eggs preserved in
10% formalin (e.g., Yamazaki et al. 2001; Nazari and Abdoli 2010; Clemens et al.
2013), 4% formalin (Witkowski and Jęsior 2000), or a solution of formalin, acetic
acid, and alcohol (Applegate 1949). An average of 17% shrinkage in diameter has
been observed in formalin-preserved fish eggs relative to fresh eggs (Frimpong and
Henebry (2012). At least egg diameter appears to be the same among various parts
of the ovary (Applegate 1949).

Malmqvist (1986) cautioned that differences in degree of maturity will also make
egg size difficult to compare among studies. Table 1.11 excluded samples where
oocytes were clearly described as being immature, but rapid maturation in the final
weeks before maturity suggests that even small differences in timing can produce
substantial differences in egg size (see Sect. 1.5.1). For example, Manion (1972)
found a 10% increase in egg diameter in sea lamprey sampled on 16 June compared
to just 3 weeks earlier. In some cases, diameter has been reported for eggs free in the
coelom just prior to being released (mean 1,000–1,100 μm; Applegate 1949; Piavis
1971), but most studies measured egg diameter in intact ovaries prior to ovulation.
Studies measuring fertilized eggs (although not included here) would further con-
found comparisons, because the egg swells and the volume increases by 20–25%
after fertilization (Hardisty 1986).

There are some suggestions that egg weight (mass) in lampreys is more variable
among individuals or populations than egg diameter, although fewer studies report
egg weight. Furthermore, as with egg diameter, even minor differences in stage
of maturity and differences in preservation methods will complicate comparisons.
Manion (1972) found a 17% increase in egg weight in sea lamprey between 26 May
and 16 June, and Gambicki and Steinhart (2017) found that egg weight decreased by
6–12% after freezing and thawing relative to fresh weight. Overall, mean egg weight
at maturity appears to be ~400–580μg. Average egg weight was 424μg in European
river lamprey in late February (i.e., still 1–2 months prior to spawning) (Witkowski
and Jęsior 2000) and 470 and 610 μg in sexually mature Kern brook lamprey and
Macedonia brook lamprey, respectively (Lapierre and Renaud 2015). Egg weight in
sea lamprey in the Chocolay River in Michigan (a tributary to Lake Superior) was
225–672 μg (mean 390 μg) in mid-June, a few weeks prior to spawning (Manion
1972). There was a positive relationship between egg diameter and egg weight (R2

= 0.624), but no relationship between egg weight and female TL (Manion 1972).
In other studies, average egg weight in sea lamprey from Lakes Superior, Huron,
Michigan, and Ontario ranged from 470 to 580 μg, with no relationship among
populations between mean egg weight and female TL (Johnson 1982; O’Connor
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2001; Gambicki and Steinhart 2017). Gambicki and Steinhart (2017), comparing
egg weight from Lake Superior in 2011 to the 1960 values from Manion (1972),
concluded that sea lamprey egg weight increased 43% since 1960, corresponding
with increases of ~13 and 45% in mean TL and body weight, respectively (see
Sect. 1.6.5). These authors caution that the observed differences in egg weight might
be the result of methodological differences, but the relationship between female size
or body condition and egg weight deserves further study. For example, it would be
interesting to examine if the decreases in sea lamprey growth rates that accompanied
their high abundance relative to prey abundance in the early 1960s (see Sect. 1.2.6)
meant that female sea lamprey in 1960 were less able to develop well-provisioned
eggs.

Even fewer studies measure egg dry weight (e.g., dried at 60 °C to a constant
weight), although this is likely a more meaningful indicator of nutrient provisioning
in the egg. Docker and Beamish (1991) used egg dry weight to investigate intraspe-
cific differences in egg size in least brook lamprey. Within three of the eight pop-
ulations examined, these authors found that egg dry weight was positively related
to female body length. However, among populations, mean egg dry weight was
inversely related to size at maturity: in populations where females matured at small
sizes (mean ~100–110 mm TL), females produced comparatively fewer but heavier
eggs than larger-bodied populations (size at maturity ~130–150mmTL). Docker and
Beamish (1991) concluded that the heavier eggs, which presumably contained more
yolk, provided for higher embryonic and larval survival in an unproductive environ-
ment. Marsh (1984, 1986) similarly suggested that large eggs of the orangethroat
darter Etheostoma spectabile are advantageous where food is scarce. It is not known
if this pattern is observed in other lamprey species. In widely dispersed parasitic lam-
prey species that do not home (seeMoser et al. 2015), variation in egg size to “match”
environmental conditions in rearing streams would not be expected. However, feed-
ing conditions during the parasitic feeding phase might affect egg dry weight, and
investigation of inter- and intraspecific variation in the yolk caloric value and bio-
chemical composition of lamprey eggs is also needed.Bird et al. (1993) foundmarked
differences in the fatty acid composition of the ovary of European brook and river
lampreys, reflecting differences in their diets during the precedingmicrophagous and
parasitic feeding phases, respectively. Further study is needed to determine if such
pronounced differences between non-parasitic and parasitic species (or more subtle
differences among parasitic species) affect egg quality and embryo survival.

The effect of maternal attributes on egg properties has been extensively studied in
teleost fishes, and a positive relationship between egg size and fish size appears to be
nearly universal (see Quinn et al. 1995; Chambers 1997; Kamler 2005). In lampreys,
however, the only clear relationship between attributes of females and the properties
of their eggs is that egg number increases with body size (Sect. 1.6.3). Given the
potentially high embryo mortality rates from sources apparently unrelated to egg
size or quality (Cochran 2009; Smith and Marsden 2009; see Dawson et al. 2015),
it may be that the lamprey reproductive strategy relies more on devoting resources
to increasing fecundity while keeping egg size relatively constant at a “generalized”
optimal size. However, better assessments of egg quality are required.
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1.6.2 Potential Fecundity

Lampreys produce a finite number of oocytes during the larval stage (see
Sect. 1.4.1.2), and these represent their total reproductive potential. Among species,
the relative number of oocytes elaborated during the larval stage is often compared
by using the number of oocytes per cross-section (Table 1.8), but few estimates have
been made of the total number of oocytes in the larvae. This is likely related to
both the effort required and concern over the reliability of such estimates. Hardisty
(1961c) was among the first, if not the first, to estimate potential fecundity of lamprey
larvae. He counted oocyte numbers and measured their diameters from transverse
histological sections taken at 1- to 2-mm intervals to extrapolate the total number
of oocytes along the length of the ovary. Using this method, he estimated that total
oocyte number in 11 European brook lamprey larvae ranged from 4,900 to 10,600
and averaged 7,100 (Hardisty 1961c). Comparing these values to adult fecundity esti-
mates, he concluded that a high proportion of the larval oocytes in this species (up to
90%) must fail to reach maturity (Hardisty 1964; Table 1.10). Hardisty (1971) sug-
gested that atresia in brook lampreys may help provide nourishment to the remaining
oocytes during their non-trophic post-metamorphic period. Kuznetsov et al. (2016)
counted a subsample of the oocytes under a binocular microscope, and they also
suggested that potential fecundity in two Russian populations of this species (mean
6,955) far exceeded absolute fecundity (mean 1,877). In contrast, Hardisty (1961c,
1964) estimated potential fecundity in European river lamprey in the U.K. to be
14,000–26,000 oocytes (mean 19,000; Hardisty 1961c, 1964), suggesting that only
~16% of larval oocytes undergo atresia. Kuznetsov et al. (2016) estimated potential
fecundity in larvae of anadromous and freshwater-resident European river lamprey
in Russia to be 20,155 and 10,174, respectively, which is unexpectedly lower than
mean absolute fecundity from these same populations (21,080 and 12,103, respec-
tively). Either the potential fecundity estimates made by Kuznetsov et al. (2016) are
underestimates or these populations gain rather than lose oocytes during the final
larval stage (see below). Hardisty estimated potential fecundity in Great Lakes and
anadromous sea lamprey at 110,000–165,000 and 182,000–328,000, respectively
(Hardisty 1964, 1969, 1971), suggesting that ~45 and 21% of oocytes, respectively,
are lost through atresia (Table 1.10).

Beamish and colleagues, using a method designed to count each oocyte in serial
transverse sections once, concluded that potential fecundity (and hence atresia) was
lower than reported by Hardisty (1961c, 1964) and less variable among life history
types. Beamish and Thomas (1983) used measures of maximum oocyte diameter
to categorize oocytes in each serial section as representing 25, 50, 75 or 100% of
the maximum oocyte diameter. The number of oocytes was then counted in every
tenth slide, and cumulative oocyte volume for each categorywas calculated. Potential
fecundity in chestnut and southern brook lampreys was estimated at 8,289–20,641
and 1,035–2,800 oocytes, respectively, suggesting that ~3 and 12% of oocytes,
respectively, were lost between the larval and adult stages. Using a similar method
in Great Lakes sea lamprey, Barker et al. (1998) estimated potential fecundity to be
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Table 1.10 Potential fecundity (mean ± one standard deviation, SD, and range) estimated in six
lamprey species; different populations are listed separately. Percentage of oocytes lost to atresia
for each species is estimated by comparing mean potential and absolute fecundities from the same
geographic regions; absolute fecundity is given in Table 1.11

Species Potential fecundity Estimated
atresia (%)n Larval TL

(mm)
Oocyte number References

Range Mean ± SD Range

PARASITIC SPECIES

Eudontomyzon
danfordi
Carpathian
lamprey
(freshwater)

3 105–125 10,533 7,200–16,000 Renaud and
Holčík (1986)

15.5

Ichthyomyzon
castaneus
chestnut
lamprey
(freshwater)

10 ~94–150 14,542 ±
2,732*

8,289–20,641 Beamish and
Thomas
(1983)

3.2

Lampetra
fluviatilis
European
river lamprey
(anadromous)
U.K.

3 61–88 17,567 ±
7,488

11,700a–26,000 Hardisty
(1961c)

15.8

4 79–99 19,225 ±
3,690

14,600–21,500 Hardisty
(1961c)

6 89–110 14,000 8,000–20,000b Hardisty et al.
(1970)

Lampetra
fluviatilis
European
river lamprey
(anadromous)
Gulf of
Finland,
Russia

12 63–130 19,480 ±
2,196

12,138–31,164 Kuznetsov
et al. (2016)

– 4.6

23 85–105 20,830 ±
2,125

14,781±25,962 Kuznetsov
et al. (2016)

Lampetra
fluviatilis
European
river lamprey
(freshwater)
Lake Ladoga,
Russia

50 62–167 10,036 ±
2,998

5,434–20,577 Kuznetsov
et al. (2016)

– 19.0

29 63–104 9,283 ± 2,816 3,595–20,602 Kuznetsov
et al. (2016)

25 72–117 11,203 ±
3,530

3,015–21,449 Kuznetsov
et al. (2016)

Petromyzon
marinus sea
lamprey
(anadromous)

5 117–143 289,000 ±
29,992

255,000–328,000 Hardisty
(1969)

21.3

4 132–152 196,000 182,000–213,000 Hardisty
(1969)

Petromyzon
marinus sea
lamprey
(freshwater)
Great Lakes

6 103–114 134,000 114,000–165,000 Hardisty
(1964, 1971)

44.9

8 115–165 ~81,000 33,000–129,000c Barker et al.
(1998)

8.9

(continued)
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Table 1.10 (continued)

Species Potential fecundity Estimated
atresia (%)n Larval TL

(mm)
Oocyte number References

Range Mean ± SD Range

BROOK LAMPREYS

Lampetra
planeri
European
brook lamprey
U.K.

7 53–125 7,243 ± 1,754 5,500–10,600 Hardisty
(1961c)

89.2

4 48–54 5,999 ± 2,530 4,900–9,300 Hardisty
(1961c)

Lampetra
planeri
European
brook lamprey
Russia

14 94–154 6,574 ± 1,994 2,962–10,549 Kuznetsov
et al. (2016)

73.0

25 115–165 7,335 ± 2,110 3,468–14,580 Kuznetsov
et al. (2016)

Ichthyomyzon
gagei
southern
brook lamprey

21 45–150 ~1,870 1,035–2,800 Beamish and
Thomas
(1983)

11.8

*95% confidence limit
aOocyte numbers as low as 6,351 were observed in this population, but Hardisty assumed that counts lower than 14,000
oocytes were European brook lamprey
bTransformers and early macrophthalmia
cIncluding undifferentiated germ cells; oocytes alone numbered 19,000–65,000, which is lower than mean absolute
fecundity (~70,000 eggs)

33,000–129,000, again suggesting that a smaller proportion of oocytes are lost to
atresia (~9%) than previously suggested (Table 1.10). Barker et al. (1998) consid-
ered Hardisty’s potential fecundities to be overestimates, because Hardisty’s method
did not consider that an oocyte might be sectioned and counted more than once. It
should be further noted that Barker et al. (1998) included undifferentiated germ cells
in their estimates of potential fecundity. Counting only oocytes, Barker et al. (1998)
estimated potential fecundity to be 19,000–65,000, which is less than mean absolute
fecundity in Great Lakes sea lamprey (~70,000). As discussed in Sect. 1.4.1.2, there
is evidence in some parasitic species that, during the late larval stage, small numbers
of residual undifferentiated germ cells may develop into oocytes following com-
pletion of ovarian differentiation, potentially compensating for, or even exceeding,
oocyte atresia.

Histological evidence for oocyte atresia is likewise inconsistent, and there is some
debate regarding the timing of atresia. Barker et al. (1998) saw no atretic oocytes in
typical larvae (see Sect. 1.4.1.4). Hardisty (1964) indicated that degenerating oocytes
are often seen in European brook lamprey ovaries at all stages of the larval period, but
he acknowledged that the proportion undergoing atresia is far too small to account
for the inferred reduction in oocyte numbers between larval and adult stages. Some
authors suggest that, where atresia does occur, it is complete or largely complete
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by the onset of metamorphosis (Hardisty 1971; Beamish and Thomas 1983; Docker
and Beamish 1991). In contrast,Weissenberg (1927) reported extensive degeneration
of oocytes in European brook lamprey ovaries during metamorphosis, and Hughes
and Potter (1969) and Hardisty (1971) suggested that atresia occurring immediately
before or at the onset of vitellogenesis may be significant in non-parasitic species.

Granted, it is possible that there is simply considerable variation in the extent
and timing of atresia among species. For example, it has been suggested that a high
degree of atresia should be evident in brook lampreys that have recently diverged from
their parasitic ancestor (see Docker 2009; Spice and Docker 2014). That is, recently
derived brook lampreysmay still elaborate a large number of oocytes during the larval
stage and then adjust (through atresia) the final number of oocytes to correspond
with their reduced adult body size relative to the parasitic ancestor. Beamish and
Thomas (1983) hypothesized that the lack of atresia in southern brook lamprey
suggests that it diverged from the parasitic chestnut lamprey some time ago, thus
giving natural selection sufficient time in which to reduce the number of oocytes
elaborated in the larvae to better match body size at maturity. However, based on
genetic evidence, it is not likely that southern brook lamprey is long separated from
the chestnut lamprey; both southern and European brook lampreys appear to be
recently diverged from their parasitic ancestors (Docker 2009;Chap. 4). Furthermore,
when comparing the similar number of oocytes observedper cross-section in southern
and European brook lampreys (Table 1.8), it seems unlikely that potential fecundity
is so different in the two species. Hardisty (1971) likewise suggested that a high
degree of atresia in the Great Lakes sea lamprey is indicative of its recent derivation
from an anadromous ancestor. He argued that the ~40% decline in oocyte numbers
by maturity is the result of post-metamorphic “adjustment,” because the smaller-
bodied adult landlocked sea lamprey lacks sufficient energy resources to support
all the developing oocytes. It was Hardisty’s view that the greater imbalance in
oocyte numbers between larval and adult landlocked sea lamprey relative to the
anadromous sea lamprey represents an incomplete transition from an anadromous
to a fully landlocked form. However, Barker et al. (1998)’s estimate of potential
fecundity in the Great Lakes sea lamprey suggests no such imbalance. Uncertainty
regarding the reliability of different potential fecundity estimates makes it difficult
to correlate time of divergence between life history types and extent of atresia in the
derived form.

Nevertheless, it should be noted that potential fecundity is still smaller in land-
locked versus anadromous sea lamprey and in non-parasitic versus parasitic species.
This means that, even if there is post-larval “tinkering” of oocyte numbers to corre-
spond with adult size, there has still been some reduction in the number of oocytes
elaborated during the larval stage (i.e., in anticipation of the smaller adult size) in the
derived forms. Lower potential fecundity in these smaller-bodied lampreys appears
to be mediated by the earlier onset of oogenesis (see Sect. 1.4.1.2). Thus, as sug-
gested by Hardisty (1964) and Beamish and Thomas (1983), fecundity differences
among species are very likely genetically based and largely determined at or before
sex differentiation (although there is some evidence of intraspecific variation; see
Spice and Docker 2014; Sect. 1.4.1.2). Within each species, individual variations in
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absolute fecundity may then be related to individual growth or body condition. By
this view, final oocyte numbers would be dependent on the resources available to
support the developing oocytes and mediated through differences in the extent of
atresia. This would provide a mechanism by which the maximum number of oocytes
that theoretically could be brought to maturity is produced in the larval stage, and
then the final number can be adjusted downward (but not upward) prior to matu-
rity. For lampreys producing more oocytes than they generally mature, the energetic
inefficiencies associated with this strategy may be offset by the potential to enhance
fitness under conditions that favor growth and the accumulation of energy reserves.
However, the extent to which atresia is influenced by energy expenditures related to
other demands (e.g., long versus short spawning migrations) and the availability and
quality of food remains unknown. Further examination of atresia in multiple large
populations, using standardized methods, is required.

1.6.3 Absolute Fecundity

Absolute or actual fecundity of lampreys varies considerably among and within
species. It increases with body size, varying at least two orders of magnitude
between the large anadromous parasitic species and the much smaller brook lam-
preys (Table 1.11; Fig. 1.13). For example, fecundity of anadromous sea lamprey
(mean TL 743 mm, range 666–841 mm) in the St. Lawrence River and its tributaries
ranged from 123,873 to 258,874, with a mean of almost 172,000 (Vladykov 1951).
Fecundity of upstream migrants in the St. John River in New Brunswick (mean
729 mm TL) ranged from 151,836 to 304,832 and averaged 210,228 eggs (Beamish
and Potter 1975). Pacific lamprey, another large anadromous species, is also highly
fecund: mean fecundities of 127,178 and 140,312 eggs have been reported (Clemens
et al. 2013 and Kan 1975, respectively), and maximum reported fecundity is close
to 240,000 eggs in females measuring ~400–500 mm TL (Kan 1975). In compari-
son, females of the pouched lamprey (mean TL >500 mm TL) have relatively low
fecundity (mean 57,942; Potter et al. 1983). Hardisty et al. (1986) suggested that the
number of eggs in this species is limited by its slender trunk. Pouched lamprey is also
known to undergo a very prolonged upstream migration (i.e., spending ~16 months
in freshwater; Potter et al. 1983), whichmay limit the energy that can be allocated for
egg maturation. In contrast, duration of the spawning migration is typically shorter
in anadromous sea lamprey (~3–4 months; see Moser et al. 2015). However, the
highly fecund Pacific lamprey also spends >1 year in fresh water prior to spawning
(Clemens et al. 2009).

Other anadromous lamprey species are smaller at maturity than the three species
above, and they have correspondingly lower fecundities. However, there is consider-
able variation within and among species. For example, average fecundity of anadro-
mous European river lamprey ranges from 15,900 in small-bodied populations (mean
TL 285 mm: Hardisty 1964) to >36,000 in larger-bodied river lamprey from Poland
(mean TL 405–432mm;Witkowski and Jęsior 2000). Fecundity in anadromous Arc-
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Fig. 1.13 Relationship between mean absolute fecundity (total number of eggs in adults) and
total body length (TL) in 11 parasitic and 13 non-parasitic lamprey species; values are taken from
Table 1.11 where both mean fecundity and mean TL were available (n= 64). Solid circles represent
non-parasitic species; solid squares represent freshwater parasitic species or populations; open
squares represent anadromous parasitic lampreys. A power function (line) describes the relationship
between fecundity (y) and TL (x) as y = 0.0014x2.8896 (R2 = 0.9375, p < 0.0001)

tic lamprey is similarly variable, given the wide range of adult body sizes seen among
and within populations (Table 1.11). However, it appears that some interspecific dif-
ferences in fecundity are not strictly due to size differences. Short-headed lamprey
display low fecundities (5,992–9,794) for their body length (mean TL 326–366 mm)
relative to their Northern Hemisphere counterparts (Hughes and Potter 1969). Even
the relatively small-bodied western river lamprey (mean TL 203) has higher fecun-
dity (mean 24,343, albeit measured in only two specimens; Vladykov and Follett
1958).

Freshwater-resident parasitic lampreys are also smaller atmaturity than the largest
anadromous species and have correspondingly lower fecundities, although the land-
locked sea lamprey in the Great Lakes, Cayuga Lake, and Lake Champlain are larger
andmore fecund thanmany of the smaller-bodied anadromous lampreys (Table 1.11).
At maturity, female landlocked sea lamprey range in size from ~300 to 550 mm TL
and have fecundities less than half those of their anadromous counterpart. The low-
est mean fecundity reported (45,598 eggs) was for sea lamprey from Cayuga Lake
(mean TL 395 mm; Wigley 1959), and the highest mean (97,016 eggs) was reported
in sea lamprey from the Green Bay region of Lake Michigan (mean TL 485 mm;
Johnson et al. 1982). Individual variation is high, ranging from about 14,000 to over
146,000, with an overall average of ~70,000 eggs per female. Fecundities of other
freshwater parasitic species are well below those for sea lamprey, in accord with
their smaller sizes (Table 1.11). For example, Nursall and Buchwald (1972) reported
an average of 21,415 eggs for a freshwater-resident population of Arctic lamprey
in Great Slave Lake in the Northwest Territories (~170–300 mm TL). Fecundity in
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chestnut and silver lampreys averages ~14,000 (mean TL 246 mm; Schuldt et al.
1987) and ~19,000 (mean TL 253–313 mm; Vladykov 1951; Schuldt et al. 1987),
respectively, and the smallest freshwater-resident parasitic lamprey, the Miller Lake
lamprey (~70–95 mm TL), has a mean fecundity of only ~600 eggs (Kan and Bond
1981).

Fecundity (and body size) is less variable in the non-parasitic brook lampreys.
Of the 16 species listed in Table 1.11 (i.e., where both fecundity and TL were pro-
vided or could be approximated), TL at maturity typically ranges from ~100 to
150 mm, although individuals as small as 89 mm (Kern brook lamprey; Lapierre and
Renaud 2015) and as large as 230 mm (Siberian brook lamprey Lethenteron kessleri;
Yamazaki et al. 2001) have been reported. Mean fecundity in brook lampreys ranges
from 474 in the Australian brook lamprey (Hughes and Potter 1969) to 3,787 in the
American brook lamprey (Kott 1971). Interestingly, the Australian brook lamprey
is not particularly small (mean TL 124 mm). Therefore, in general, it appears that
all three Southern Hemisphere species examined to date have lower fecundities than
Northern Hemisphere species of the same size. Although egg counts in a few individ-
uals of other brook lamprey species are within the range observed in the Australian
brook lamprey (326–675), fecundity for most brook lamprey species ranges from
~1,400 to 2,500, and the overall mean from the 28 studies included in Table 1.11 was
1,773.

Despite the exceptions noted above, there is a clear relationship between fecundity
and female body size across all species. Using all studies for which mean TL and
fecundity were available (Table 1.11), the relationship is described by the equation:

Fm = 0.0014 TL2.8896
m

(
n = 64, R2 = 0.9375, p < 0.001

)
, or (1.1)

Log Fm = 2.8896 log TLm − 2.867
(
n = 64, R2 = 0.9375, p < 0.001

)
(1.2)

where Fm is the mean fecundity for each species in each reported investigation and
TLm is the corresponding mean total length (mm). The number of individuals rep-
resenting each species ranged from 1 to 310 and averaged 22.6. Each record of
mean fecundity was entered separately and not combined with other records for the
same species. Therefore, across populations and species, the total number of eggs in
lampreys increases approximately with the cubic power of TL (Fig. 1.13). In broad
terms, with the doubling of TL, fecundity increases by almost an order of magnitude
regardless of species. Hardisty (1964) reasoned that the relationship between egg
number and TL should be similar regardless of species, because all lampreys exhibit
essentially similar body forms and there is relatively little variation in egg size among
species (see Sect. 1.6.1).

This general relationship between fecundity and TL also appears to apply within
most species (Table 1.12). Fecundity was related to the cubic power (2.77, 2.82, 3.10,
3.21, 3.46) of TL in five brook lamprey species, although the relationship was less
consistent in the parasitic species. In five sea lamprey populations (one anadromous
and four landlocked populations), the exponent was found to be 2.11–3.21, but it
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was only 0.69–1.71 in European river lamprey and two other landlocked sea lamprey
populations. The nature of the relationship between fecundity and TL may differ in
some of these studies because of small size ranges or measurement and sample size
limitations. Alternatively, there may be subtle differences in the relationship between
fecundity and TL between non-parasitic and parasitic species (see below).

Although TL is generally a more convenient measure of body size than weight
(particularly in the field), Smith andMarsden (2007) found bodyweight to be a better
descriptor of size for estimating fecundity of sea lamprey from Lake Champlain and
other freshwater-resident populations. They examined a number of morphometric
indices including weight, TL, GSI, and other morphological measures (i.e., to test if
one body segment is a more consistent predictor of fecundity than TL if loss of length
during the spawning run occurs disproportionately over different segments). The best
model combined both female wet weight and GSI, but support was also strong for
a model based on wet weight alone. In the Lake Champlain population, wet weight
alone explained 68% of the variation in fecundity, and wet weight and GSI combined
explained 72% of the variability. Therefore, in situations where collection of GSI
data is not convenient or possible (e.g., when non-lethal sampling is desirable), wet
weight was sufficient. A model based on TL alone was not well supported.

Across all species, where mean fecundity (Fm) and mean weight (Wm in g) were
available (Table 1.11), the relationship was described by the equation:

Log Fm = 0.9637 log Wm + 2.6509
(
n = 40, R2 = 0.9572, p < 0.0001

)

(1.3)

Thus, there is an almost 1:1 increase in egg number with increases in female body
weight (e.g., 2,111 eggs in a 5-g American brook lamprey and 19,418 eggs in a 50-g
silver lamprey). Given the large range in body weight observed across all species
(e.g., from 3.8 g in northern brook lamprey to 842 g in anadromous sea lamprey),
log transformation of the data was required. Within species, a linear relationship
using untransformed data was the best descriptor (Table 1.12), although there was
little difference in the fit quality with log-transformed data, and the same general
relationship between fecundity and weight appears to apply within most species.
Details of the relationship (i.e., slope and intercept) varied among species, but there
was still an approximate doubling of fecundity with doubling of female body weight.
For the nine data setswhere bothTL andweightwere available, R2 valueswere higher
in six cases using weight data.

That female weight is, in general, a better predictor of fecundity is not surprising,
given that the eggs can constitute ~25–35% of the female’s weight at maturity (see
Sect. 1.5.3). Thus, it is not merely a matter of expecting heavier females to be able
to produce or mature more eggs, but more fecund females will generally be heavier
as a result of these eggs. Using the eight data sets that provided ovary (or total
egg) weight, we found that R2 values were consistently (although only marginally)
higher when fecundity was regressed on total body weight (0.188–0.817) rather
than ovary-free body weight (0.124–0.771). Thus, although total body weight is a
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good predictor of an individual female’s fecundity, ovary-free body weight (or other
independent measures of size or nutritional status) may be better metrics when trying
to explain the factors that determine the number of eggs that survive to maturity. The
presumption is that individuals with a high nutritional status are better able to provide
sufficient nourishment for developing oocytes and, conversely, that individuals with
low nutritional levels are forced to provide this nourishment from the catabolism of
a portion of their oocytes and other reserves. While such statements seem implicitly
obvious, they lack explicit or supportive evidence. Further, there is currently no
standard by which to appropriately evaluate “nutritional status.” Condition factor
(W/TL3 × 106, where W is weight in g and TL is total length in mm) is often
used to infer a fish’s nutritional condition (Ricker 1975) and is frequently used to
measure “plumpness” of lampreys (e.g., Manzon et al. 2015). However, body weight
of lampreys consists mostly of water (Lowe et al. 1973); as lipids and proteins are
catabolized during the non-trophic spawning migration, they are replaced by water,
thus further increasing its large contribution to bodyweight (Beamish et al. 1979;Bird
and Potter 1983; Araújo et al. 2013). Proximate body composition of anadromous
lampreys has been assessed at different stages of their life cycle (e.g., Beamish et al.
1979; Bird and Potter 1983; Araújo et al. 2013), but no comparisons have been made
among individuals to determine if fecundity is correlated with these measures of
nutritional status.

Nevertheless, deviations from the predictable relationship between body size and
fecundity will help provide some initial insights into the factors that might “fine
tune” this relationship, both among and within species. For example, all five species
of brook lampreys studied to date showed that the total number of eggs increased
with the cubic power of TL, leading us to conclude that the number of eggs brought
to maturity in non-parasitic species approaches the physiological or anatomical lim-
its imposed by body size. In contrast, the more pronounced variation seen among
parasitic lampreys suggests species- or population-specific differences in the pro-
portion of energy allocated to eggs. It is interesting that many of the anadromous
lampreys have slightly lower fecundities than would be predicted based on the gen-
eral power relationship with TL (Fig. 1.13). This appears not to be a function of
their larger size alone, because the same pattern is not seen among the larger-bodied
freshwater-resident lampreys, and it instead may be related to how much of a female
lamprey’s finite energy reserves are devoted to elaboration of the eggs relative to
energy expended during the upstream spawning migration or other demands. Phy-
logenetic differences should also be explored; as pointed out above, the three of the
Southern Hemisphere lamprey species examined to date have lower fecundities than
their Northern Hemisphere counterparts at the same TL. Hardisty et al. (1986) sug-
gested that the number of eggs in the pouched lampreymight be limited by its slender
trunk, although its relatively long trunk (which, as a proportion of TL, increases dur-
ing the spawning migration in females but not in males) appears to help compensate
for the small body depth. The very different spawning behavior shown by pouched
lamprey may also help explain its disproportionately low fecundity relative to its TL.
Pouched lamprey eggs and embryos may suffer less mortality compared to Northern
Hemisphere lampreys, because pouched lamprey eggs are attached to the underside
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of large boulders in cryptic nests, and the extended survival of the spawning adults
may provide further protection (Baker et al. 2017). If early mortality rates are lower,
selection may have favored lower fecundity but with more resources apportioned to
the long upstream migration and post-spawning survival. Spawning behavior in the
other Southern Hemisphere lamprey species has not been described to date.

Exploring intra-specific differences in the relationship between body size and
fecundity will also be informative. For example, Manion (1972) found that fecun-
dity ranged from 45,285 to 89,565 eggs in three females of identical TL (394 mm)
that were all collected on the same day; understanding the factors that contribute to
such individual differenceswould be valuable. Comparisons among sea lamprey pop-
ulations (e.g., before and after initiation of sea lamprey control or among locations)
would also be informative. Determining whether spatial and temporal differences in
fecundity are merely reflective of differences in body size or whether they represent
a proportionately greater or smaller allocation of resources to gonadal development
will help us understand the effect of sea lamprey controlmeasures on the reproductive
potential of different populations (see Sect. 1.6.5).

As a final note in this section, because methodological differences employed
when estimating potential fecundity appear to have resulted in large discrepancies
among studies, it should be pointed out that methodological differences also exist
among the various studies cited here. However, given the ease of counting mature
eggs compared to larval oocytes, differences related to methodology are likely to be
much smaller than when estimating potential fecundity. For the less fecund brook
lampreys, many studies counted the total number of eggs per female (e.g., Docker
and Beamish 1991; Lapierre and Renaud 2015), although others estimated the total
number from subsamples and then extrapolated to estimate total fecundity by mul-
tiplying by the total weight of the ovary. For example, Vladykov (1951) compared
fecundity estimated from a 1-g subsample of the ovary and total egg counts in nine
American brook lamprey and nine northern brook lamprey, and he found that the
values differed by an average of 0.4 and 1.1%, respectively, and never exceeded 5%.
In Beamish et al. (1994), the eggs from each southern brook lamprey female were
spread over a grid marked in 25-mm2 squares, and the total number of eggs was esti-
mated by multiplying the number of squares covered by the mean count per square.
The proportion of eggs counted ranged from 20 to 50% of the total. Estimated num-
bers were compared against total numbers in 12 individuals, and the two values were
never significantly different. Studies estimating fecundity in parasitic species like-
wise used various subsampling approaches: manually counting the number of eggs in
known weight or known volume subsamples (e.g., Applegate 1949; Vladykov 1951;
Potter et al. 1983; Schuldt et al. 1987), or using the “photocopy method” whereby
individual eggs were spread along the bottom of a petri dish and copied and enlarged
(200%) for ease of counting (Smith andMarsden 2007; Clemens et al. 2013). Aswith
the above studies, the accuracy of the estimates was often assessed by performing
total counts on a small number of individuals (e.g., Applegate 1949; Schuldt et al.
1987).

Virtually all the studies cited here counted eggs within the ovaries, although it is
interesting to note that egg numbers recorded by Yamazaki and Koizumi (2017) are
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from eggs that were released by the Siberian brook lamprey during mating exper-
iments in the laboratory. The number of eggs shed (mean 1,895) is similar to total
egg counts for other brook lampreys and for this species in particular, suggesting
that the majority of eggs within the ovary are likely released, at least under normal
conditions. This is consistent with studies on other species (Applegate 1949; Man-
ion and McLain 1971; Manion and Hanson 1980) that likewise concluded that the
proportion of unspawned eggs is generally low (see Sect. 1.5.1).

Although methodological differences related to the way in which eggs were
counted are thought to introduce only minor biases (if any), variation in the stage of
sexual maturation examined in the different studies may bemore significant. Stage of
maturation likely had little effect on total egg counts, because studies to date suggest
that atresia is not significant during the final stages of maturation (e.g., Applegate
1949; Docker and Beamish 1991; see Sect. 1.5.1). However, because lampreys can
experience considerable shrinkage even during the final stages of maturation (see
Sect. 1.5.4), differences among (and within) studies in the timing of collection will
affect the relationship between fecundity and TL. All else being equal, the number of
eggs per unit length would be lower in individuals caught earlier in the spawning run.
Different preservationmethods can also affect the relationship between fecundity and
TL. Because preservation in 5 and 10% formalin has been shown to cause ~2.8–3.0%
and 3.3–3.7% shrinkage, respectively, in larval TL (F. W. H. Beamish 1982; Neave
et al. 2007), studies that have used formalin-preserved specimens (e.g., Vladykov
1951; Vladykov and Follett 1958; Schuldt et al. 1987; Lapierre and Renaud 2015)
will have overestimated the number of eggs per unit fresh length if measurements
have not been corrected to those of live animals. Some studies correct for shrinkage
during maturation and as the result of preservation (e.g., F. W. H. Beamish 1982;
Docker and Beamish 1991; Beamish et al. 1994), but most do not. These differ-
ences should be kept in mind when comparing relationships between body size and
fecundity.

1.6.4 Relative Fecundity

Because absolute fecundity is positively associated with female body size, showing
an almost 1:1 increase in egg number with increases in body weight, relative fecun-
dity—the number of eggs per gram of body weight—is a useful comparator among
and within species. In the 10 parasitic and seven non-parasitic species for which
relative fecundity was provided or could be estimated, mean relative fecundity typ-
ically falls between ~250 and 500 eggs/g, although considerable variation has been
reported and the precise stage of maturity is seldom provided (Table 1.11). However,
despite the attempt to use relative fecundity to standardize comparison across lam-
preys of different sizes, relative fecundity itself is significantly related to lamprey
body size, being negatively associated with both TL and weight. The lowest rela-
tive fecundity values reported are those for the anadromous sea lamprey, averaging
205–236 eggs/g (Vladykov 1951; Beamish and Potter 1975), and mean values <300
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eggs/g have also been reported in pouched lamprey, European river lamprey, and one
population of Arctic lamprey (Potter et al. 1983; Witkowski and Jęsior 2000; Kuch-
eryavyi et al. 2007). However, higher mean relative fecundities (397–486 eggs/g)
have been reported in Caspian and Pacific lampreys (Kan 1975; Nazari and Abdoli
2010; Clemens et al. 2013) and in Arctic lamprey (610–943 eggs/g) collected in the
Amur River in Russia (Morozova 1956). Among the freshwater-resident parasitic
species, mean relative fecundity values <300 eggs/g have been reported only in the
silver lamprey (Schuldt et al. 1987); othermeanvalues range from~320 to 550 eggs/g,
and this full range is evident within the landlocked sea lamprey (Table 1.11). Simi-
larly, in the non-parasitic brook lampreys, relative fecundity generally ranges from
300 to 500 eggs/g. Across species, the relationship between mean relative fecundity
(RFm, eggs/g) and mean TL (TLm) is described by the equation:

Log RFm = −0.157 log TLm + 2.9374
(
n = 46, R2 = 0.1739, p = 0.0039

)

(1.4)

Equation 1.4 excludes western river lamprey (n= 2), but the relationship was still
significantly negative when western river lamprey was included (b = –0.543, R2 =
0.1751, p = 0.0039).

Within species (or at least within populations), there likewise appears to be a neg-
ative relationship between relative fecundity and TL (Table 1.12). In most cases, the
relationship has been shown to be significant (e.g., Applegate 1949; Wigley 1959;
Kott 1971; Manion 1972; Nazari and Abdoli 2010), although in some studies, signif-
icance was demonstrated only intermittently (e.g., Vladykov 1951, where n = 9–10
per species). Docker and Beamish (1991) similarly found a significant negative rela-
tionship between relative fecundity and TL in only two of eight populations of the
least brook lamprey (n = 5–14 per population). Surprisingly, however, when all 75
least brook lamprey from these eight populations were pooled, there was a significant
positive relationship between relative fecundity and TL. Furthermore, even studies
showing that relative fecundity decreased significantly with increased female body
size showed considerable differences in the nature of the relationship (Table 1.12).
Relative fecundity in Cayuga Lake sea lamprey (Wigley 1959) decreased only mod-
estlywith increases in size (e.g., from 305 to 291 eggs/g in 400- and 500-mm females,
respectively), while relative fecundity in sea lamprey from the Manion (1972) study
decreased much more dramatically (from 457 to 281 eggs/g at 400 and 500 mm,
respectively).

Therefore, the relationship in lampreys between relative fecundity and size is not
yet clear. This uncertainty brings into question the idea that conversion from actual
to relative fecundity removes the effect of lamprey size, and body size should still
be kept in mind when comparing among species, populations, and individuals.
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1.6.5 Temporal and Spatial Differences in Sea Lamprey
Fecundity

Large variations in fecundity and body size have been reported in freshwater-resident
sea lamprey, among locations and over the course of the population expansion and
collapse seen in the Great Lakes prior to and following initiation of sea lamprey
control (see Sect. 1.2.6; Chap. 5). For example, mean fecundity was only 45,602 in
CayugaLake sea lamprey in 1951wheremeanTLwas395mm(Wigley1959) butwas
more than double that in LakeMichigan (97,016) in 1980 and Lake Ontario (95,212)
in 1998/1999 when mean TL was 485 and 468 mm, respectively (Johnson 1982;
O’Connor 2001). Gambicki and Steinhart (2017) compared recent and historical
data within lake basins and found that mean fecundity in Lake Superior increased by
17% between 1960 and 2011, over which timemean TL and weight increased by ~13
and 45%, respectively. In this section, we examine if these differences are merely
a function of the effect of female body size on egg numbers or whether fecundity
has varied spatially or temporally in a manner disproportionate to changes in size.
Being able to predict the extent to which changes in female body size and condition
affect sea lamprey fecundity is necessary to determine if gains achieved through sea
lamprey control might be offset by increases in fecundity.

In brief, therewere relatively fewdeviations from the general relationship between
body size and fecundity, although the most notable exception was the Cayuga Lake
sample (Fig. 1.14).Wigley (1959) suggested that the small body size of Cayuga Lake
sea lamprey, relative to those from Seneca Lake, was related to the high sea lamprey-
to-lake trout ratio in Cayuga Lake at this time. Nevertheless, absolute and relative
fecundity in Cayuga Lake sea lamprey were still considerably lower than expected
based on TL. Smith and Marsden (2007), examining historical fecundity data for
sea lamprey in Lake Champlain and other landlocked populations, suggested that
the availability of food resources might affect fecundity independently of size. They
argued that the highest historical fecundity estimates in the upper Great Lakes were
recorded where lake trout were still available or had just disappeared, and the lowest
values were recorded in the North Channel of Lake Huron (in 1948) where lake
trout had been absent for 5 years. However, most differences in fecundity in Great
Lakes sea lamprey were largely attributable to differences in body size (Fig. 1.14).
Likewise, lake trout stocks in Lake Superior were at an all-time low in 1960 (Heinrich
et al. 1980), but absolute and relative fecundity in 1960 were, if anything, slightly
higher than predicted based on TL alone. The increases in fecundity observed in
Lakes Michigan and Huron between 1948 and 1980/1981 likewise paralleled that
expected based on the observed increase in TL. In terms of spatial differences, sea
lamprey in Lake Ontario and those from the Green Bay region of Lake Michigan
produce a greater number of eggs per female relative to other areas. However, sea
lamprey from these two regions tend to be larger than sea lamprey from the rest of
the Great Lakes (Smith 1971; Johnson 1982), and, as with the temporal differences
noted, the increase in fecundity is in proportion to their body size.
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Fig. 1.14 Relationship
between: a log mean
fecundity (F, total number of
eggs) and log total body
length (TL in mm); and b log
mean relative fecundity (RF,
eggs/g) and TL in
freshwater-resident sea
lamprey Petromyzon
marinus. Solid circles
represent sea lamprey from
Lake Superior, open circles
Lake Michigan, closed
squares Lake Huron, open
squares Lake Ontario, closed
triangles Lake Erie, open
triangles Lake Champlain,
and open diamonds Cayuga
Lake. The linear
relationships shown are
represented by the equations:
a Log F = 1.985 Log TL –
0.368 (n = 15, R2 = 0.645, p
= 0.0003) and b Log RF =
–0.968 Log RF + 5.128 (n =
15, R2 = 0.375, p = 0.0152).
Data sources are given in
Table 1.11
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Therefore, factors that result in increases in sea lamprey body size (e.g., related
to altered thermal regimes or density- and prey-dependent effects on growth; Cline
et al. 2014: Gambicki and Steinhart 2017) are expected to increase the reproductive
potential of individual sea lamprey. In this respect, the sea lamprey control program
may be a “victim of its own success” to some extent, but larger females do not
appear to be disproportionately more fecund. Likewise, although there are spatial
differences among sea lamprey populations with respect to body size and fecundity,
changes in fecundity are largely in proportion to changes in size. Thus, temporal and
spatial differences in sea lamprey fecundity are largely predictable, and it does not
appear that different fecundity estimators would be needed for different lake systems
at different times.
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1.7 Gonadal Steroids

All vertebrates have been shown to regulate reproduction through the hypothalamic-
pituitary-gonadal (HPG) axis: the hypothalamus produces gonadotropin-releasing
hormones (GnRHs), which stimulate the pituitary to produce one or more
gonadotropins (GTHs), which in turn stimulate the gonads to produce steroid hor-
mones1 (see Sower 2015). The gonadal hormones in turn have myriad effects, which
include controlling sex differentiation, maturation, reproductive behavior, and devel-
opment of secondary sex characteristics (Norris and Carr 2013). The general orga-
nization of the HPG axis is common to all vertebrates, and much has been learned
about the evolution of the vertebrate HPG axis by studying the lamprey HPG axis
(Sower 2015, 2018). However, the hormones that coordinate the axis and regulate
reproductive physiology are often different among vertebrate groups: lampreys have
three unique GnRHs that have been characterized and a single GTH (or gonadotropic
pituitary glycoprotein hormone, GpH) in comparison to most other vertebrates that
have two GTHs (follicle stimulating hormone and luteinizing hormone, FSH and
LH, respectively; Sower 2015, 2018). Likewise, the steroids produced by vertebrates
are variable in structure and effect, and fishes in particular use a variety of “classical”
steroids seen in later-evolving vertebrates and “non-classical” steroids observed only
in fish (Kime 1993). Lampreys appear to use a mix of classical and non-classical
steroids (Bryan et al. 2008), and the study of lamprey steroidogenesis and steroid
receptors has helped contribute to our understanding of the evolution of steroid hor-
mones as transcriptions factors in vertebrates (Thornton 2001; Baker 2004).

Furthermore, a better understanding of the gonadal steroids and their function
in lampreys will have important management and conservation applications. Many
of the non-pesticide control techniques aimed at the Great Lakes sea lamprey are
designed to disrupt reproduction (Christie and Goddard 2003; Li et al. 2003), and a
better understanding of lamprey reproductive physiologymaymake these techniques
more effective or open the way to new techniques (Docker et al. 2003; Sower 2003).
Similarly, a better understanding of the proximal controls on lamprey reproduction
may aid in developing better conservationmeasures aimed at reproductive-stage lam-
preys and may also lead to better tools (such as better hormone assays) to understand
the effect that conservation measures have on lamprey reproductive physiology (e.g.,
Mesa et al. 2010; Abedi et al. 2017).

In this section, we review the current state of research on the steroid synthetic
pathways in lampreys, the classical and non-classical gonadal steroids detected in
lampreys and their putative roles, and what is known to date regarding steroid recep-
tors in lampreys. As in previous sections (e.g., Sects. 1.3.1 and 1.4.2.1) where future
research in lampreys will be guided by knowledge gained to date in other vertebrates,
we hope that this section will also serve as a primer for lamprey biologists not pre-
viously familiar with these topics. The hypothalamic and pituitary components of

1Where steroid refers to a molecular structure and hormone refers to a function; not all steroids are
hormones (e.g., some are parts of synthetic pathways but do not function as hormones), and not all
molecules that function as hormones (e.g., GnRH) are steroids.
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Fig. 1.15 Steroid biosynthesis pathway indicating enzymes involved in the synthesis of classical
sex and adrenal steroids in vertebrates; non-classical steroids (e.g., the 15-hydroxylated steroids
found in lampreys) are not included. The sex steroids include the progestagens (yellow), estrogens
(pink), and androgens (blue); steroid abbreviations are the same as those in Table 1.13. The enzymes
catalyzing each reaction are shown, where the CYP enzymes belong to the cytochrome P450 family
(e.g., CYP11A1 refers to CYP450 Family 11 Subfamily A Member 1); alternative names are also
given (P450scc P450 cholesterol side chain cleavage;P450c17 steroid 17-α hydroxylase;P450arom
aromatase). 3β-HSD and 17β-HSD are hydroxysteroid dehydrogenases. Asterisks represent the
steroidogenic enzymes that have been identified or inferred to date in lampreys (Adapted from
Baker 2004.)

the lamprey HPG axis have been reviewed recently and thoroughly by Sower (2015,
2018).

1.7.1 Steroid Synthesis

Steroids in vertebrates are all derived from cholesterol, through a synthetic pathway
that relies on enzymes from the cytochrome P450 family (CYP450s) and hydroxys-
teroid dehydrogenase enzymes (HSDs) (Fig. 1.15). CYP450s are ancient enzymes
that evolved through gene duplication and divergence into a diverse protein family
that metabolizes a wide variety of chemicals that function in both the synthesis of
sterols and detoxification of xenobiotics (Baker 2004, 2011; Markov et al. 2009).
HSDs have also undergone gene duplications and divergence, and they provide an
important mechanism for regulating the actions of steroids. For example, 17β-HSD
regulates the levels of active androgens and estrogens, and at least ten 17β-HSDs
have been identified in mammals (Baker 2004).
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In the first step of steroid synthesis, the C17 side chain is cleaved on cholesterol
by CYP11A (i.e., CYP450 Family 11 Subfamily A, also known as P450 cholesterol
side chain cleavage enzyme or P450scc) to form pregnenolone, which then serves
as the precursor to all other steroids (Fig. 1.15). These other steroids include the sex
steroids that are typically synthesized in the gonads (i.e., progestagens,which areC21
steroids; androgens, which are C19 steroids; and estrogens, which are C18 steroids),
as well as the corticosteroids typically made in the adrenal cortex (i.e., glucocorti-
coids such as cortisol, and mineralocorticoids such as aldosterone). Pregnenolone
can be metabolized by 3β-hydroxysteroid dehydrogenase (3β-HSD) to form proges-
terone (P), which can in turn be metabolized by the CYP17 enzyme to form a second
progestagen, 17α-hydroxyprogesterone (17-P). In addition to functioning as sex hor-
mones (see Sect. 1.7.2.1), both of these progestagens serve as precursors for the syn-
thesis of corticosteroid hormones (Fig. 1.15); thus, progestagens are also produced
in non-gonadal tissues (Norris and Carr 2013). Pregnenolone can also be converted
to 17α-hydroxypregnenolone, which then serves as a precursor in the synthesis of
androgens (e.g., testosterone, T) and estrogens (e.g., estrone, E1, and estradiol, E2)
via the metabolic intermediates dehydroepiandrosterone (DHEA) and androstene-
dione (Ad). Ad can be metabolized by 17β-hydroxysteroid dehydrogenase-type 1
(17β-HSD-1) to T, or by CYP19 (also known as P450arom or aromatase) to E1, and
both T and E1 can be further metabolized (by CYP19 and 17β-HSD-1, respectively)
to E2. In addition to these classical vertebrate steroids, a number of non-classical
steroids have been observed in fish (Kime 1993; see Sect. 1.7.2).

Muchof our initial knowledge regarding steroid synthesis in lampreyswas inferred
from studies that incubated radiolabeled precursors with gonadal or other tissue
extracts (Table 1.13). The primary purpose of these studies was to identify the
functional steroids in lampreys, but they also allowed researchers to deduce which
enzymes must be present in lampreys to have converted the radiolabeled precur-
sors into the detected products. Many of the studies were inconclusive because sev-
eral of the products could not be identified through comparison to known steroid
standards, but they did indicate that lampreys have many of the same steroido-
genic enzymes as higher vertebrates, particularly those related to the synthesis of
the sex steroids (Fig. 1.15). For example, production of small amounts of 17-P,
11-deoxycorticosterone (DOC), and 11-deoxycortisol from P provide evidence for
CYP17 and CYP21 activity in lamprey testes and presumptive adrenocortical tissue
(Weisbart and Youson 1975), and Weisbart et al. (1978) found evidence of weak 3β-
HSD activity in lamprey testes. Callard et al. (1980) found that Ad was converted to
E1 and E2 in sea lamprey ovary and testis, respectively, indicating that lampreys pos-
sess CYP19 (aromatase) and 17β-HSD, and recovery of 5α-Ad showed 5α-reductase
activity. 5α-reductase also catalyzes the conversion of T to 5α-dihydrotestosterone
(DHT), which is about 10× more potent than T (Baker et al. 2015), but DHT was
not detected in sea lamprey tissues (Callard et al. 1980). Following incubation of
testicular, ovarian, and presumed adrenocortical sea lamprey tissues with radiola-
beled cholesterol, Weisbart et al. (1978) were unable to detect pregnenolone or any
other identifiable products. However, they concluded that the absence of identifiable
steroids was not due to lack of transformation of the cholesterol (i.e., by CYP11A),
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and recent phylogenetic analysis has shown that the gene encoding CYP11A is
present in lampreys (see below). However, there is no evidence for the presence
of CYP11B1 (or CYP11B2) in lampreys. Based on the presence of DOC and 11-
deoxycortisol in sea lamprey but the absence of corticosterone and cortisol, Close
et al. (2010) suggested that CYP11B1 was not present in early vertebrate evolu-
tion, and their inability to find CYP11B1 in the sea lamprey genome supports this
conclusion.

The inability of researchers to identify the majority of the radiolabeled products
in these precursor studies led them to hypothesize that lampreys used non-classical
steroids as their main gonadal hormones (see Sect. 1.7.2). Subsequent steroid biosyn-
thesis studies supported this hypothesis. In addition to the enzymes they share with
other vertebrates, lamprey gonads (particularly testes) appear to show strong 15-
hydroxylase activity. Kime and Rafter (1981) demonstrated that European river lam-
prey gonadal tissue extracts convert T and P to 15-hydroxylated forms (Table 1.13),
and it was later shown that sea lamprey testis extracts convert Ad and T to 15α-
hydroxytestosterone (15α-T; Kime and Callard 1982). These findings have been
confirmed and further explored in sea lamprey by Lowartz et al. (2003, 2004) and
Bryan et al. (2003, 2004), and 15α-hydroxyprogesterone (15α-P) was also shown
to be a major steroid product of lamprey gonads. The presence of 15α-hydroxylase
has also been confirmed in silver, chestnut, and American brook lampreys using the
same methods (Bryan et al. 2006).

The steroidogenic enzymes present in lampreys have also been investigated
recently from an evolutionary perspective, either by attempting to clone and sequence
the various steroidogenic enzyme genes in lampreys and other chordates or by search-
ing the genomes of these organisms for their orthologs (i.e., genes in different species
that are evolved from a common ancestor; Baker 2004, 2011; Baker et al. 2015). Stud-
ies related to the origin of these enzymes are providing important insights into the
origin of steroid hormone signaling in vertebrates (Baker 2004, 2011; Markov et al.
2009, 2017;Baker et al. 2007, 2015). In brief, orthologs ofCYP11A,CYP17,CYP19,
CYP21, 3β-HSD, and 17β-HSD-14 have been found or are inferred to exist in lam-
preys (Close et al. 2010; Baker et al. 2015), which is in agreement with the results
from the precursor experiments. However, no clear ortholog has been found with
close similarity to human 17β-HSD-1 in lampreys, which indicates that 17β-HSD-
14 or another 17β-HSD is involved in lamprey estrogen synthesis (Baker et al. 2015).
An ortholog of CYP27 (which catalyzes the synthesis of 27-hydroxycholesterol, a
novel physiological estrogen in mammals, directly from cholesterol) was also found
in lampreys (Baker et al. 2015). Of the orthologs found in lampreys, all but CYP21
were also found in amphioxus Branchistoma spp. (i.e., a non-vertebrate chordate),
thus suggesting that CYP21, which is descended from a duplicated CYP17 gene,
arose in the ancestor of vertebrates (Baker et al. 2015). As suggested by Close et al.
(2010), a CYP11B ortholog was not found in lampreys, and phylogenetic analysis
suggests that this gene first appeared in the ancestor to the jawed vertebrates (i.e.,
the gnathostomes), coinciding with the evolution of separate mineralocorticoid and
glucocorticoid receptors (Baker et al. 2015; see Sect. 1.7.3).



150 M. F. Docker et al.

Table 1.13 Summary of lamprey steroid biosynthesis studies (Reprinted and updated from Bryan
et al. 2008.)

Study Species Tissue Stage Precursor Products Not
produced

Weisbart and Youson
(1975)

Sea
lamprey

PAT Larval,
parasite

P S, 17-P,
Ad, UCs

F, E, B, T,
DOC

Testis Parasite P DOC, UCs F, E, B, S,
T, 17-P,
Ad

Weisbart and Youson
(1977)

Sea
lamprey

Intracardiac
injection

Parasite P DOC, UCs F, E, B, S,
T, 17-P,
Ad

Weisbart et al.
(1978)

Sea
lamprey

Testis,
ovary, PAT

Adult Cholesterol UCs F, E, B, S,
T, DOC,
Ad, P, P5,
17-P,
7α-P5

Callard et al. (1980) Sea
lamprey

Ovary,
kidney

Adult Ad E1, 5α-Ad,
UCs

DHT

Testis Adult Ad E2, E,
5α-Ad,
UCs

DHT

Kime and Rafter
(1981)

European
river
lamprey

Ovary Adult P, T 15α-P, Ad,
15β-T

T, 17-P, E2

Testis Adult P, T 15α-P, Ad,
15β-T

T, 17-P, E2

Kime and Callard
(1982)

Sea
lamprey

Testis Adult Ad 15α-T,
15α-Ad

15β-T

Brain,
liver,
kidney,
ovary

Adult Ad 15α-Ad

Bryan et al. (2003) Sea
lamprey

Testis Adult T 15α-T 15β-T

Lowartz et al. (2003) Sea
lamprey

Testis Adult P5, 17-P,
Ad

15α-T,
15α-P,
small
amount of
E2

T, P

Ovary P5, 17-P,
Ad

15α-
estrogens,
small
amount of
E2

T, P

(continued)
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Table 1.13 (continued)

Study Species Tissue Stage Precursor Products Not
produced

Bryan et al. (2004) Sea
lamprey

Testis Adult P 15α-P,
UCs

Lowartz et al. (2004) Sea
lamprey

Ovary,
testis

Larval,
metamor-
phosis,
parasite

P5, P, Ad 7α-P5,
15α-P,
15α-Ad,
15α-T,
15α-E2,
small
amount of
E2, UCs

T, 15β-
steroids

Bryan et al. (2006) Silver
lamprey
Chestnut
lamprey
American
brook
lamprey

Ovary,
testis

Adult P, T 15α-P,
15α-T,
UCs

Bryan et al. (2007) Sea
lamprey

Testis Adult P Ad (in
tissue
extracts
only),
15α-P,
UCs

Bryan et al.
(unpublished)

European
river
lamprey

Testis Adult P, T 15α-P,
15α-T,
UCs

PAT presumptive adrenocorticol tissue, P progesterone, P5 pregnenolone, 7α-P5 7α-
hydroxypregnenolone, 17-P 17-hydroxyprogesterone, Ad androstenedione, 5α-Ad 5α-reduced
androstenedione, 5α-Ad 15α-hydroxyandrostenedione, T testosterone, S 11-deoxycortisol, DOC
11-deoxycorticosterone, F cortisol, E cortisone, B corticosterone, E1 estrone, 15α-T 15α-
hydroxytestosterone, 15β-T 15β-hydroxytestosterone, 15α-Ad 15α-hydroxyandrostenedione, 15α-
P 15α-hydroxyprogesterone, UCs unidentified compounds

1.7.2 Sex Steroids in Lampreys

Fishes use a variety of both classical steroids and non-classical steroids (Kime 1993).
For example, T, E2, and P are themain steroid hormones in some fish species, but oth-
ers use 11-ketotestosterone (11-KT) or 17α,20β-dihydroxyprogesterone (17α,20β-
P), and it is not well understood why the steroid hormones of fishes vary so much
among species. Lampreys likewise appear to use a mix of classical and non-classical
steroids, including steroids that are different from those of other vertebrates by pos-
sessing an additional hydroxyl group at the C15 position (Bryan et al. 2008). It is
possible that these 15-hydroxylated steroids evolved as functional hormones in lam-
preys as a response to parasitism (i.e., so that the parasitic lamprey would be less
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susceptible to the influence of the reproductive hormones in its host’s blood), or they
are simply a “primitive” form of steroid hormone (Docker 2006).

1.7.2.1 Progestagens

In other vertebrates, progestagens (also known as progestogens or progestins) have
been shown to regulate key physiological activities for reproduction in both sexes
(Norris and Carr 2013). P, 17α-P, and 17α,20β-P are the most studied progesta-
gens in other fish species (Kime 1993). In lampreys, P and the non-classical 15α-
hydroxyprogesterone (15α-P) are the most commonly studied (Table 1.14).

Baseline levels of P have been detected in lamprey plasma by immunoassay
(Table 1.14). Levels are generally low (<1 ng/mL), particularly in pre-ovulating and
pre-spermiating lampreys (Sower et al. 1987, 1993; Sower 1989; Sower and Larsen
1991; Bolduc and Sower 1992; Deragon and Sower 1994; Gazourian et al. 2000;
Farrokhnejad et al. 2014; see Sects. 1.5.1 and 1.5.2). Higher levels have been occa-
sionally reported: for example, P levels up to 10, 4, and 3.2 ng/mL have been detected
in European river lamprey, adult Pacific lamprey, and pre-ovulatory Caspian lam-
prey, respectively (Barannikova et al. 1995; Mesa et al. 2010; Ahmadi et al. 2011).
However, plasma P levels often differ between the sexes (e.g., sexually mature males
generally have higher P than females; Linville et al. 1987; Mesa et al. 2010; Far-
rokhnejad et al. 2014), increase with maturity (Mesa et al. 2010; Farrokhnejad et al.
2014), increase after 2–5 injections of GnRH (Sower et al. 1987; Deragon and Sower
1994; Gazourian et al. 2000), and decrease after hypophysectomy (Sower and Larsen
1991). As a result of these changes in P with stage of maturity and in response to
GnRH, Sower (1990) suggested that P is a functional hormone in lampreys.

Studies examining 15α-P levels in lampreys show that baseline levels are simi-
larly low but increase even more dramatically (i.e., up to 36 and 100 ng/L in pre-
spermiating males) in response to GnRH injections (Bryan et al. 2004; Young et al.
2007) or pituitary extracts containing GTH (Young et al. 2007). Furthermore, 15α-P
is also the only steroid that appears to respond to GnRH or pituitary extract in a
dose-dependent fashion (Young et al. 2007). As with P, 15α-P levels are higher in
males than in females, although they are higher in mature females relative to imma-
ture females (Bryan et al. 2004). The plasma concentrations of 15α-P combined with
the response to upstream stimulation makes it likely that 15α-P is an active hormone
in lampreys. In support of this, Bryan et al. (2015) found that pre-spermiating male
sea lamprey given time-release implants of P reached spermiation faster, and they
had higher plasma concentrations of 15α-P and the lamprey sex pheromone 3-keto-
petromyzonal sulfate (3kPZS; see Johnson et al. 2015b). Although a high proportion
of P was converted in vivo to 15α-P, it was not possible to determine which of the
two progestagens had a stronger biological activity, but the results indicated that pro-
gestagens likely play a role in both gonadal maturation and pheromone production
in male sea lamprey. However, a receptor for 15α-P (see Sect. 1.7.3) has yet to be
identified, and the specific physiological role of 15α-P is still unknown.
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Table 1.14 Studies using steroid immunoassays in lampreys, showing plasma level of different
steroids in males and females at different stages of maturity and in response to injection with GnRH;
differences between sexes or stages are shown when compared (Reprinted and updated from Bryan
et al. 2008.)
Study Stage and sex Steroid Range or mean

in plasma
(ng/mL)

Difference
between
sexes?

Difference
between
reproductive
stages?

Response to
GnRH
(ng/mL)

Caspiomyzon wagneri Caspian lamprey

Ahmadi et al.
(2011)

POF, PSM
(fall and spring
migrants)

E2 0.03–0.04 in
POF
0.09–0.11 in
PSM

M > F Fall M >
spring M

T 1.5–2.0 in POF
8.5–9.0 in
PSM

M > F No

P 1.0–3.2 in POF
1.5–2.0 in
PSM

F > M in
spring

Fall M >
spring M, but
spring F > fall
F

Farrokhnejad
et al. (2014)

POF, OF,
PSM, SM

E2 1.27 in POF
1.00 in OF
0.83 in PSM
1.38 in SM

POF > PSM,
but SM > OF

SM > PSM,
but POF > OF

T 0.46 in POF
0.54 in OF
0.38 in PSM
0.44 in SM

No No

P 0.18 in POF
0.20 in OF
0.15 in PSM
0.23 in SM

SM > OF

Abedi et al.
(2017)

PSM, POF E2 1.25–2.75

17α-P 3.0 Up to 11
ng/mL after
HCG injection

Entosphenus tridentatus Pacific lamprey

Mesa et al.
(2010)

Adults P 0–4 M > F Seasonal
changes

15α-T 0.25–1 M > F

E2 0.5–4 M > F

Lampetra fluviatilis European river lamprey

Kime and
Larsen (1987)

POF, PSM T 0.1 No Up to 1.2
ng/mL after
gonadectomy

E2 1 No Up to 2 ng/mL
after
gonadectomy

Barannikova
et al. (1995)

POF, OF,
PSM, SM

P 1–10 No

E2 0.5–3.5 Decreased
near ovulation

Mewes et al.
(2002)

POF, PSM,
OF, SM

E2 0.01–3.2 M > F No

Lampetra planeri European brook lamprey

Seiler et al.
(1985)

Adults P5 2–3 No

Ad 0–2.5 No

T 2.5–17 Increased with
maturity

(continued)
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Table 1.14 (continued)
Study Stage and sex Steroid Range or mean

in plasma
(ng/mL)

Difference
between
sexes?

Difference
between
reproductive
stages?

Response to
GnRH
(ng/mL)

Lethenteron camtschaticum Arctic lamprey

Fukayama and
Takahashi
(1985)

POF, PSM,
OF, SM

T 0

E2 0.4–3.22 in
POF
1.0 in OF
0.8–4.5 in
PSM
2.7 in SM

M > F near
spawning

Increased with
maturity in M;
increased in F
with
vitellogenesis,
decreased at
spawning

Petromyzon marinus sea lamprey

Weisbart et al.
(1980)

POF and PSM 17α,20β-P 1.6–3.1

T 4.1

Katz et al.
(1982)

OF, SM P 0–1.25 No Rose after
stress

DHT 0 No

T 0 No

Ad 1.05–5.58 No Rose after
stress

E 0.74–7.77

E2 0.51–3.14 No

Sower et al.
(1983)

POF, OF E2 3–5 POF > OF Up to 12

Sower et al.
(1985a)

POF, OF,
PSM, SM

T 0.1–0.2 No No

E2 0.5–3.0 SM > OF At spawning,
rose in M,
dropped in F

Sower et al.
(1985b)

POF, OF,
PSM, SM

T 0.10–0.18 No No No effect

E2 2 No In F, decreased
with maturity

Up to 6.5

Linville et al.
(1987)

POF, OF,
PSM, SM

T 0.005–0.170 M > F No

P 0.1–2.8 M > F

E2 0.6–2.3 M > F At spawning,
dropped in F

Sower et al.
(1987)

POF, OF P <1 Increased

E2 1.5 Up to 5.5

Sower (1989) PSM P 0.25 Up to 3

E2 1.5 Up to 3

Sower and
Larsen (1991)

POF P 0.3 Decreased
after hypophy-
sectomy

E2 1.91 Decreased
after hypophy-
sectomy

Bolduc and
Sower (1992)

POF, OF P 0.1–0.6 Fluctuated or
slowly
increased

E2 0.25–3 Increased
through
spawning
season, then
decreased
suddenly

(continued)
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Table 1.14 (continued)
Study Stage and sex Steroid Range or mean

in plasma
(ng/mL)

Difference
between
sexes?

Difference
between
reproductive
stages?

Response to
GnRH
(ng/mL)

Sower et al.
(1993)

POF P 0.52 Up to 0.71

E2 0.64 Up to 2.06

Deragon and
Sower (1994)

PSM P 0.2 Up to 2

E2 1.2 Up to 2.4

Gazourian
et al. (1997)

POF P 2 Up to 12

E2 0.2 Up to 0.5

Gazourian
et al. (2000)

PSM E2 2 Up to 8

P 0.2 Up to 2.6

Rinchard et al.
(2000)

SM T 0.03–0.15

E2 1–2

P 0.4–1.2

Bryan et al.
(2003)

POF, OF,
PSM, SM

15α-T <1 M > F POF > OF,
PSM > SM

Bryan et al.
(2004)

POF, OF,
PSM, SM

15α-P <1–2.48 M > F Increased with
maturity

Up to 36 in
PSM

Young et al.
(2004a)

PSM 15α-T <0.5 Up to 3

Young et al.
(2004b)

PSM 15α-T 0.3 Up to 0.6

E2 1 Up to 3.5

Young et al.
(2007)

POF, PSM 15α-T 0.15 in POF
0.2–0.4 in
PSM

Up to 0.6
ng/mL in PSM
after injection
with pituitary
extract

Up to 0.7 in
PSM
Up to 0.3 in
POF

15α-P 1.2–2.0 in
PSM
0.12 in POF

M > F Up to 25
ng/mL in PSM
after injection
with pituitary
extract

Up to 100 in
PSM
Up to 0.44 in
POF

Bryan et al.
(2007)

PSM Ad < 1 Up to 1.9

Sower et al.
(2011)

POF, OF,
PSM, SM

E2 0.01–0.65 in
POF
0.65 in OF
1.4 in PSM
0.9 in SM

M > F Increased with
maturity

POF pre-ovulating females, OF ovulating females, PSM pre-spermiating males, SM spermiating males, HCG human chorionic
gonadotropin,P progesterone,P5 pregnenolone, 17α,20β-P 17α,20β-dihydroxyprogesterone,T testosterone,Ad androstenedione,
DHT 5α-dihydrotestosterone, E1 estrone, E2 estradiol, 15α-T 15α-hydroxytestosterone, 15α-P 15α-hydroxyprogesterone

Plasma concentrations of 17α-P and 17α,20β-P, two progestagens studied in other
fishes, have been measured in Caspian lamprey (Abedi et al. 2017) and sea lamprey
(Weisbart et al. 1980), respectively. In pre-spermiating and pre-ovulatory Caspian
lamprey, baseline 17α-P levels were 3.0 ng/mL but increased to 11 ng/mL following
injectionwith human chorionic gonadotropin (Abedi et al. 2017). 17α,20β-P has been
detected in pre-spermiating and pre-ovulatory sea lamprey,measuring 1.6–3.1 ng/mL
(Weisbart et al. 1980).
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1.7.2.2 Androgens

Androgens have been linked to the development of male reproductive tissues, male
secondary sex characteristics, and male reproductive behavior in other fishes (Knapp
and Carlisle 2011), but there is relatively little information regarding the functional
androgens in lampreys (Bryan et al. 2008). Classical androgens, most notably T,
have not been produced in radiolabeling experiments (see Sect. 1.7.1; Table 1.13),
and circulating T levels have generally been shown to be undetectable or very low
(<1 ng/mL) (e.g., Fukayama and Takahashi 1985; Kime and Larsen 1987; Sower
et al. 1985a, b; Linville et al. 1987; Farrokhnejad et al. 2014; Table 1.14). Higher
levels of T have been reported (up to 9–17 ng/mL) in European brook lamprey and
Caspian lamprey (Seiler et al. 1985; Ahmadi et al. 2011), but such reports are rare.
Similarly, although some studies reported that T levels were significantly higher in
males than females (Linville et al. 1987; Ahmadi et al. 2011) and increased with
maturity (Seiler et al. 1985), most found no differences between the sexes (e.g., Katz
et al. 1982; Sower et al. 1985a, b; Kime and Larsen 1987; Farrokhnejad et al. 2014)
or reproductive stages (e.g., Sower et al. 1985a, b; Linville et al. 1987; Ahmadi
et al. 2011; Farrokhnejad et al. 2014), and T levels did not change following GnRH
stimulation (Sower et al. 1985b).

Androstenedione, which is the direct precursor to T in the steroid synthesis path-
way, was shown by Bryan et al. (2007) to have androgenic effects in sea lamprey.
Implants of time-release Ad pellets accelerated maturation in male sea lamprey and
caused an increase in size of the dorsal “rope” tissue, a secondary sex characteristic
unique tomaturemale sea lamprey (see Johnson et al. 2015b). Plasma concentrations
of Ad appear to be low (<1 ng/mL; Bryan et al. 2007), although Katz et al. (1982) and
Seiler et al. (1985) reported levels as high as 5.6 and 2.5 ng/mL in sea and European
brook lampreys, respectively. Bryan et al. (2007) found that concentrations of Ad
(but not of T) in sea lamprey plasma and testis increased (up to 1.9 ng/mL) following
GnRH injection, and they also reported the existence of a receptor for Ad. The capac-
ity and high affinity of this receptor means that much of the Ad is bound in the testis
(rather than circulating in the plasma), which can cause high local concentrations
of Ad in the testis, despite low circulating levels. Thus, Ad does appear to act as an
androgenic hormone in sea lamprey, but the mechanism by which this happens has
yet to be identified.

15α-T is the other androgen that has been identified in lamprey plasma (Bryan
et al. 2003; Young et al. 2004a, b, 2007; Mesa et al. 2010). Plasma concentrations of
15α-T are generally low, but there are differences between the sexes andmaturational
states (Bryan et al. 2003;Mesa et al. 2010) and small but significant changes in 15α-T
in response to hypothalamic and pituitary hormones (Young et al. 2004a, b, 2007).
However, no hormonal role or receptor has been found yet for 15α-T.
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1.7.2.3 Estrogens

Estrogens are synthesized in all vertebrates. They are involved in controlling the
function of female reproductive organs and processes, and they play roles in some
male-specific processes such as sperm maturation (Eick and Thornton 2011; Bon-
desson et al. 2015). E2 is the most studied classical steroid in lampreys (Table 1.14),
and there is strong evidence that it is a functional hormone in lampreys (Sower
1990). Baseline plasma levels up to ~3–5 ng/mL have been reported (Sower et al.
1983; Fukayama and Takahashi 1985; Barannikova et al. 1995; Mewes et al. 2002;
Mesa et al. 2010; Abedi et al. 2017), and E2 levels have been shown to vary with
reproductive stage (Sower et al. 1985a; Linville et al. 1987; Bolduc and Sower 1992)
and in response to heterologous and lamprey GnRH stimulation (Sower et al. 1983,
1985b, 1987, 1993; Sower 1989; Derragon and Sower 1994; Gazourian et al. 1997,
2000). Interestingly, however, circulating E2 levels are often higher in males than
in females (e.g., Fukayama and Takahashi 1985; Linville et al. 1987; Mewes et al.
2002; Mesa et al. 2010; Ahmadi et al. 2011), and it appears that E2 also plays a
major role in the reproductive physiology of male lampreys (Bryan et al. 2008). In
European river lamprey and Arctic lamprey, plasma E2 levels have been associated
with vitellogenesis in females, but they were also shown to increase at spawning
in males (Fukayama and Takahashi 1985; Barannikova 1995; Mewes et al. 2002).
However, the increased concentration of E2 in European river lamprey plasma after
gonadectomy suggests that this steroid may be an inactive precursor synthesized in
extra-gonadal endocrine tissues (Kime and Larsen 1987).

Production of 15α-E2 in lamprey gonads has been inferred from studies using
radiolabeled precursors (Lowartz et al. 2004; see Sect. 1.7.1), and molecular model-
ing experiments have shown that the lamprey estrogen receptor (ER) may bind to it
(Baker et al. 2009). However, 15α-E2 is present in the plasma in levels lower than E2,
and the levels do not change after injection of GnRH (Mara B. Bryan, unpublished
data), suggesting that it is likely not a hormone in lampreys. There is clearly still
much to be learned about the gonadal steroid hormones in lampreys.

1.7.3 Steroid Receptors

To act as a hormone, a steroid must bind to a receptor, and this action must result in a
physiological effect. Vertebrate steroids have been shown to act through two different
types of receptors: (1) nuclear receptors, which act as transcription factors when the
hormone is bound to the receptor, thus up- or down-regulating expression of particular
genes (Baker 1997; Eick and Thornton 2011); and (2) membrane-bound G-protein
coupled receptors (GPCRs), which trigger non-genomic changes in the function of
the cell by the process of transduction (Norman et al. 2004). GPCRs result in a much
quicker response than nuclear receptors (Norman et al. 2004; Freamat and Sower
2013). The interaction between steroids and their receptors thus induces complex
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genomic and non-genomic effects within the cell, triggering direct activation of
transcription and activation of other signaling pathways (Freamat and Sower 2013).

Lampreys are an important model for understanding the evolution of vertebrate
adrenal and sex steroid receptors. Nuclear receptors can be subdivided into estrogen
receptors (ERs) and 3-ketosteroid receptors such as the glucocorticoid receptor (GR),
mineralocorticoid receptor (MR), progesterone receptor (PR), and androgen receptor
(AR) (Bridgham et al. 2010; Baker et al. 2015). Ho et al. (1987) identified an ER in
the testis of sea lamprey, and orthologs of the ER, PR, and corticosteroid receptor
(CR) have been found in sea lamprey and Arctic lamprey. However, there is no
evidence of an AR, GR, or MR in lampreys (Thornton 2001; Baker et al. 2015).
Thornton (2001) established that the ER is the ancestral steroid receptor. An ER
has been cloned from amphioxus, and this non-vertebrate chordate also possesses a
steroid receptor (SR) which shares a common ancestor with the AR, GR, MR, and
PR of jawed vertebrates. Surprisingly, however, amphioxus ER does not bind E2

(Paris et al. 2008), but it appears to be a transcriptional activator of amphioxus SR
which, also surprisingly, does not bind 3-keto-steroids (Katsu et al. 2010). Thornton
and colleagues therefore suggested that the cephalochordate ER lost its response
to ligands while the SR retained the response to E2 (Bridgham et al. 2008; Eick
and Thornton 2011). Lampreys (and other vertebrates) therefore inherited the ER
from their non-vertebrate ancestor, and a CR and PR (both present in lampreys and
hagfishes) subsequently evolved in early vertebrates. The remaining sex and adrenal
steroid receptors (i.e., an AR and a separate GR and MR) evolved in the jawed
vertebrates (Baker et al. 2015).

The lamprey ER has been heterologously expressed (i.e., with the lamprey ligand-
binding domain cloned into a vector) so that binding experiments could be performed,
and a reporter assay determined that the ligand for the receptor was indeed E2 (Paris
et al. 2008). Binding assays using radiolabeled E2 previously found binding activity
in the lamprey testes (Ho et al. 1987). Two distinct ERs (ERα and ERβ) have been
identified in amphibians, reptiles, birds, and mammals (Kuiper et al. 1997), and
orthologs of two ERs have also been reported in sea and Arctic lampreys (Baker et al.
2015). However, Katsu et al. (2016) indicated that these two lamprey ERs (Esr1a
and Esr1b) are the result of a lineage-specific gene duplication within the jawless
fishes, different from the duplication event in the jawed vertebrates. In the Arctic
lamprey, Esr1a showed both constitutive transcription (i.e., at a relatively constant
rate) and estrogen-dependent activation of gene transcription. Esr1a displayed strong
expression in the gut and liver in both sexes and stronger expression in the heart and
gonad of females compared tomales. In comparison, Esrb1 showed strong expression
in female heart, liver, and gut and in male heart and gut. However, Esrb1 did not
bind E2 in Arctic lamprey and was not stimulated by other estrogens, androgens, or
corticosteroids (Katsu et al. 2016). Using a 3D model, Katsu et al. (2016) concluded
that, although E2 fits into the steroid binding site of Esrb1, the lack of stabilizing
contacts between the ligand and the receptor side chains appears to prevent E2 binding
activity. Therefore, Esr1a appears to be the functional ER in lampreys.

Binding experiments have not yet been performed with the lamprey PR and CR,
but Bryan et al. (2015) investigated changes in the expression of the PR gene in puta-
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tive target tissues in male sea lamprey at different stages of maturation. Messenger
RNA (mRNA) transcript levels in the testis were significantly higher in spermiating
males than in any other group, next highest in pre-spermiating males, and lowest in
small and large parasitic-phase individuals (i.e., sexually immature juveniles). Lev-
els of PR gene expression increased in spermiating males after injection of lamprey
GnRH-I, but they did not change in pre-spermiating males in response to GnRH
stimulation. In brain, gills, and liver, levels of PR gene expression were likewise
highest in spermiating males. However, injections of GnRH-I and -III resulted in
significantly higher gene expression only in brains of pre-spermiating males and in
livers of spermiating males (although there was a trend toward an increase in the
gills of spermiating males). Therefore, a nuclear PR is present in male sea lamprey,
and the location and gene expression levels are consistent with some of the known
male reproductive functions (e.g., gonadal maturation, reproductive behavior, and
sex pheromone production).

As mentioned above, there is no evidence of an AR in lampreys. Orthologs of the
gnathostome AR have not been found in the sea lamprey genome (Baker et al. 2015),
nor could an AR resembling the gnathostome AR be amplified using PCR (Thornton
2001). This is consistent with suggestions from previous studies that lampreys lack
functional androgens (see Sect. 1.7.2.2). However, Baker et al. (2015) noted that a
novel nuclear receptor may mediate responses to androgens in lampreys, and the
binding assays performed by Bryan et al. (2007) led to the discovery of a binding
moiety in lamprey tissues that appears to function as a steroid receptor. The Ad
bindingmoiety,whichboundAdwith high affinity,was found in nuclear and cytosolic
extracts of various tissues (but was highest in testes), and the Ad-moiety complex
bound to DNA (Bryan et al. 2007). However, the protein that binds Ad has not yet
been purified and identified, so it is unclear how it is related to the nuclear steroid
receptor family.

It should be noted that much of the work to date on steroid receptors has been
done using cytosolic, nuclear, or membrane extracts and radiolabeled ligands (e.g.,
Ho et al. 1987; Close et al. 2010; Bryan et al. 2015). Thus, because commercially
available 15α-hydroxylated radiolabeled steroids are not available, binding experi-
ments to detect receptors for lamprey-specific 15α-hydroxylated steroids have not
been performed. Because all previous work has relied on using the native 15α-
hydroxylase in lamprey testes to make label using tritiated precursors (e.g., Bryan
et al. 2003, 2004), the specific activity of the radiolabeled 15α-hydroxylated steroids
is unknown, and the radiolabeled compounds used in these experiments are likely
contaminated with endogenous steroids of the same type. Based on the patterns of
15α-P plasma concentrations (see Sect. 1.7.2.1), it seems likely that it is a hormone
in lampreys, but a receptor is needed for confirmation. Because binding experiments
would need custom radiolabeled 15α-P, it may be most expedient to do this with a
reporter assay as in the ER research by Paris et al. (2008).

As a final note, steroidal effects in vertebrates can also bemediated bymembrane-
bound steroid receptors (Thomas et al. 2006). Two families of suchmembrane-bound
receptors were identified that have no relationship to each other and no relationship to
the traditional nuclear receptors (Thomas et al. 2007).One of these families, known as
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GPR30, is involved in mediating estrogen responses (Filardo and Thomas 2005), and
the other, known as themembrane progestin receptor (mPR), is involved inmediating
progesterone responses (Thomas et al. 2006, 2007). Bryan et al. (2015) identified
the membrane receptor adaptor protein “progesterone receptor membrane compo-
nent 1” (pgrmc1) gene in male sea lamprey, and they studied mRNA expression
levels between different life stages and tissues and in response to lamprey GnRH-I
and GnRH-III. Expression of pgrmc1 in testes was highest in pre-spermiating and
spermiating males (compared to sexually immature individuals in the parasitic feed-
ing phase), and it increased in spermiating males following GnRH stimulation. In
the brain, expression levels were not significantly different among stages, but GnRH
injection resulted in higher expression levels in pre-spermiating (but not spermiating)
males. In gills and liver, pgrmc1 expression was highest in spermiating males. After
GnRH injection, gene expression in the gills increased in both groups of maturing
males; in the liver, it increased in spermiatingmales but decreased in pre-spermiating
males. As with the nuclear PR, the location and expression levels of pgrmc1 are con-
sistent with a putative role in knownmale reproductive functions. However, although
pgrmc1 was accepted as a membrane receptor at the time that Bryan et al. (2015)
performed their study, it has since been concluded that this “adaptor” protein has only
moderate specificity for P and may have higher affinity for T and cortisol (Thomas
et al. 2014). Functionality of the estrogen membrane receptor (and probably mem-
brane receptors for many other compounds) is also dependent on the presence of
this protein, and thus increased pgrmc1 expression is not proof that this increase is
specifically related to the activity of P (Bryan et al. 2015). The lamprey genome does
contain DNA sequences similar to the “fast-acting” membrane progestin receptor
(mPR), which has five variants in higher vertebrates (Pang and Thomas 2011; Pang
et al. 2013), and these deserve further study. No membrane ERs have been found
so far in lampreys, and the mechanism by which lamprey steroids in general act as
intercellular signals is not understood yet.Whether they compete for nuclear receptor
binding sites with classical steroids or whether they have their own cognate nuclear
or membrane receptors still needs to be determined (Bryan et al. 2008).

1.8 Conclusions

Lamprey gonadal development is intriguing, but it continues to be challenging to
study. Our understanding of many aspects of the reproductive biology of these fasci-
nating jawless vertebrates has been complicated by their phylogenetic distinctiveness
and complex life cycle, the long period during which their gonads remain histolog-
ically undifferentiated, and their unique sex steroids. We hope that the overview
of topics given in this chapter has provided readers with a deeper understanding of
what we know to date about lamprey gonadal development and an appreciation of the
many remaining unanswered questions. We believe that collaboration between lam-
prey biologists and other researchers can nowhelp answermany questions previously
believed to be intractable. Integration of detailed field-based research and observa-
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tions with new advances in laboratory-based techniques (e.g., genomics, molecu-
lar biology, microscopy) will be especially productive. Here, we briefly highlight
some key outstanding research questions introduced in this chapter, with a particular
emphasis on areas where synergies between lamprey biologists and researchers with
expertise in other fields would be especially rewarding.

The complex lamprey life cycle has made stage-specific sex ratios difficult to
interpret, which has made it challenging to confidently ascertain whether sex deter-
mination in lampreys is subject to environmental influence. In particular, there are
many unanswered questions related to the dramatic but transient shift in adult sex
ratios observed in sea lamprey in the three upper Great Lakes following initiation of
the control program. For example, do female sea lamprey experience highermortality
during the parasitic feeding phase (particularly following the onset of vitellogene-
sis) due to the higher energetic demands of ovarian maturation relative to testicular
maturation? If so, were mortality rates in females during this stage disproportion-
ately higher than in males when sea lamprey were at their peak of abundance and
prey abundance was at its lowest? Do female sea lamprey undergo metamorpho-
sis at older ages than male sea lamprey—or did they prior to sea lamprey control?
Has there been selection in females for earlier metamorphosis as a consequence of
lampricide treatments in the Great Lakes basin? What features of Lakes Erie and
Ontario explain the lack of sex ratio shifts in their sea lamprey populations com-
pared to those in the upper Great Lakes? Answering these questions will require a
deeper understanding of lamprey biology and the stream and lake systems in which
the sea lamprey occur. Incorporating genomics technologies into such studies (e.g.,
identifying sex-determining genes or conclusively ruling out a genetic basis to sex
determination) would be of great benefit. For example, if sex-associated loci can
be identified that are generally, if not always, correlated with phenotypic sex when
sex ratios are at parity, mismatches between genotypic and phenotypic sex under
other circumstances would provide strong evidence for an environmental influence
overriding GSD (e.g., Patil and Hinze 2008; Cavileer et al. 2015). Non-lethal sexing
of lampreys (using genetic markers, acoustic microscopy, or gonadal biopsy meth-
ods) would allow researchers to more effectively test for sex-specific differences in
growth and mortality.

Clear delineation of the critical sex differentiation period in lampreys has further
complicated our understanding of the factors influencing sex determination and dif-
ferentiation. We currently do not know if a histologically undifferentiated gonad is
truly bipotential or if the germinal and somatic elements are already differentiated at a
molecular level. Similarly, different paths of male differentiation have been proposed
(e.g., direct and indirect development), but we do not know if there is an underlying
genetic basis for the difference (e.g., if indirect male differentiation is a form of sex
reversal in genotypic females). Regardless of whether the master switch at the top of
the cascade is genetic or environmental, identification of the genes involved in the
subsequent development of the gonad into an ovary or testis would greatly improve
our ability to study the sex differentiation process. For example, upregulation of the
gene encoding the steroidogenic enzyme aromatase has been observed in the future
ovaries of several teleost fish species (Nakamura et al. 1998; D’Cotta et al. 2001;
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Tao et al. 2013), and other genes often show male-specific expression patterns in
advance of testicular differentiation (Geffroy et al. 2016). Developing similar tools
for lampreys would aid researchers investigating the earliest stages of ovarian and
testicular differentiation, help determine if germ cell differentiation is induced by the
somatic tissue or vice versa, and help highlight some of the earliest developmental
differences between parasitic and non-parasitic lampreys.

Sexual maturation in lampreys is somewhat better understood than sex determi-
nation and differentiation, although there is still much to be learned. For example,
although it is well known that absolute fecundity increases with female body size, the
extent to which other factors such as nutritional status or migratory distance affect
the number of eggs that survive to maturity is not known. Likewise, the relationship
between reproductive fitness and testis size or other male traits (e.g., sperm concen-
tration, motility, life span) is unrecognized and warrants investigation. Furthermore,
there are substantial knowledge gaps regarding the gonadal steroid hormones and
receptors involved in sexual maturation and reproduction in lampreys, as well as fac-
tors that regulate the cessation of feeding and subsequent onset of sexual maturation.
Many of the gonadal steroids thought to act as hormones still have not had functions
clearly defined. This is particularly true of the 15α-hydroxylated steroids which are
different than all other studied vertebrate steroids. In addition, the androstenedione
receptor has not yet been identified, which means that the earliest mechanism of
androgen action in vertebrates remains unresolved. Future research into all aspects
of lamprey gonadal development will be very rewarding.
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Europe: vol 1, Part I: Petromyzontiformes. AULA-Verlag, Wiesbaden, pp 119–142
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Chapter 2
Lamprey Reproduction and Early Life
History: Insights from Artificial
Propagation

Mary L. Moser, John B. Hume, Kimmo K. Aronsuu, Ralph T. Lampman
and Aaron D. Jackson

Abstract Artificial propagation of lampreys was first developed to produce spec-
imens for the study of evolutionary development in vertebrates. In recent years,
artificially propagated larvae have been used to improve identification methods for
native lamprey species, to study invasive sea lamprey Petromyzon marinus in the
Laurentian Great Lakes and to provide animals for genomic studies, and for restora-
tion and conservation research. In the course of developing methods for lamprey
cultivation, insights into lamprey behavior, biology, genetics, and early life history
have been gained. Broodstock holding has indicated that adult lampreys can be kept
at extremely high densities when provided with cold, oxygenated water. Sexual mat-
uration is controlled primarily by temperature, but may be affected by photoperiod,
the presence of other lampreys, and suitable substrate. Fertilization and incubation
experiments have revealed that gamete contact times are very short and that embryos
are resilient to low flow, poor water quality, or variable substrates. Early larvae are
also resilient to these factors and can tolerate abrupt changes in temperature and
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extended periods of starvation. However, they cannot survive sudden changes in
water quality, excessive disturbance, and lack of adequate burrowing media. These
observations have resulted in more efficient and effective lamprey propagation and
have yielded important information about the early life stage requirements of lam-
preys in the wild. Further study is needed on a broader array of species to allow
inter specific comparisons of early life history. However, information from lampreys
receiving the most attention to date (European river lamprey Lampetra fluviatilis,
sea lamprey, and Pacific lamprey Entosphenus tridentatus) indicates that culture and
environmental requirements of the early life stages are remarkably similar, allowing
generalization across species.

Keywords Broodstock · Culture · Development · Fertilization · Incubation ·
Propagation · Rearing · Spawning

2.1 Introduction

Artificial propagation of lampreys was first developed to produce specimens for
the study of evolutionary development in vertebrates. While this continues to be an
important purpose of artificial propagation (see Chap. 6), other uses have recently
come to the fore. As a result, there has been increased awareness of lampreys as
both model organisms and as critical components of ecological systems. Moreover,
lampreys are of significant cultural importance in many parts of the world (Docker
et al. 2015). Restoring lamprey populations to levels that allow for sustainable harvest
is a goal of fisheries managers in Finland (Vikström 2002), Japan (Hokkaido Fish
Hatchery 2008), and in the northwestern United States (Close et al. 2002). At the
same time, the proliferation of invasive sea lampreyPetromyzonmarinus populations
in the Laurentian Great Lakes has increased the demand for information on factors
that limit lamprey production.

The increasing need for lamprey propagation tools for research, conservation, and
control has led to a proliferation of studies designed to perfect artificial production
methods. These efforts have increased our knowledge of lamprey genetics, physi-
ology, and behavior. While the focus of this research has typically been to improve
culture technology, many of the lessons learned may be applicable to lamprey biol-
ogy in the wild. In contrast to the many decades of developmental studies using
lampreys, we know comparatively little about the early life history of lampreys in
their natural environments.

Hence, the aim of this chapter is to provide a comprehensive review of research
that has stemmed from artificial propagation of lampreys and to compare this body
of knowledge with what is known regarding lamprey early life history in the wild.
The spawning requirements and mating behavior of lampreys in the wild and the
ecology of larval lampreys are reviewed by Johnson et al. (2015) and Dawson et al.
(2015), respectively; sexual maturation in lampreys is reviewed in Chap. 1. Embryos
of a few model lamprey species have long been generated and studied in the labo-
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ratory to better understand the origin and development of the vertebrate body plan
(see Sects. 2.1.1 and 2.1.3; Chap. 6), but other research and management needs are
now requiring culture of additional species, to later stages and in larger numbers
than attempted previously. The current chapter focuses on these recent advances in
artificial propagation and laboratory or hatchery rearing of lampreys. The transfer
of findings from natural studies to the laboratory has benefitted artificial rearing,
allowing sufficient production for restoration and mitigation programs. Conversely,
artificial rearing studies have and continue to shed light on early lamprey life history
in nature. Reviewing this information has helped to identify critical knowledge gaps
and provide directions for future research that will inform not only lamprey biology,
but also their conservation and control.

2.1.1 Lampreys as Model Organisms

Hagfishes (Myxinidae) and lampreys represent the most ancient vertebrate groups
alive today (see Docker et al. 2015). Their pedigree extends back a minimum of
395 million years (Janvier and Lund 1983; Gess et al. 2006), and they may have
remained functionally unchanged for as long as 125 million years (Chang et al.
2014; see Chap. 4). As cyclostomes, lampreys have a primitive appearance, perhaps
exemplified most clearly by their lack of jaws (Kuratani et al. 2002; Kuratani 2005),
and they have captured the attention of generations of biologists seeking insight into
the evolutionary development of vertebrates (e.g., Richardson et al. 2010; Shimeld
and Donoghue 2012; McCauley et al. 2015; see Docker et al. 2015). Lampreys are
well regarded as model organisms in fields such as embryonic development, organ
differentiation, and phylogenetics. As such, they have provided deep insight into
the evolution of vertebrate nervous, endocrine, and immune systems (Johnels 1956;
Kusakabi and Kuratani 2005; Nikitina et al. 2009; Richardson et al. 2010; Kuratani
2012; Shimeld and Donoghue 2012; Green and Bronner 2014; Sower 2015; Xu et al.
2016). Such lines of inquiry have yielded an astonishing understanding of the origin
and subsequent evolution of the vertebrate lineage (see Chap. 6).

Vertebrates can be loosely characterized by their possession of a complex cra-
nial region bearing paired sensory organs linked to a well-developed brain-neural
network, along with a hinged jaw for processing food (Kuratani 2012). Although
lampreys lack some of these anatomical features, they, along with all other verte-
brates, possess a neural crest during embryonic development, the region of tissue
largely responsible for cranial development (Shimeld and Donoghue 2012; Green
and Bronner 2014; see Chap. 6). A landmark development in the evolution of ver-
tebrates was the acquisition of articulating jaws that enabled more active predatory
foraging strategies (Gans and Northcutt 1983; Kuratani 2012). There is remarkable
similarity between lampreys and gnathostomes (jawed vertebrates) in the expression
of transcription factor genes during pharyngeal patterning (Horigome et al. 1999;
Kuratani et al. 1999; Neidert et al. 2001; Shigetani et al. 2002). A change in the
interaction between the neural crest cells and pharyngeal tissue may have led to the
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development of jaws in the gnathostome ancestor (Shigetani et al. 2002; Kuratani and
Ota 2008). Key differences in transcription factor expression in the first pharyngeal
arch between lampreys and gnathostomes (Cerny et al. 2010; Kuraku et al. 2010)
suggest that the gnathostome lineage focused pharyngeal patterning towards devel-
opment of a joint crucial to the hinged jaw arrangement (Shimeld and Donoghue
2012). However, the precise evolutionary steps leading to the acquisition of jaws in
the gnathostome ancestor remain a subject of debate (Kuratani 2012; see Chap. 6).

Lampreys have a relatively simple nervous systemwith large neurons, which have
enabled extensive investigations of neural pathways (Khonsari et al. 2009;Murakami
and Watanabe 2009). The lamprey brain comprises five distinct regions, from ante-
rior to posterior: forebrain, diencephalon, midbrain, cerebellum (or cerebellum-like
structure), and medulla (Murakami and Kuratani 2008). Brain development studies
in lampreys may help inform vertebrate developmental pathways in general, such
as the discovery that Sonic Hedgehog/Hedgehog (Shh/Hh) signaling in the lamprey
embryonic midline is responsible for vertebrate forebrain development (Rétaux and
Kano 2010). Our understanding of the lamprey brain-neural network is so com-
plete that it has even enabled the development of model robotic lampreys capable
of complex swimming motions and response to visually detected objects (Kamali
et al. 2013). The eyes of larval lampreys, both in their developmental mechanisms
and neural function, are representative of an evolutionarily primitive state in the
acquisition of “camera-style” eyes (Lamb et al. 2007; Suzuki et al. 2015). As larvae,
lampreys do possess an eye, although it is covered by skin, and the lens is not fully
developed (Kleerekoper 1972), so it functions simply as a light detector (Suzuki et al.
2015). Following metamorphosis, the retinotectal projection—the part of the brain
responsible for visual reflexes—is arranged in a manner similar to that of gnathos-
tomes (Jones et al. 2009), and adult lamprey eyes are considered fully functioning
camera-style eyes (Villar-Cerviño et al. 2006; Collin 2010).

The point at which the adaptive immune system of vertebrates first appeared has
long captured the attention of researchers in the field of immunology (Amemiya
et al. 2007; Shimeld and Donoghue 2012). Early investigators demonstrated that
exposure to antigens such as anthrax resulted in antibody (agglutinin) production
in lampreys (Fujii et al. 1979). However, lampreys lack immune receptors common
to other vertebrates (T-cell receptors, B-cell receptors, and major histocompatibility
complex). Hence, the lamprey adaptive immune system remained obscure for many
more years (Ardavin and Zapata 1988; Cooper and Alder 2006). Lampreys and
hagfishes were found to have a similar but different set of lymphocyte cells relative
to other vertebrates, which provide the same function of adaptive immunity (Shintani
et al. 2000; Pancer et al. 2004; Amemiya et al. 2007).Where exactly lymphocytes are
produced in lampreys, and therefore how immunity is conferred, remains uncertain.
One potential region of production is the typhlosole, an intestinal fold common to
lampreys and several other chordates (Shintani et al. 2000; Bajoghli et al. 2011).
Recognition of an alternative autoimmune system in lampreys has sparked renewed
interest in the group as a model species in immunology, particularly in the age of
genomic investigations (Amemiya et al. 2007; see Chap. 6).
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2.1.2 Anatomy and Developmental Staging

As introduced above, lamprey anatomy exemplifies their primitive condition and
basal positioning among vertebrates. An excellent example of this unique position is
evidenced by the transformation of the lamprey endostyle into a thyroid gland during
metamorphosis. In non-vertebrate chordate groups (tunicates and cephalochordates)
aswell as in larval lampreys, the endostyle is an organ that producesmucus for feeding
(Olsson 1963). In contrast, non-lamprey vertebrates directly develop a thyroid gland,
which shares with the endostyle a common embryonic origin and a partial overlap
in enzyme production and gene expression (McCauley and Bronner-Fraser 2002;
Kluge et al. 2005). Lampreys therefore represent a prime example of organ evolution
recapitulated in the ontogeny of a single organism (Wright and Youson 1976).

Initial reports of lamprey artificial propagation can be traced back to university and
hatchery reports from Japan between 1893 and 1951 using Arctic lamprey Lethen-
teron camtschaticum (Hatta 1893, 1907; Isahaya 1934) or Far Eastern brook lamprey
Lethenteron reissneri (Yamada 1951). Investigations of lamprey embryonic develop-
ment also became a focal point resulting from the pressing need to control the spread
of sea lamprey within the Great Lakes basin (Piavis 1961; see Chap. 5). Along with
later work on Far Eastern brook lamprey by Tahara (1988), the work of Piavis (1961,
1971) remains the foundation of developmental staging for all other lamprey species
today (Nikitina et al. 2009; Richardson et al. 2010). Species whose embryology has
been investigated thus far include: chestnut lamprey Ichthyomyzon castaneus and sil-
ver lamprey Ichthyomyzon unicuspis (Smith et al. 1968), sea lamprey (Piavis 1961;
Langille and Hall 1988; Richardson andWright 2003), Pacific lamprey Entosphenus
tridentatus (Yamazaki et al. 2003; Meeuwig et al. 2006), American brook lamprey
Lethenteron appendix and northern brook lamprey Ichthyomyzon fossor (Smith et al.
1968), western brook lamprey Lampetra richardsoni (Meeuwig et al. 2006), Far
Eastern brook lamprey (Fujimoto and Takaoka 1960; Tahara 1988), European brook
lamprey Lampetra planeri (Damas 1944; Horigome et al. 1999), and most recently
Korean lamprey Eudontomyzon morii (Feng et al. 2018) (Table 2.1). In each of these
species, embryology is similar, with developmental rate largely responsible for any
interspecific differences. A comprehensive review of the embryonic developmental
stages of lampreys can be found in Richardson et al. (2010), but the major pattern of
appearance is briefly summarized here.

We follow nomenclature established by Piavis (1961) and consider an embryo the
developing lamprey that has not yet hatched and a prolarva the stage after hatching
but prior to the onset of exogenous feeding. Once the yolk sac has been consumed
and exogenous feeding begins, the lamprey is termed a larva. At metamorphosis, it
is considered a juvenile until sexual maturation to the adult form. The developmen-
tal process may be subdivided into 18 discrete stages, beginning with the fertilized
ovum or zygote (stage 1) and ending with the larval stage (stage 18) at the onset
of exogenous feeding; stage 14 (i.e., hatching) marks the beginning of the prolarval
stage and stage 17 begins when prolarvae begin burrowing (Piavis 1961). The ear-
liest investigations of embryonic development included observations of the external
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Table 2.1 Summary of studies that describe lamprey in vitro propagation; maximum duration
refers to maximum for all studies

Species Maximum duration or stage of
rearing

References

Entosphenus tridentatus
Pacific lamprey

5 years (through
metamorphosis)

Close et al. (2002), Yamazaki
et al. (2003), Meeuwig et al.
(2005, 2006), Lampman et al.
(2016), Moser et al. (2016),
Maine et al. (2017, 2018)

Eudontomyzon morii Korean
lamprey

25 days (larvae) Feng et al. (2018)

Geotria australis pouched
lamprey

1 year (larvae) Cindy F. Baker, National
Institute of Water and
Atmospheric Research,
Hamilton, NZ, personal
communication, 2018

Ichthyomyzon castaneus
chestnut lamprey

Stage 17 (burrowing prolarvae) Smith et al. (1968), Piavis
et al. (1970)

Ichthyomyzon fossor northern
brook lamprey

28 days (larvae) Piavis et al. (1970), Neave
et al. (2019)

Ichthyomyzon unicuspis silver
lamprey

Stage 17 (burrowing prolarvae) Smith et al. (1968), Piavis
et al. (1970)

Lampetra richardsoni western
brook lamprey

1 year (larvae) Meeuwig et al. (2005, 2006)

Lampetra fluviatilis European
river lamprey

72 days (larvae) Damas (1944), Kainua et al.
(1983), Kainua and
Ojutkangas (1984), Ojutkangas
and Laukkanen (1985),
Törrönen et al. (1988),
Ryapolova and Mitans (1991),
Myllynen et al. (1997),
Vikström (2002), Aronsuu and
Virkkala (2014), Rougemont
et al. (2015), Kujawa et al.
(2017), Tsimbalov et al. (2018)

Lampetra planeri European
brook lamprey

Stage 17 (burrowing prolarvae) Hume et al. (2013), Tsimbalov
et al. (2018)

Lethenteron appendix
American brook lamprey

Stage 17 (burrowing prolarvae) Piavis et al. (1970)

(continued)
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Table 2.1 (continued)

Species Maximum duration or stage of
rearing

References

Lethenteron camtschaticum
Arctic lamprey

4 years (through
metamorphosis)

Hatta (1893, 1907), Isahaya
(1934), Hosoya et al. (1979),
Kataoka et al. (1980b),
Kobayashi (1993), Yamazaki
and Goto (1997), Fukutomi
et al. (2002), Hokkaido Fish
Hatchery (2008)

Lethenteron reissneri Far
Eastern brook lamprey

28 days Yamada (1951), Fujimoto and
Takaoka (1960)

Petromyzon marinus sea
lamprey

98 days (larvae) Lennon (1955), Piavis (1961),
Piavis and Howell (1969),
Hanson et al. (1974), Langille
and Hall (1988), Fredricks and
Seelye (1995), Ciereszko et al.
(2000, 2002),
Rodríguez-Muñoz et al.
(2001), Rodríguez-Muñoz and
Ojanguren (2002), Smith and
Marsden (2009)

appearance of the blastopore and neural groove imposed atop the ridge-like neural
plate (Shipley 1887; Hatta 1900) (Fig. 2.1).

Embryonic lampreys then take on a characteristically curved “comma-shape” as
they elongate dorsally, beginning with the definition of the head region from the
mass of yolk and followed by the trunk bending around the yolk itself (Hatta 1923;
Veit 1939; Damas 1944) (Fig. 2.1). The anterior portion expresses some swelling, as
tissues that will later form the oral region and pharyngeal pouch undertake a period of
expansion and migration (Damas 1944; Tahara 1988; Richardson andWright 2003).
After the embryo hatches, the heart initiates pumping, and the upper lip, mouth, and
nasohypophyseal openings rapidly approach their final positions and appearance
(Scott 1887) (Fig. 2.2). The prolarval stage is complete when the branchiopores
open and the digestive tract connects with the esophagus and anus (Richardson et al.
2010).

2.1.3 Artificial Propagation for Evo-Devo Research

The comparative ease of obtaining and rearing lampreys, compared to hagfishes,
is a primary reason for their attractiveness in studies of evolutionary development
(Nikitina et al. 2009; Lampman et al. 2016; see Chap. 6). Various methodologies
have been used to investigate lamprey development, including embryonic manipu-
lation and a burgeoning number of gene expression studies (Shimeld and Donoghue
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Fig. 2.1 Larval development of Pacific lamprey: a early neurula stage 11; b pre-hatching stage 13;
and c hatching stage 14 (Photo © Mary L. Moser)

Fig. 2.2 Pacific lamprey
prolarva (stage 15; see
Sect. 2.1.2) (Photo © Mary
L. Moser)
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2012; McCauley et al. 2015). Lineage tracing using dye markers and the removal of
embryonic tissue has been used to examine development in a more classical manner
(Langille and Hall 1988; Shigetani et al. 2002; McCauley and Bronner-Fraser 2006).

Lampreys reared in captivity have also been used in more technologically
advanced gene expression studies, such as those using messenger RNA (mRNA)
and microRNA (miRNA) visualization (Ogasawara et al. 2000; Murakami et al.
2001; Neidert et al. 2001; Boorman and Shimeld 2002; Derobert et al. 2002; Ota
et al. 2007; Pierce et al. 2008; Nikitina et al. 2009), gene knockdown (McCauley and
Bronner-Fraser 2006; Sauka-Spengler et al. 2007), and even transgenesis (Kusakabe
et al. 2003). In Arctic lamprey, pharmacological methods have also been used to
investigate the developing lamprey brain by inhibiting signaling of Hedgehog (Hh)
and fibroblast growth factor (FBF) (Murakami et al. 2004; Sugahara et al. 2011).

The ability to obtain lamprey embryos and parental tissues with relative ease has
opened the door for fascinating new investigations of the lamprey genome. Amaz-
ingly, it has been discovered that during embryonic development, a large portion of
the lamprey genome (~20%) is naturally eliminated from cells (Smith et al. 2012).
This process could shed light on the mechanisms responsible for the distribution of
chromosomes into daughter cells and the subsequentmaintenance of genomes during
cell division (Timoshevskiy et al. 2016). Such programmed genome rearrangements
likely act to silence genes to prevent their incorrect expression during embryonic
development, and may even protect against the formation of certain cancer cells in
developing embryos (Bryant et al. 2016).

2.1.4 Artificial Production for Identification and Restoration

In recent years, lamprey production for use in field identification and restoration has
increased. The necessity for accurate identification of larvae belonging to lamprey
populations of conservation concern has fueled greater interest in examining early
life stages collected in streams (e.g., Meeuwig et al. 2006; Goodman et al. 2009).
Historically, small larvae were not routinely collected by electrofishing gear and
were overlooked (Churchill 1945; McLain and Dahl 1968). However, advances in
sampling gear and in our understanding of its effectiveness have improved collection
of small larvae, which are difficult to identify (Bowen et al. 2003; Steeves et al.
2003; Moser et al. 2007; Dunham et al. 2013). Although individuals of less than
35 mm have been captured by standard electrofishing techniques (Derosier 2001;
Lasne et al. 2010a; Dunham et al. 2013; Silva et al. 2014a), these techniques do not
typically produce large sample sizes, and may cause an unknown degree of mortality
or sublethal effects. Much smaller larvae (<10 mm), and even fertilized eggs, are
collected by plankton nets set within the water column to intercept downstream drift
after spawning (Manion 1968; Derosier 2001; Laroche et al. 2004; Brumo 2006;
Pavlov et al. 2014; Zvezdin et al. 2016) or by dredging the sediment after settlement
(Derosier 2001; Lasne et al. 2010a; Whitlock et al. 2017).
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Identification of larvae based on the presence of spawning adults is not reliable. It
was previously believed that young-of-the year (YOY, 0+) lampreys remained close
to the nests in which they were deposited (Okkelberg 1922). However, in natural
streams and rivers, prolarvae emerge from interstitial spaces of the substrate and
become displaced downstream (Piavis 1961; Manion and Smith 1978; Malmqvist
1983; Beamish and Lowartz 1996; White and Harvey 2003; Derosier et al. 2007;
Kirillova et al. 2011; Pavlov et al. 2014). The rate and extent to which they are
displaced is a function of the stream gradient and other hydrographic features, such
as velocity, depth, temperature, and substrate particle size (Applegate 1961; Hardisty
1961a;Hardisty andPotter 1971;Manion andMcLain 1971;Manion andSmith 1978;
Malmqvist 1980;Morman et al. 1980; Potter 1980;Kelso andTodd 1993; seeDawson
et al. 2015). Few studies of displacement have been made, but estimates range from
less than 1 km to more than 3 km in sea and American brook lampreys (Thomas
1962; Derosier 2001; Derosier et al. 2007). Furthermore, mixed-species spawning
associations have been observed where two or more species occupy the same nest
(Huggins and Thompson 1970; Manion and Hanson 1980; Brumo 2006; Lasne et al.
2010b; see Johnson et al. 2015). Genetic studies have been used to develop or refine
keys to identification (Goodman et al. 2009; Hess et al. 2015; Docker et al. 2016;
see Chap. 7), although it should be noted that diagnostic genetic markers are not yet
available to distinguish between most “paired” species (i.e., closely related parasitic
and non-parasitic lampreys; see Sect. 2.1.6; Chap. 4) and rearing lampreys in the
laboratory until they reach stages that can be definitively identified remains the best
way to verify species identification (Richards et al. 1982; Meeuwig et al. 2006).

Artificial propagation programs have also been proposed and erected to halt the
decline of species broadly distributed across theNorthernHemisphere. These include
the European river (Kainua et al. 1983; Kainua and Ojutkangas 1984; Ojutkangas
and Laukkanen 1985; Törrönen et al. 1988; Aronsuu 2015), Arctic (Hokkaido Fish
Hatchery 2008) and Pacific (Close et al. 2002; Moyle et al. 2009; Luzier et al. 2011;
Lampman et al. 2016) lampreys. Artificial propagation programs provide animals
for research, or as broodstock for refuge sites should populations become extirpated.
This uptick in practical management concern has driven lamprey early life history
biology forwards once again, and there are now well characterized methodologies
for large-scale production of larval lampreys (Lampman et al. 2016). Developments
in this area could also aid research to control invasive sea lamprey in the Great Lakes
region (Sect. 2.1.5).

For species of conservation concern, producing sufficient numbers of embryos to
mitigate population decline requires a more industrial or mass-production approach
comparedwith experimental studies for research. Standardizationof laboratorymeth-
ods will allow replication when scaled up. Pacific lamprey has been the subject of
numerous suchmethodological investigations, and today,millions of its prolarvae can
be produced each year (Lampman et al. 2016). Early trials indicated that McDonald
jars could accommodate thousands of Pacific lamprey eggs in suspension (Meeuwig
et al. 2005). Similar approaches using upwelling jars were used for mass rearing
of European river lamprey; 10-L upwelling jars accommodated 200,000 eggs and
circulated the developing embryos to prevent clumping (Vikström 2002).
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For Pacific lamprey, emphasis has recently shifted from embryo production
(Lampman et al. 2016) to larval growth following the onset of exogenous feeding
(Barron et al. 2015). Dietary studies using very small larvae (<15 mm) have shown
promise in developing methods to promote and maintain growth in the laboratory
(see Sects. 2.6.5 and 2.6.7). The goal of this research is to produce healthy larvae of a
size large enough to escape early mortality when outplanted and to provide animals
for fish passage research without the need to mine wild stocks (Lampman et al. 2016;
Barron et al. 2017; Maine et al. 2017; Moser et al. 2017a, b).

2.1.5 Artificial Production in Support of Research Related
to Sea Lamprey Control

Artificial propagation of sea lamprey dates back to the 1950s, where relatively crude
methodologies were employed. Lennon (1955) documents hand-stripping gametes
from mature adults into glass jars containing water from Lake Huron that was
refreshed frequently. Despite the success in development through to hatching, the
authors were unable to induce prolarvae to burrow into sediment, or to feed. Piavis
and Howell (1969), however, were able to induce 50–71% of prolarvae to burrow
into sediment following development in distilled water, but did not report overall
mortality or growth rates.

Other early attempts to rear sea lamprey larvae in the laboratory were equally
underwhelming. In an unpublished study by Hanson and colleagues (cited in Hanson
et al. 1974), only 1.75% of 17,500 prolarvae survived after 4 months in aquaria
supplied with fully exchanged stream water, even when experimenting with various
diatom cultures for food. Hanson et al. (1974) achieved greater success following the
addition of yeast cakes (11.6–36.5% survivorship through year 1), even at extremely
high densities (>600 larvae per m2), and survival averaged 13.7% by the end of year
2. Growth rates during the first year of life when provisioned with this feed were as
high as 0.11 mm/day (Hanson et al. 1974), and average length of 1- and 2-year-old
larvae was 29.7 and 48.7 mm, respectively.

More recently, as a consequence of the success of an integrated program to control
the sea lamprey (see Chap. 5), there is now a limited availability of particular life
stages for research. Given that sea lamprey control aims to kill larvae before they
transform into parasitic juveniles,metamorphosing larvae and outmigrating juveniles
can be hard to collect in large numbers, and parasites and sexually mature males are
also limited. At face value, this appears to be a “good problem” to have, yet this
lack of specimens hinders further progress towards a more efficient and effective
control program. The Great Lakes Fishery Commission developed a rearing facility
for sea lamprey in the 1990s (Mike Steeves, Fisheries and Oceans Canada, Sea Lam-
prey Control Centre, Sault Ste. Marie, ON, personal communication, 2018). It was
initially designed to provide juveniles for mark-recapture studies to estimate over-
all population size, but some animals were also made available for basic research.
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Because of difficulties providing adequate nutrition in the laboratory and potential
density-dependent effects on metamorphosis (Dawson et al. 2015), a retrofitted out-
door raceway facility on a former fish farm was developed. The new rearing facility
allowed for the diversion of stream water to provide both cool fresh water and nutri-
ents to large larvae that could be held until metamorphosis. However, management
of the stream provisioning this rearing facility, coupled with a reduced flow rate
within the raceway, resulted in unsuitably high water temperatures as well as signif-
icant macrophyte growth and subsequent biological oxygen demand from decaying
organic matter. Furthermore, there was some indication that predators were getting
into the raceways and consuming larval sea lamprey. Furthermore, obtaining suf-
ficient numbers of large larvae to stock such facilities is still a major hurdle, and
it is exceedingly difficult to collect several thousand larval sea lamprey each year
as they approach the size (i.e., length ≥120 mm and weight ≥3.0 g) at which they
are expected to metamorphose (Manzon et al. 2015). If smaller larvae are collected,
more time is required until they will undergo metamorphosis. The U.S. Geological
Survey’s Hammond Bay Biological Station in Michigan currently maintains sev-
eral thousand larval sea lamprey for the extraction of larval odors used in research
(e.g., Meckley et al. 2014). These animals are maintained in large (1,000 L) outdoor
tanks provisioned with cool (5–10 °C) water drawn from Lake Huron. Therefore, it
is certainly feasible to hold these larvae for many months with minimal mortality,
but growth rates are unlikely to be high given low temperatures and the traditional
artificial diet of brewer’s yeast.

Future strategies to rear larval sea lamprey in significant numbers may include
the use of closed ponds capable of producing their own food supply, requiring little
maintenance until metamorphosis (Nicholas S. Johnson, U.S. Geological Survey,
Hammond Bay Biological Station, MI, personal communication, 2018). This has
previously been suggested as a means to restore Pacific lamprey populations on the
west coast of North America, where larvae have been found to colonize fish farm
abatement ponds in high densities (Nelson and Nelle 2007). Perhaps when it comes
to production of larval lampreys, these nature-like environments may be the most
successful (Kataoka 1985; see Sect. 2.6.8).

2.1.6 Artificial Production for Other Experimental Purposes

Despite the significant problems that must be overcome, the ability to successfully
and consistently rear larval lampreys through metamorphosis will represent a major
breakthrough for researchers. In particular, development of optimal egg fertilization
and rearingmethods across a variety of species could help resolve the “paired species
problem” in lampreys (see Docker 2009; Chap. 4). Many sympatrically occurring
paired species can be observed spawning in the same nests (e.g., Manion and Hanson
1980; Lasne et al. 2010b; Rougemont et al. 2015, 2016) and evidence of contem-
porary gene flow (Docker et al. 2012; Rougemont et al. 2015, 2016) suggests that
they are capable of successfully hybridizing at least to some extent. Moderate larval
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survivorship has been achieved in vitro in a variety of species pairs: European river
and brook lampreys (Staponkus and Kesminas 2014; Hume et al. 2013), silver and
northern brook lampreys (Piavis et al. 1970), and western river and brook lampreys
(Beamish and Neville 1992), but hybrids have rarely been reared beyond the burrow-
ing prolarval stage (Table 2.1). Beamish and Neville (1992) reared the western river
and western brook lamprey hybrid larvae for 2.5 years, but it is still unknown what
happens at metamorphosis (i.e., when the two life history types diverge) or at matu-
rity. Rougemont et al. (2017) used genomic markers to identify first-generation (F1)
European river and brook lamprey hybrids, but a virtual absence of later-generation
hybrids suggests reduced hybrid survival or fertility. Hume et al. (2018) speculated
that the extent of hybrization ebbs and flowswith relative abundance on the spawning
grounds. Testing for intrinsic postzygotic barriers in individuals of known parentage
would require robust animal husbandry methods that must be maintained for mul-
tiple years as genetic incompatibilities are generally best revealed in F2 hybrids or
when F1 hybrids backcross with one of the parental species (see Chap. 4). Difficulty
rearing lampreys from fertilization through metamorphosis (but see Sect. 2.6.8) has
also frustrated attempts at determining if feeding type in paired species is heritable
or plastic (i.e., environmentally determined). Neave et al. (2019) attempted common
garden and reciprocal transplant experiments with progeny of silver and northern
brook lampreys to see if the feeding type of offspring was always the same as that
of their parents, but mass mortality of developing larvae resulted in inconclusive
findings.

Elucidating the genetic basis of sex determination in lamprey has also been ham-
pered by the challenges associated with maintaining larvae in the laboratory for pro-
longed periods of timewhile trying to adequatelymirror natural conditions.Observed
correlations between sex ratio and larval density or growth rate, for example, have
led to suggestions that lamprey sex determination may be influenced by environmen-
tal conditions (e.g., Docker and Beamish 1994; Johnson et al. 2017; see Chap. 1).
However, attempts to test the effect of density on sex ratio under controlled condi-
tions were inconclusive because survival and growth rates were low, and it was not
possible to exclude differential mortality between the sexes (Docker 1992).

2.2 Artificial Propagation: Broodstock Holding

In parasitic lampreys, there is high intra- and interspecific variation in the duration of
pre-spawning maturation in rivers (Applegate 1950; Clemens 2011; Aronsuu et al.
2015; seeMoser et al. 2015).Whereas sea lamprey of both the anadromous andGreat
Lakes populations spendonly 1–2months in rivers before spawning (Applegate 1950;
Almeida et al. 2002; Clemens et al. 2010), many populations of European river and
Pacific lampreys overwinter in fresh water prior to reproduction (Masters et al. 2006;
Clemens et al. 2012; Starcevich et al. 2014; Aronsuu et al. 2015; see Chap. 1).
Overwintering individuals cease upstream migration when water temperature drops
following the autumn season; they become passive and hide in refuges frompredators
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and light (Robinson andBayer 2005;Lampman2011;Clemens et al. 2012; Starcevich
et al. 2014; Aronsuu et al. 2015). European river lamprey enter into an energy-saving
hypometabolic state during these winter months, resuming higher levels of activity
with increased river discharge in spring (Abou-Seedo and Potter 1979; Gamper and
Savina 2000).Hence, adult lampreys used for artificial propagation (broodstock) need
to be provided with conditions that allow energy conservation during this extended
period, in addition to cues necessary for successful final maturation.

2.2.1 Broodstock Density

When housed in aquaria for artificial propagation purposes, pre-spawning lampreys
can be maintained in high densities, if they have adequately cool, clean, and well-
oxygenatedwater. InFinland, hatcheriesmaintain densities as high as 2,000European
river lamprey adults/1,000 L of water (Vikström 2002). These lamprey can also sur-
vive through the winter beneath river ice when held in 200-L barrels provided with
small-diameter holes for water exchange. Under these conditions, densities of up to
20 kg per barrel were successfully held (Jukka Pakkala, Centre for Economic Devel-
opment, Transport and the Environment for South Ostrobothnia, Kokkola, Finland,
personal communication, 2017).

Experience housing adult pre-spawning Pacific lamprey indicates that this species
can also tolerate unnatural conditions (i.e., tanks without substrate) and high den-
sities. For translocation and artificial propagation programs, Pacific lamprey brood-
stock are held at densities up to 60 kg/1,000 L or ~150 individuals/1,000 L. However,
much higher densities are often observed in fishways and at winter aggregation areas
below dams (Fig. 2.3). Winter temperatures during broodstock holding range from
2.8 to 15.5 °C, and mortality and disease incidence is very low under these condi-
tions. However, as Pacific lamprey reach final sexual maturation and temperatures
increase, they become more susceptible to Aeromonas salmonicida infection. Up to
21% of adults sacrificed following use for artificial propagation tested positive for
this bacterium (Moser et al. 2016).

2.2.2 Broodstock Environmental Conditions

Providing adult lampreys with a sufficient flow of clean, oxygenated water is critical
duringwinter holding.Highflow rates of either oxygenatedwellwater (with complete
water turnover in 25–30 min) or natural spring water (19 L/min) have been used to
maintain the high densities of Pacific lamprey described in Sect. 2.2.1. In Finland,
European river lamprey adults were housed at water flows of 100 L/min (~1 L/min/kg
lamprey; Vikström 2002).

LowpHand highmetal concentration can deteriorate the quality of eggs during the
wintering period of adults (Mäenpää et al. 2001). In Finland, European river lamprey
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Fig. 2.3 Dense aggregation
of pre-spawning Pacific
lamprey at a Columbia River
fishway (Photo © Donald
Larsen)

were held overwinter in upriver sites with high water quality (pH >5.5, aluminium
concentration ~3 mg/L) and downriver sites where water quality was degraded (pH
5.2–5.5 and aluminium concentrations up to 4 mg/L). Egg fertilization was 85% in
the upriver sites but only 55% in the downriver sites. Low fertilization rates were
noted evenwhen there were no obvious ill effects on the adults (Mäenpää et al. 2001).

In natural conditions, pre-spawning lampreys overwinter in darkened sites that
are sheltered from direct water flow (Lampman 2011; Clemens et al. 2012; Baker
et al. 2017). At high latitudes, they can overwinter beneath ice covered with snow.
In Finland, European river lamprey housed through winter for artificial propagation
increased their activity and restlessness when exposed to bright light during the
day when no shelter was provided. This was presumed to increase stress levels, as
lamprey housed in uncovered tanks had significantly highermortality rates than those
in dark, covered tanks (Juha Iivari, Natural Resource Institute, Keminmaa, Finland,
personal communication, 2016). Langille and Hall (1988) also observed that sea
lamprey exposed to a cycle of 16 h light:8 h dark were more agitated than those
kept in dim light or complete darkness. These authors recommended maintaining
pre-spawning lampreys in low or no-light conditions to reduce motor activity and
decrease associated mortality.

However, lamprey broodstock held without any environmental cues can fail to
mature, lack synchrony, and may even die without releasing eggs (Lampman et al.
2016). Piavis (1961) recommended that sea lamprey broodstock be held in complete
darkness, but did not report on the percentage of fish that achieved full maturation.
Of Pacific lamprey held in dark, coolwater tanks through winter and up to the time
of spawning without provision of rocky substrate, only about half matured, even
when both sexes were held together (Aaron D. Jackson, unpublished data). Hence,
other cues may be required to stimulate final maturation (e.g., presence of substrate,
mates, temperature fluctuation, or appropriate photoperiod; see Johnson et al. 2015).
Johnson et al. (2012) concluded that the presence of male mating pheromones is
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likely an important trigger that synchronizes maturation. Further studies are needed
to investigate the effect of pheromone presence or absence on the timing of final
maturation.

2.3 Artificial Propagation: Broodstock Maturation

Development of species-specific secondary sexual characteristics are signs that mat-
uration in lampreys is complete, including changes to the shape, position, and size
of dorsal fins; shape of abdomen, and extension of the urogenital papilla (Hagelin
and Steffner 1958; Kataoka et al. 1980a; Larsen 1980; Mesa et al. 2010; Johnson
et al. 2015). In pouched lamprey Geotria australis, this includes the elaboration of
the gular pouch in males and a raised dorsal ridge in females (Baker et al. 2017).
In Pacific and European river lampreys, the closing of the gap between the two
previously separated dorsal fins is also a good indicator of reproductive readiness
(Vikström 2002; Clemens et al. 2009; Lampman et al. 2016). In artificial propaga-
tion programs, these characteristics are used for monitoring the maturation process
and for segregating by sex or maturity level. This eases operational workflow during
the fertilization process and prevents potential volitional spawning of broodstock in
holding tanks (Vikström 2002; Lampman et al. 2016).

2.3.1 Broodstock Substrate

Lampreys rarely spawn in bare holding tanks, even when both sexes are present
(Juha Iivari, Natural Resource Institute, Keminmaa, Finland, personal communica-
tion, 2016). Many studies indicate that unidirectional flow and a gravel substrate are
required for lampreys to spawn in captivity (Hagelin 1959; Fredricks and Seelye
1995; Kusuda 2012; Aronsuu and Tertsunen 2015). Sea lamprey spawning was
induced in static thermal conditions at 18 ± 2 °C by providing adults with 3–6 cm
diameter substrate and a circulating water velocity of 0.2–0.3 m/s (Fredricks and
Seelye 1995). Lack of these environmental factors may be one reason why lampreys
do not readily spawn in holding tanks.

All lampreys are semelparous and most die shortly after spawning (Johnson et al.
2015; but see Baker et al. 2017). According to Hagelin (1959), wild lampreys may
fail to spawn if they are unable to locate suitable spawning ground. Vikström (2002)
observed that European river lamprey died in captivity within 48 h of completing
maturation if they were not hand-stripped of their gametes. Pacific lamprey also will
die without spawning if suitable substrate is not provided; thus, regular assessment
of maturation state is critical for artificial propagation of this species (Lampman et al.
2016).
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2.3.2 Broodstock Temperature

Risingwater temperature in spring apparently triggers final maturation and spawning
in both the laboratory (Vikström 2002; Clemens et al. 2009;Moser et al. 2018) and in
thefield (Larsen1980;Binder andMcDonald 2008a;Binder et al. 2010;Cochran et al.
2012; see Johnson et al. 2015). In the wild, lampreys often begin final maturation and
spawnwhen temperatures approach 10–14 °C (Applegate 1950; Hagelin and Steffner
1958; Kan 1975). However, Larsen (1980) reported that European river lamprey
held in the laboratory can mature even when kept at a stable temperature of 6 °C.
At temperatures >7 °C, only 70% of European river lamprey males matured (Cejko
et al. 2016). European brook lamprey typically will not start spawning activities
until water temperature reaches at least 10–11 °C (Hardisty 1961b). For sea lamprey,
the temperature threshold is higher, at ~15 °C, and spawning occurs closer to 20 °C
(Applegate 1950; Gardner et al. 2012). Peak spawning of Pacific lamprey is typically
observed at ~13–15 °C (Brumo 2006; Starcevich et al. 2014) and pouched lamprey
was observed to spawnwhen stream temperatures were 10–13 °C (Baker et al. 2017).

Under natural conditions, the spawning period of European river lamprey has
been reported to last for several weeks (Jang and Lucas 2005), as has the spawning
period for sea lamprey in the Great Lakes (Applegate 1950). In Pacific lamprey,
the natural spawning period may extend over 2 months (Brumo 2006). There is a
tendency for the spawning season to be shortest at high latitudes and when water
temperatures are steady and high; spawning periods are longer when temperatures
are low and variable (Hardisty and Potter 1971; Johnson et al. 2015). Aquaculture
of European river lamprey demonstrated that when water temperature continues
to rise after exceeding 10 °C in spring, almost all overwintered lamprey mature
within 1–3 days (Vikström 2002; Juha Iivari, Natural Resource Institute, Keminmaa,
Finland, personal communication, 2016) and are ready for hand spawning shortly
thereafter (Fig. 2.4). However, if temperature dropped near or below 10 °C, there
was asynchrony in timing of maturation, and maturation could cease completely for
weeks (Vikström 2002). For Pacific lamprey held under identical tank conditions,
maturation rate tends to vary considerably among individuals (Lampman et al. 2016).

Temperature regimes that adults experience well before spawning can also influ-
ence maturation. In Finnish rivers, European river lamprey overwinter at close to 0
°C, and temperature during winter fluctuates very little. In contrast, the freshwater
pre-spawning period for Pacific lamprey and pouched lamprey may last more than a
year (Moser et al. 2015; Baker et al. 2017; see Chap. 1). Pacific lamprey broodstock
are typically maintained at higher temperatures (2.8–15.5 °C) than European river
lamprey. Clemens et al. (2009) showed that holding temperature during summer has
a pronounced effect on maturation the following spring. In their experiments, Pacific
lamprey held during summer at 13.6 °C experienced less weight loss and later mat-
uration than those held during summer at 21.8 °C. In addition, all Pacific lamprey
held at higher summer temperatures matured in spring, while only 53% of those held
at lower summer temperatures matured (Clemens et al. 2009).
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Fig. 2.4 Water temperature (°C, blue) and the numbers of degrees-days for female European river
lamprey to reach maturity (pink) in 1997–2001 (This figure was originally published in Vikström
(2002) and reproduced with permission of R. Vikström.)

2.3.3 Broodstock Photoperiod

Pre-spawning lampreys are best held in low or no-light conditions (see Sect. 2.2.2).
When fully mature, however, lampreys lose their negative phototactic response
(Sjöberg 1977; Binder and McDonald 2008b), which may indicate that photope-
riod has an effect on maturation and therefore spawn timing. European river lam-
prey, when maintained in captivity under low light levels, matured later than those
exposed to brighter lights and an ambient photoperiod (Vikström 2002). However,
many studies show that light is not an important factor controlling final maturation,
as lampreys have completed maturation even when maintained in complete darkness
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Fig. 2.5 Proportion of
sexually mature male (dark
blue), mature female (light
red), and immature
(gray) Pacific lamprey held
under complete darkness,
artificial light (12:12), and
natural lighting (01
March–30 June 2017) (This
figure was originally
published in Moser et al.
(2018) and reproduced with
permission of the authors.)
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(Larsen 1980; Langille and Hall 1988) or have matured early as a consequence of
increased temperatures (Brumo 2006; Cochran et al. 2012).

To assess this further, adult Pacific lamprey broodstock were held under three
light treatments: natural lighting, a 12:12 artificial light regime, and in complete
darkness during final maturation in March–June (Moser et al. 2018). Three replicate
tanks containing 300 individuals were used for each treatment, and maturation state
of each lamprey was assessed monthly. Lamprey held in complete darkness matured
earlier than those exposed to either artificial lighting or natural light cycles (Fig. 2.5).
However, there was no significant difference among treatments in the overall pro-
portion of fish that matured (darkness = 44%, artificial light = 46%, natural light
= 38%). These results suggest that photoperiod mediates the timing of maturation
somewhat, but does not appear to trigger this process.

2.4 Artificial Propagation: Fertilization Methods

In vitro fertilization has been conducted in locations worldwide using a variety of
large-bodied parasitic lampreys:Arctic lamprey in Japan (Kobayashi 1993;Yamazaki
and Goto 1997; Fukutomi et al. 2002; Hokkaido Fish Hatchery 2008), Pacific lam-
prey in Japan and the Pacific Northwest (Yamazaki et al. 2003; Lampman et al.
2016), sea lamprey in the Great Lakes region (Langille and Hall 1988; Fredricks
and Seelye 1995; Ciereszko et al. 2000, 2002) and in Spain (Rodríguez-Muñoz et al.
2001; Rodríguez-Muñoz andOjanguren 2002), andEuropean river lamprey inRussia
(Ryapolova and Mitans 1991) and Finland (Vikström 2002) (Table 2.1). In addition,
in vitro fertilization has also been conducted using several species of non-parasitic
(brook) lampreys: Far Eastern brook lamprey in Japan (Fujimoto and Takaoka 1960),
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western brook lamprey in the Pacific Northwest (Ralph T. Lampman, unpublished
data), and European brook lamprey in Scotland (Hume et al. 2013). The most salient
difference among species is the much greater number of eggs produced by the large-
bodied lampreys since fecundity increases approximately with the cubic power of
length (see Chap. 1). Number of eggs, for example, averages more than 140,000 and
170,000 in Pacific and sea lampreys, respectively (Kan 1975; Beamish and Potter
1975) versus the smaller-bodied parasitic (e.g., ~37,000 in European river lamprey;
Witkowski and Jęsior 2000) and non-parasitic species (e.g., ~1,500 in northern brook
lamprey; Vladykov 1951). Otherwise, in vitro fertilization methods have been sim-
ilar across these species, and researchers have been able to build on earlier work
conducted, even if it was with a different species (Lampman et al. 2016).

2.4.1 Number of Parents

Lampreys in thewild visitmultiple nests and contribute tomultiple clutches (Cochran
et al. 2008; Johnson et al. 2015). This observation has been confirmed by parentage
analysis pairedwith nest mapping for wild Pacific lamprey (Whitlock et al. 2017) and
Great Lakes sea lamprey (Scribner and Jones 2002). Whitlock et al. (2017) reported
that the same parents contributed to progeny in nests that were up to 815 m apart.
For smaller-bodied lamprey species (e.g., chestnut lamprey, Arctic lamprey, and
European river lamprey), communal spawning is typical, and dozens of individuals
have been counted in one spawning excavation (Case 1970; Savvaitova and Mak-
simov 1979; Jang and Lucas 2005; Lasne et al. 2010b). The larger-bodied sea and
Pacific lampreys have been described as monogamous tending toward polygynous,
although they appear to show variation in their mating systems (Johnson et al. 2015;
Baker et al. 2017) and recent genetic evidence indicates that in Pacific lamprey, both
polygyny and polyandry may be more common than previously believed (Whitlock
et al. 2017). Thus, polygynandry (i.e., multiple males mating with multiple females)
appears to be themost prevalent mating system in lampreys (Johnson et al. 2015). For
this reason and to maximize genetic diversity, Pacific lamprey propagation protocols
emphasize use of multiple males to fertilize eggs from multiple females (Lampman
et al. 2016).

There is some limited evidence for lack of sperm dominance in lampreys. Parent-
age analysis in studies with both propagated Pacific lamprey (Hess et al. 2015) and
wild sea lamprey (Scribner and Jones 2002) have successfully assigned progeny to
known parents at very high rates (>95%), with lack of assignment likely owing to
poor DNA preservation quality. In a common garden experiment with propagated
Pacific lamprey, the number of progeny assigned to two females and three males in
the family were roughly in proportion to the quantity of gametes contributed by each
parent (Hess et al. 2015). This result hints that sperm competition may be similar
across males of this species. Moreover, these results indicate that parentage assign-
ment can help elucidate mating systems for lampreys and allow estimation of the
numbers of successful wild spawners (Hess et al. 2015; Whitlock et al. 2017).
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2.4.2 Fertilization Timing

To maximize the quality and quantity of gametes obtained for artificial propagation,
timing of gamete harvest is critical. In sea and Pacific lampreys, forcefully stripping
gametes can result in premature adult mortality, damaged gametes, and unsuccessful
egg development (Langille and Hall 1988; Lampman et al. 2016). For these reasons,
it is important that during gamete harvest the adults are at a high plane of anesthesia
and that the gametes are allowed to flow with minimal pressure (Fig. 2.6). Surgical
removal of Pacific lamprey eggs when females were not quite ready (based on sec-
ondary sexual characteristics) resulted in lower mean fertilization success (63.4%)
than surgical removal of eggs when the female was fully ripe (90%, Moser et al.
2016).

There is only slight interspecific variation in behavior among the Northern Hemi-
sphere lampreys (family Petromyzontidae) during the spawning act (Johnson et al.
2015). Spawning begins when the female attaches to a large rock or stone and orients
her body with the water flow. The male approaches the female from behind, attaches
to the female’s head, and wraps the lower half of his body around the female, form-
ing a loose coil around her trunk. This tail-loop is then tightened and both male and
female raise their branchial region up from their anchor point at an acute angle and
violently vibrate and thrash their tails for several seconds. This results in the expul-
sion of ova and milt into a gravel depression, which is rapidly covered in sand and
small gravel. Eggs typically adhere to the downstream ridge of the nest (Applegate
1950; Hagelin 1959). Only a portion of eggs, if any, is released during a single spawn-
ing (Huggins and Thompson 1970; Yamazaki and Koizumi 2017). Thus, spawning
in the wild can last several days for each individual, and superimposed spawning is
common (Manion and Hanson 1980; Jang and Lucas 2005; Brumo 2006). Pouched
lamprey nests and post-spawning behavior were recently described by Baker et al.
(2017), but spawning behavior has not yet been reported in any of the four Southern
Hemisphere species (families Geotridae and Mordaciidae).

Artificial propagation programs have taken advantage of the fact that reproduc-
tively mature lampreys can be successfully spawned multiple times, over the course
of several days in females to >1 week in males (Hagelin and Steffner 1958; Langille

Fig. 2.6 Expressing eggs
from a fully anesthetized
female Pacific lamprey
(Photo © Ralph T.
Lampman)
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and Hall 1988). This has allowed a greater number of pairings when lamprey brood-
stock are limited (Lampman et al. 2016). Close synchrony between male and female
reproductive readiness is key and is likely mediated by a number of cues: environ-
mental (temperature and photoperiod), physiological (neuroendocrine activity and
pheromone production), and behavioral (presence of mates and nest-building activ-
ity) (see Johnson et al. 2015; Sower 2015).

2.4.3 Gamete Viability and Contact Time

Lamprey gametes are generally viable for much longer than those of other fishes
(Johnson et al. 2015; see Chap. 1) and are resilient to environmental changes, which
allows for flexibility in artificial propagation programs. Eggs from freshly dead lam-
preys can still be viable, and there is good evidence that both eggs and milt are still
viable at environmental temperature after several hours (Lampman et al. 2016; see
Chap. 6). For Pacific lamprey gametes held at 4 °C, fertilization success was lower
after 24 h for eggs and after 3 days for milt (Moser et al. 2016). In these studies,
spermmotility could be extended for another daywith provision of oxygen, and there
was some evidence that cryopreservation methods might be successful (Lampman
et al. 2016). Similarly, >95% viability was observed in sea lamprey eggs after 24 h
storage at 15 °C, but viability decreased to <20% after 3 days; >60% fertilization
was achieved with milt stored at 1 °C for 2 days (Ciereszko et al. 2000).

In production of lampreys for conservation purposes, particularly non-parasitic
species that produce only ~1,000–2,000 eggs (see Sect. 2.4; Chap. 1), artificial prop-
agation methods need to yield maximal fertilization success while minimizing egg
loss from damage or adhesion. Lampman et al. (2016) found that a 2–5% solution
of milt from one or more males mixed directly with ova, followed by the immediate
addition of culturewater at a volume representing 1–1.5× the eggweight, maximized
fertilization. They recommended very short gamete contact and holding times (30 s
each) before a thorough rinsing of the eggs with culture water before installation in
incubation chambers. Recommendations for European river lamprey fertilization are
quite similar (Jääskä 2002). Sea lamprey eggs could be fertilized for up to 1 h after
contact with fresh water (Ciereszko et al. 2000), but the ability of sperm to fertilize
them was only 27% just 2 min after activation (Ciereszko et al. 2002). Interestingly,
sea lamprey sperm motility could be increased slightly by incubation in water con-
taining 4% female coelomic fluid or water that had contained eggs (Ciereszko et al.
2002). Very short gamete contact times and low levels of egg tumbling after fertil-
ization in the laboratory are consistent with conditions in the wild. Spawning occurs
in flowing streams, so gametes are likely in contact for very short periods of time.
Since eggs are adhesive immediately upon water hardening (see Sect. 2.4.4), both
fertilized and unfertilized eggs can quickly acquire a coating of sand or silt parti-
cles. This may result in retention on or near the nest excavation and protection from
excessive tumbling (Silva et al. 2014b).
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2.4.4 Egg Adhesion

Lamprey eggs are highly adhesive (Yorke andMcMillan 1979) and this characteristic
has important implications for survival both in the wild and in the laboratory. In the
wild, lamprey eggs adhere to a small amount of sand that helps to embed them in the
interstices of gravel substrates (Applegate 1950). In addition, small sand particles
may separate eggs from one another, functioning to prevent mortality from fungus
(Smith and Marsden 2009). The lamprey egg coating includes both an amorphous
apical tuft over the animal pole and a heavily textured coating over most of the rest
of the egg (Yorke and McMillan 1979). These coatings allow lamprey eggs to stick
to rocks and help to anchor them in the relatively benign nest environment.

For artificial propagation, egg adhesion can cause loss or clumping of eggs that
leads to increased incidence of fungal infection (Piavis 1961; Vikström 2002; Lamp-
man et al. 2016). Yorke and McMillan (1979) found that egg adhesiveness could be
diminished by exposure to various proteins and sulphydryl-blocking agents. Lamp-
man et al. (2016) reported that immersion of newly fertilized eggs in a 1% solution
of fresh pineapple juice for 1–2 min could completely inhibit the adhesive capac-
ity of the egg coating without affecting egg viability. Gentle rinsing of fertilized
eggs in culture water also helps to reduce clumping and spread eggs more evenly in
incubation chambers (Vikström 2002; Lampman et al. 2016).

While egg adhesion has important consequences for lamprey culture operations,
investigation of the role of egg adhesion in the wild might have equally important
ramifications for lamprey conservation or control. Lampreys do not always properly
cover the eggs after spawning, and eggs deposited in the excavation are easily flushed
out of the depression by ongoing spawning activity (Huggins and Thompson 1970)
or water flow (Silva et al. 2014b). Consequently, it has been hypothesized that most
fertilized eggs drift downstream from the excavation during the spawning act or
soon thereafter and incubate somewhere below the nest (Manion and Hanson 1980;
Smith and Marsden 2009; Silva et al. 2014b). Silva et al. (2014b) proposed that the
nests of European river lamprey may function as egg dispersal structures rather than
as egg shelter structures. In contrast, pouched lamprey egg masses adhere to the
underside of a boulder and are thereby protected from water currents and predators
(Baker et al. 2017). The male has been observed to “groom” the eggs with his gular
pouch, which may reduce the incidence of fungal infection. The pouched lamprey
larvae have adhesive tails that allow them to remain adhered to the nest boulder for
at least 2 weeks after hatching. Understanding the role of egg/larval adhesion may
provide insights into mechanisms of early embryo mortality such as susceptibility to
predation, protection of incubation habitats, and the role of nest building for various
species.
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2.5 Artificial Propagation: Incubation Methods

Lampreys spawn in fast-flowing parts of rivers, such as pool tailouts, glides, and
deep riffles, where substrate consists of gravel often mixed with sand and cobbles
(Jang and Lucas 2005; Brumo 2006; Gunckel et al. 2009; Nika and Virbickas 2010;
see Johnson et al. 2015). There is a tendency for larger species to spawn in deeper
sites with higher water velocities and coarser substrate than smaller species (e.g.
Applegate 1950; Sokolov et al. 1992; Takayama 2002; Gunckel et al. 2009; Nika
and Virbickas 2010). Such differences in spawning habitats indicate that incubation
conditions for eggs could differ among species. Consequently, there may be variation
among lamprey species in optimal methods of artificial incubation.

Identifying the environmental conditions required for successful egg incubation
is fundamental to any artificial propagation program. For conservation and restora-
tion of lamprey species, incubation success is particularly important. Broodstock of
depleted populations may be difficult to obtain, and production of fertilized eggs
can be limited by both synchrony in adult maturation and gamete viability. Hence,
maximizing incubation success has been a primary objective of many native lamprey
propagation efforts (Rodríguez-Muñoz et al. 2001; Vikström 2002; Hokkaido Fish
Hatchery 2008; Lampman et al. 2016).

2.5.1 Incubation Temperature

Lamprey eggs typically hatch in 1–4 weeks, and temperature has a profound effect
on incubation timing and, ultimately, the survival and success of larvae (Potter 1980;
Dawson et al. 2015). In sea lamprey cultured at 18.4 °C, Piavis (1961) observed
hatching at 10–13 days post-fertilization. With increasing temperature, Rodríguez-
Muñoz et al. (2001) found that mean time to 50% hatch decreased from 27 days at
11 °C to 7.5 days at 23 °C, but exposure to temperatures above 19 °C resulted in
mortality of larvae. Field observations of incubation temperature for sea lamprey in
the River Stella in northern Spain indicated that eggs incubate at 11–20 °C in the
wild (Rodríguez-Muñoz et al. 2001). In a similar field study, most Pacific lamprey
egg incubation was found to occur when stream temperature ranged from 9 to 16 °C
(Fig. 2.7; Aaron D. Jackson, unpublished data). However, in the laboratory, Pacific
lamprey eggs were successfully incubated at 20 °C (Alexa N. Maine, Confederated
Tribes of the Umatilla Indian Reservation, Pendleton, OR, personal communication,
2018).

In the laboratory, Pacific lamprey typically require 184–294 cumulative degree-
days for incubation (Yamazaki et al. 2003; Meeuwig et al. 2005; Lampman et al.
2016). Arctic lamprey hatched in 234 degree-days (18 days at 11.8–12.9 °C; Hosoya
et al. 1979). Experience from the artificial propagation of European river lamprey
indicates that egg incubation takes 1–3weeks, depending onwater temperature. Usu-
ally, hatching starts after 190–220 degree-days, and all eggs will have hatched after
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Fig. 2.7 Hourly water temperature (gray line) and moving average of 24 h (black line) in an
Umatilla River tributary (Meacham Creek, OR). The number of new viable Pacific lamprey nests
observed (numbers above arrows) is shown for a 0.9 km reach (Aaron D. Jackson, unpublished
data)

an additional 50 degree-days. However, if temperature rises soon after fertilization
(up to 20 °C), all hatching can occur within just 150 degree-days (Vikström 2002).

Fertilized lamprey eggs are very resilient to periods of high temperature and to
abrupt changes in temperature. Upper temperature limits during embryonic devel-
opment appear similar among lamprey species. Both Pacific and western brook lam-
preys suffer highest mortality rates at temperatures >22°C (Meeuwig et al. 2005). Sea
lamprey embryos can survive at temperatures >21.1 °C (Piavis 1961) and perhaps as
high as 23 °C (Piavis 1971; Rodríguez-Muñoz et al. 2001). With respect to tolerance
for rapid temperature changes, Pacific lamprey embryos have been successfully held
at 5 °C for 24 h during transport and returned immediately to the initial incubation
temperature (13 °C) with no appreciable mortality. This is not surprising, as lamprey
eggs in the wild are likely exposed to rapid and substantial changes in temperature
during spring freshets and periods of intense solar radiation. For example, in the
Umatilla River drainage in northeastern Oregon, temperature can vary by more than
6 °C in a day (Fig. 2.7), yet 60–100% of the eggs in Pacific lamprey nests were
typically viable (Fig. 2.8; Aaron D. Jackson, unpublished data).

2.5.2 Photoperiod and Water Quality

Although temperature is clearly a factor that controls the timing of Pacific lamprey
embryonic development, considerable variation in hatch timing (15–23 d) has been
observed between years or among individuals evenwhen temperaturewas nearly con-
stant (Fig. 2.9). In 2015, embryos from the same female held in replicate chambers
(n = 15) with no flow in a 14 °C water bath were checked daily for developmental
changes. Three water sources were tested (n = 5 replicates per treatment): natu-
ral creek water; de-chlorinated, UV-irradiated city water; and the city water source
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Fig. 2.8 The percentage of viable Pacific lamprey eggs at stages 12–14 in 11 nests fromMeacham
Creek (gray bars), and two nests in themainstemUmatilla River (white bars); rkm is river kilometers
from the creek or river mouth (Aaron D. Jackson, unpublished data)
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Fig. 2.9 Frequency distribution of individual hatch dates for Pacific lamprey held in static con-
ditions at 14 °C. Eggs from one female in 2015 were incubated in natural creek water (black),
conditioned city water with no conspecifics (gray), or conditioned city water with larval lamprey
(white); eggs from one female in 2016 (hatched) were incubated in conditioned city water with
larval lamprey (This figure was originally published in Maine et al. (2017) and reproduced with
permission of the authors.)

with conspecific larvae present. The three water treatments did not affect survival
to hatching or median incubation period. However, in the following year, median
hatch times were shifted by several days. The only differences between study years
were the parents used and a slight change in natural photoperiod; spawn dates were
21 April 2015 and 05 May 2016 (i.e., 2 weeks earlier in 2015) and day-length on
the spawning dates was 13.9 h in 2015 and 14.6 h in 2016 (Maine et al. 2017).
Piavis (1961) and Kataoka et al. (1980b) recommended incubation of lamprey eggs
in darkness to synchronize hatching.

Piavis andHowell (1969) reported that sea lamprey embryos could be incubated in
distilled water, thereby potentially reducing the potential for fungal infection. Alter-
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Fig. 2.10 Percentage of viable Pacific lamprey eggs from subsamples examined at 1, 4, 6, and
11 days post-fertilization following multiple disinfection treatments at 3-day intervals (i.e., twice
weekly; black triangles), those exposed to a single initial disinfection immediately after fertiliza-
tion (open circles), and for non-disinfected controls (black diamonds) (This figure was originally
published in Moser and Jackson (2013) and reproduced with permission of the authors.)

natively, Pacific lamprey embryos up to 4 days old can be safely disinfected by 10-min
immersion in a 100-parts per million (ppm) buffered iodophor bath (Fig. 2.10). For-
malin was also successfully used to disinfect fertilized Pacific lamprey eggs up to
14 days after fertilization when used at a concentration of 0.8 mg/L (1:1,250) for
continuous exposure (Maine et al. 2017) and at a dilution of 1.7 mg/L (1:600) for
embryos 3–10 days after fertilization (Lampman et al. 2016).

These results indicate that early lamprey embryos are generally resilient to water
quality insults. However, they become more sensitive to water quality as they near
hatching (Lampman et al. 2016). Myllynen et al. (1997) showed that incubation
of European river lamprey embryos in water with low pH (5–6), high aluminum
(0.45–0.6mg/L), and/or high iron (1.5–3mg/L) concentrations caused reducedhatch-
ing rates and low larval survival. Controls held in low pH without heavy metals were
unaffected.

2.5.3 Water Flow and Substrate

Lamprey eggs can be incubated successfully in both flowing and static water condi-
tions. In experiments where eggs from the same Pacific lamprey female were held
under flowing (2 L/min) and static conditions with UV-irradiated water, there was no
difference in survival to hatching (Fig. 2.11). This is not a new development, as the
eggs of many lamprey species have been cultured in static conditions for embryolog-
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Fig. 2.11 The percentage of Pacific lamprey embryos that survived to hatching (% developed; stage
14) for each spawn date in flowing (2 L/min, black bars) or static (white bars, photo inset) conditions
(This figure was originally published in Maine et al. (2017) and reproduced with permission of the
authors.)

ical studies (e.g., Damas 1944; Piavis 1961; Kuratani et al. 1997; Yamazaki et al.
2003; Hokkaido Fish Hatchery 2008). However, the experiment was interesting in
light of the fact that, in the wild, adult lampreys typically build nests in flowing water
(Johnson et al. 2015), where the eggs would potentially be exposed to some degree
of turbulence and hyporheic flow (Fixler 2017).

Laboratory observations of spawning activity by both European river and Pacific
lampreys indicate that adults seek out areas of relatively high flow for egg fertilization
and incubation. Aronsuu and Tertsunen (2015) observed that regardless of substrate
provided, European river lamprey constructed nests near tank walls, where current
velocity was lowest. Pacific lamprey also selected areas near water inlets for nest
construction (Alexa N. Maine, Confederated Tribes of the Umatilla Indian Reser-
vation, personal communication, 2017). Yet current velocity measurement of nests
constructed by European river lamprey in the wild indicated that water velocities
near the nest bottom (2 cm from the substrate) can be less than half those at a height
of 10 cm above the substrate (Aronsuu and Tertsunen 2015). For Pacific lamprey
nests measured in the Umatilla River basin (n = 18), water velocity 5 cm above the
substrate inside the nest averaged 15.3 cm/s and ranged from 0 to 41 cm/s (Aaron
D. Jackson, unpublished data). Therefore, eggs that adhere to the bottom of the nest
or become wedged in substrate may experience very low flows during incubation in
the wild.

Smith and Marsden (2009) incubated sea lamprey eggs on a variety of substrates
and found that theywere relatively insensitive to suffocation: survival to at least stage
12 (Piavis 1961; see Sect. 2.1.2) was not significantly different for eggs incubated
in sand and silt treatments. In the laboratory, proliferation of fungus can occur when
lamprey eggs are incubated in low to no-flow conditions (Piavis 1961; Lampman
et al. 2016). This may be the reason that wild lampreys spawn in areas where eggs
will be exposed to enough current velocity to protect them from fungal infestation.
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Eggs that become covered with a thin layer of particles may be somewhat protected
from fungal infection (Smith and Marsden 2009). Thus, eggs that are inadvertently
flushed from the nest (up to 86% of a clutch; Manion 1968; Manion and Hanson
1980) are susceptible to predation (Applegate 1950; Manion 1968), but may not
suffer from deposition on silty substrate (Smith and Marsden 2009).

2.5.4 Incubation Mortality

Survival of eggs to hatching in the laboratory can be 100% under ideal conditions
(Fig. 2.11), but stage-specific mortality rates of embryos in the wild are difficult to
assess. Kujawa et al. (2017) noted hatching rates of only 10% in wild European river
lamprey. In a study in the Umatilla River drainage, eggs were collected from freshly
constructed nests of Pacific lamprey (n= 16, Fig. 2.8; AaronD. Jackson, unpublished
data). After eggs had developed to at least stage 12 (Piavis 1961), a sample of 200
eggswas taken from each nest, fixed in 10% formalin, and assessed for viability under
a dissecting microscope. Eggs were classified as unviable if covered with fungus or
deformed. Several nests had 100% viable embryos. Of the dead embryos, 75% were
infested with fungus and 25% had developmental deformities. These conditions have
also been described for eggs incubated under controlled laboratory conditions (Piavis
1961; Lampman et al. 2016). Moreover, 19% of the nests did not contain enough
eggs for an adequate sample. Similarly, Whitlock et al. (2017) reported that over
half of the Pacific lamprey nests they sampled in a western Oregon stream did not
contain any eggs. Whether these empty nests represent test digging, failed spawning
attempts, scouring, or losses from disease or predation is unknown.

2.6 Artificial Propagation: Rearing Early Larvae

Developing methods to rear early stages of fish at the production level is notoriously
difficult (Sifa and Mathias 1987; Kujawa et al. 2017). Many fish species exhibit a
critical period between hatching and first feeding, as hypothesized by Hjort (1914,
1926). As fish switch from endogenous (yolk sac) to exogenous sources of nutrition,
high specific mortality rates often occur (Sifa and Mathias 1987). This is coincident
with profound changes in larval morphology, physiology, and ecology (Dabrowski
1984). Switching to exogenous feeding often involves changes in body function that
must be precisely synchronized, such as sensory organ development for food capture
or collection, muscular elaboration for manipulation of prey, or gut development
for processing of new foods. Imperfect synchrony or underdevelopment of crucial
systems can combine with mechanical constraints to retard efficient feeding and can
ultimately result in larval starvation (China and Holtzman 2014). These problems
occur in lamprey culture and demand a more thorough understanding of both larval
physiology and feeding behavior.
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2.6.1 Timing of Exogenous Feeding

While their feedingmorphology is relatively simple, larval lampreysmust orchestrate
a complicated switch from yolk-sac feeding in the nest or on the sediment surface
to active burrowing and collection and processing of relatively nutrient-poor food
particles from the environment (Manion 1968; Moore and Beamish 1973; Sutton
and Bowen 1994; Yap and Bowen 2003). The end of endogenous feeding (i.e., the
transition from prolarva to larva) is signaled by completion of the digestive tract and
connection to the anus (Fig. 2.12). At this time, lampreys can begin to supplement
yolk-sac feeding with collection of exogenous food particles. In the wild, these
particles are typically microalgae and detritus (Manion 1967; Sutton and Bowen
1994; Yap and Bowen 2003; see Sect. 2.6.5). Exogenous feeding is accomplished
with a mucus-lined pharynx that delivers particles to the simple, straight gut tract
via peristalsis (Mallatt 1981). Elaboration of the oral hood and completion of the
gut tract accompany a dramatic change in behavior, from resting on the substrate
surface to seeking and actively burrowing into substrate of the appropriate particle
size (Lampman 2016; Lampman et al. 2016).

In a culture situation, facilitating the switch to exogenous feeding in larval lam-
preys requires identification of the appropriate time to start providing appropriate
feed for a given life stage (Barron et al. 2016). Artificial propagation of lampreys
provides a unique opportunity to study the timing of this shift from endogenous to
exogenous feeding, as this stage is rarely encountered in the field (Manion 1968;
Brumo 2006; Schultz et al. 2014). Barron et al. (2016) found that growth of Pacific
lamprey larvae was maximized when feed was provided coincident with the onset of
first feeding or slightly earlier (16–24 days after hatching). Individual hatch times for
a single spawning event can vary over 7 days in Pacific lamprey (Fig. 2.9), so early
initiation of feeding ensures that all larvae are accommodated. There is very little
information on variation in larval development times in wild lampreys. However,
Whitlock et al. (2017) noted that the ages of embryos collected from wild Pacific
lamprey nests were all within 5 days of each other.

For lampreys in culture, the length of time from hatching to first feeding is similar
among species, but varies substantially with temperature (Piavis and Howell 1969;
Langille and Hall 1988; Fredricks and Seelye 1995; Vikström 2002; Richardson
and Wright 2003; Hokkaido Fish Hatchery 2008). Completion of gut tract and eye
formation were observed 32 days post-fertilization (14 days post-hatch) in Arctic

Fig. 2.12 Pacific lamprey
larva (stage 17). Note the
completed connection of the
digestive tract to the anus,
signaling the start of
exogenous feeding (Photo ©
Alexa N. Maine)
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lamprey held at 11.8–12.9 °C (Hosoya et al. 1979). Lampman et al. (2016) reported
that burrowing in Pacific lamprey larvae started at 26–33 days after egg fertilization,
and that this corresponded to 369–469 cumulative degree-days. Similar times to first
burrowing (17–33 days after fertilization) were reported for sea lamprey in culture (at
18 °C; Piavis 1961) and Pacific and sea lampreys in the wild (Manion 1968; Brumo
2006). Piavis (1961) observed transition from prolarva to larva (i.e., when the gut
was fully differentiated) at 33–40 days after fertilization at 18 °C, and Richardson
and Wright (2003) observed that gut formation in this species was completed at
23–36 days. Rodríguez-Muñoz et al. (2001) found that burrowing in sea lamprey
can occur before the yolk is fully depleted in embryos held at temperatures >19 °C,
but embryos incubated at 15 °C only started burrowing when their yolk was nearly
exhausted. The bodymass at first feeding also increased with incubation temperature
(Rodríguez-Muñoz et al. 2001).

Determination of the optimal time to start feeding larval lampreys is critical to
the success of aquaculture operations and can provide insight into both the timing
of first feeding in the wild and larval capacity for starvation. Experiments were
conducted with first-feeding larvae to assess the consequences to survival of delayed
feed provision. Barron et al. (2016) found that delaying the onset of first feeding by
only a few days could have profound effects on growth in larval Pacific lamprey.
However, these larvae were also surprisingly resilient to starvation and have been
known to survive for up to a month without substantial food inputs (Lampman et al.
2016). It is likely that these larvae were able to subsist on micro-organisms that
persist in culture even when no food is added. Given the low metabolic rate of
larval lampreys (Hill and Potter 1970; Potter and Rogers 1972) and the ability of
metamorphosing and adult lampreys to survive extended periods of fasting during
these non-trophic stages (Clemens et al. 2010; Manzon et al. 2015; Moser et al.
2015), it is not surprising that larval lampreys exhibit high tolerance to starvation
relative to larval teleosts (see Sect. 2.6.5).

2.6.2 Feeding and Sheltering Behavior

Lampreys are thought to passively filter particles from the seston (Yap and Bowen
2003). However, laboratory experiments with Pacific lamprey suggest that they can
also feedonparticles fromsubstrate porewater (AlexaN.Maine,ConfederatedTribes
of the Umatilla Indian Reservation, personal communication, 2014). In these experi-
ments, 1-L static beakers with 3 cm of either fine (<149μm) or coarse (149–595μm)
sand were prepared and placed in a 14.4 °C water bath. Immediately before exper-
imentation, a mixture of commercially prepared (Reed Mariculture) concentrated
(3–8 billion cells/mL) marine algae cells (0.5 mL Nannochloropsis and 0.5 mL
Pavlova) was injected into the sediment. The 85-day-old larvae used in the experi-
ments were not fed for a week prior to experimentation, and were gently introduced
into the chambers individually on the same day (10 larvae/L). After 3 days, larvae
were examined under a dissecting microscope for the presence of algal cells in the
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gut. An average of 96 and 98% of larvae had algal cells in their guts in the coarse and
fine sediment treatments, respectively. These data suggest that lampreys can obtain
food particles from within the sediment pore water as a deposit feeder, and that this
feeding mechanism might contribute to their nutrition. This is consistent with lam-
prey isotope studies (Limm and Power 2011; Evans and Bauer 2015, 2016) which all
point to the importance of substrate and deposited organicmatter in nutritional uptake
by larval lampreys. Substrate is also very important in the hatchery environment to
allow for normal feeding and development of cultured larval lampreys (Lampman
et al. 2016; Sect. 2.6.3).

Behavioral observations of cultured larvae indicate that they are mobile at just
a few days after hatching and capable of moving vertically into flowing currents at
night (Moser and Jackson 2013; Lampman et al. 2016). Hence, very small mesh size
(<300 μm) and complete tank seals are necessary to keep very young larvae from
escaping (see Chap. 6). The downstream drift of wild YOY European river lamprey,
Great Lakes sea lamprey, Pacific lamprey, and Arctic lamprey also takes place during
hours of darkness (Manion and McLain 1971; Bennett and Ross 1995; Derosier
2001; White and Harvey 2003; Brumo 2006; Kirillova et al. 2011; Pavlov et al.
2014; Zvezdin et al. 2016, 2017). Derosier (2001) found that sea lamprey prolarvae
(i.e., after hatching but prior to the onset of exogenous feeding) emerge from the nest
during the darkest hours of the night (1200–0300 h), and that the emergence period is
short, with 80% of prolarvae emerging after 8–14 days on average. Such diel timing
is likely a common strategy in other species (Potter 1980; Dawson et al. 2015).

The reliance of larval lampreys on optimal substrate, depth, and flow conditions
in the field has been intensively studied for a broad range of species (e.g., Morman
et al. 1980; Potter et al. 1986; Sugiyama and Goto 2002; Torgersen and Close 2004;
Nazarov et al. 2016; see Sect. 2.6.3). However, settlement mechanisms are poorly
understood. Presumably, wild larval drift slows down in areas of silty substrate,
allowing lampreys to passively settle in areas with appropriate depth, particle size,
and flow (Applegate 1950; Bennett and Ross 1995; Derosier 2001). Thus, settlement
of prolarvae could be entirely passive, occurring when current strength weakens or
when individuals find themselves in a backwater or pool environment. However, it
is also possible that settlement is non-random and that they use olfactory cues from
other larval lampreys to identify and potentially reject rearing habitat (Zielinski
1996). Active substrate selection by subyearling larvae has been studied only in
the laboratory; European river lamprey prolarvae selected sieved gravel in which to
shelter and started to select for fine-grain substrates at just 8 mm in length (Aronsuu
and Virkkala 2014).

2.6.3 Substrate

A key aspect of lamprey culture is the provision of sufficient substrate for functional
burrowing (Kelso 1993), and substrate characteristics must be closely coordinated
with ontogeny. Immediately after hatching, prolarval lampreys are unable to burrow
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(Piavis 1961), but require areas to shelter. They actively select substrate with intersti-
tial spaces available (Aronsuu and Virkkala 2014), a sheltering behavior that likely
evolved to increase survival after they leave the nest. Hence, in situations where lam-
preys are transplanted into the wild shortly after hatch, Aronsuu and Virkkala (2014)
recommended that European river lamprey <8 mm total length should be outplanted
in areas where substrate provides interstitial spaces, and indicated that gravel areas
with low ormoderate currents may offer the best option. Shelter is likewise important
when rearing lampreys under laboratory or hatchery conditions, and the switch from
the relatively sterile, clean hatchery tanks used for egg incubation to substrates that
allow prolarvae to shelter and burrow needs to be carefully timed. Provision of a
fiber mat or other material to shade the substrate is recommended to reduce prolarval
activity and stress prior to the burrowing stage (Lampman et al. 2016).

Burrowing capabilities are developed by the last prolarval stage (Piavis 1961), and
wild YOY larvae are typically found in fine silt and sand. Hence, when outplanting
subyearling European river lamprey larvae >8 mm, Aronsuu and Virkkala (2014)
recommended fine sediment with a high proportion of particles <125 μm. As larvae
grow, they start to select slightly coarser material for burrowing. Numerous studies
have shown that smaller substrate particle sizes are selected by the youngest larvae,
while older larvae are able to occupy a broader range of sediment grain sizes (Morman
et al. 1980; Sugiyama and Goto 2002; Quintella et al. 2007; Aronsuu and Virkkala
2014; Dawson et al. 2015; Alexa N. Maine, Confederated Tribes of the Umatilla
Indian Reservation, personal communication, 2017).

Differences in habitat preference with body size may be related to burrowing
abilities. Quintella et al. (2007) found that smaller sea lamprey larvae showed poorer
burrowing performance than larger individuals across all substrate types tested, but
particularly so in coarser substrates where, if particles are too large, they can impair
burrowing. Similarly, in experiments with 85-day-old cultured larval Pacific lam-
prey, time to complete burrowing was significantly faster (66 s) in sand <149 μm
in diameter than in coarser material (146 s) where particle size was 149–595 μm
(Alexa N. Maine, personal communication, 2017). If young larvae are not provided
with adequate substrate, they do not grow and can suffer increased mortality rates
(Lampman et al. 2016). Kujawa et al. (2017) found that the survival rates and growth
of subyearling European river lamprey larvae were much higher in tanks with sand
substrate than without it (see Sect. 2.6.5).

2.6.4 Flow

Food delivery is an essential aspect of lamprey culture. Unlike other fish species,
lampreys probably do not actively intercept food particles (Mallatt 1981; Malmqvist
and Brönmark 1982). Hence, their culture is analogous to rearing of sessile inverte-
brates, such as mussels (Kamermans et al. 2013), abalone (Bouma 2007), or oysters
(Jacob et al. 1993). The density of food particles, flow rate through tanks, and length
of time that lampreys are exposed to food are important considerations. In the wild,
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lampreys likely have nearly continuous exposure to low levels of microalgae and
detritus with occasional spikes in feeding after freshets or spates (Malmqvist and
Brönmark 1982). Indeed, European brook lamprey respond to low food concentra-
tions by increasing their filtration rate (Malmqvist and Brönmark 1982). However,
if particle concentrations are too high (85–330 mg/L), the filtration apparatus of sea
lamprey can become clogged (Mallatt 1981).

Larval lampreys have been cultured in completely flow-through systems as well
as in recirculating and static flow systems. In flow-through systems, flow is often
kept at a minimum or shut off during feeding times to give the food time to settle
and to allow lampreys the opportunity to feed before it is swept away (Hanson et al.
1974;Mallatt 1983; Swink 1995; Barron et al. 2015, 2016). This method has resulted
in very rapid growth in Pacific lamprey larvae (e.g., 34 mm at 71 days after hatching,
Lampman 2017; 45 mm at 163 days after hatching, Barron et al. 2016). However,
feeding rates reported for larvae reared in some recirculating and static systems are
slower, perhaps because of the food quality, food delivery system, water quality,
and/or larval lamprey density (Mallatt 1983; Murdoch et al. 1991, 1992; Rodríguez-
Muñoz et al. 2003; see Sects. 2.6.5, 2.6.6 and 2.6.7).

2.6.5 Feed

Larval lampreys feed by trapping small, water-borne particles in mucus within the
pharynx (Mallatt 1983), and the majority of the ingested materials are typically
organic detritus (Mundahl et al. 2005). Lampreys can survive from this seemingly low
quality food source primarily due to their high assimilation efficiency (Bowen 1993;
Yap and Bowen 2003) and extremely low metabolic rates (Moore and Mallatt 1980;
Sutton and Bowen 1994). Although organic matter/detritus is typically abundant in
lamprey-bearing streams, lamprey growth is generally reduced when density is high
(see Sect. 2.6.7). This is also true in the laboratory environment (Murdoch et al.
1992), although higher feeding rates can compensate for density effects to some
extent (MacDonald 1963; Hanson et al. 1974; Moore and Potter 1976; Griffiths et al.
2001; Lampman et al. 2016; Kujawa et al. 2017; Schultz et al. 2017).

The key constituents of the larval lamprey diet has been a topic of interest and
debate for decades (e.g., Applegate 1950; Potter et al. 1986), and a variety of studies
have investigated this question (see reviews by Hardisty 2006; Aronsuu et al. 2015;
Dawson et al. 2015). Many of these studies have described the importance of organic
matter as substratum and habitat (Applegate 1950; Hardisty and Potter 1971; Potter
et al. 1986; Beamish and Lowartz 1996), and some studies have gone further to
describe the importance of organic matter as a food source (Hardisty and Potter
1971; Beamish and Jebbink 1994; Sutton and Bowen 1994; Shirakawa et al. 2009;
Sutton and Bowen 2009; Smith et al. 2011). Others have highlighted the seasonal
importance of other food ingredients, such as algae including diatoms and desmids
(Potter et al. 1986; Quintella 2000) and microbes including biofilm (Bowen 1993;
Yap and Bowen 2003). While some studies suggest that larval lampreys are not
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capable of digesting diatoms and bacteria efficiently enough to make them a primary
food ingredient (Moore and Beamish 1973; Rogers et al. 1980), it is likely that these
ingredients are important when they are available (Yap and Bowen 2003).

Our ability to readily recognize a variety of microorganisms (with diverse decom-
position rates in streams and lamprey guts) are certainly not equal and this affects
our ability to accurately identify key constituents of the larval lamprey diet (Hardisty
2006). In addition, detritus, organic matter, and biofilm can originate from, form
alongside, and/or contain a wide variety of microorganisms simultaneously (e.g.,
bacteria, archaea, protozoa, phytoplankton, and fungi). Organic matter/detritus can
also originate from both autochthonous and allochthonous sources, further compli-
cating the elucidation of the larval lamprey diet.

As detritivores, larval lampreys live off organic matter breakdown, including
the detrital fraction, fungi, and the myriad other microorganisms that exist within
the detritus/biofilm complex (Moore and Beamish 1973; Sutton and Bowen 1994;
Mundahl et al. 2005). A primary dietary criterion appears to be particle size. Particles
in the range 5–340 μm are common in the guts of both small and large wild lamprey
larvae (Moore and Mallatt 1980). Brewer’s yeast and active dry yeast (cells of which
are 5–10 μm in diameter) have been used successfully for feeding larval lampreys
in the laboratory since at least the 1950s (e.g., Schroll 1959), even for prolonged
periods of time (Hanson et al. 1974; Mallatt 1983; Rodríguez-Muñoz et al. 2003).

Development of optimal feeds for early larvae in the laboratory can provide a
wealth of information on early larval feeding in wild lampreys. Larvae of many
other fish species exhibit selection for preferred prey very early in their development
(Robert et al. 2014). Although larval lampreys likely have less control than teleost
fishes over the particles they ingest, laboratory investigations have indicated that there
may be some selection that occurs on the basis of particle size and shape. Pacific
lamprey larvae not yet feeding exogenously were provided with a diet of 80% yeast
and 20% dry larval fish feed (Otohime A1) in static chambers held at 14 °C (Moser
et al. 2017a). As soon as they started to feed, growth (in length) was apparent, and
larvae provided with the smallest particle sizes (<50 μm) showed an early growth
advantage relative to those providedwith particles 50–150μm(Fig. 2.13). In contrast,
wild sea lamprey larvae showed no relationship between particle size and lamprey
length (Moore and Mallatt 1980).

Cultured lampreys exhibited great variation in individual growth rates within
treatment groups (Fig. 2.13), even when chambers were small (1 L) and variation in
food encounter rates was minimized (Moser et al. 2017a). This suggests individual
variation in filtering rates or metabolism. Evidence for high variation in individual
growth has been observed for older dye-marked or PIT-tagged larvae in culture
(Murdoch et al. 1992; Moser et al. 2017b), and in the wide range of larval sizes
resulting from a single spawning event in the wild (Hess et al. 2015). Further study
is needed to evaluate the mechanisms behind such variable growth.

Potential ontogenetic changes in lamprey nutrition has been hypothesized (Evans
2012), and recent artificial propagation research has also indicated that nutritional
requirements of larval lampreys change as lamprey grow. Using Pacific lamprey,
Barron et al. (2015) found that at 51 days post-hatch, artificially propagated larvae
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Fig. 2.13 Mean length
(mm) over time for larval
Pacific lamprey spawned on
05 May 2016 that were fed
starting on 21 June 2017
with three food particle size
treatments (diamonds =
small <50 μm; squares =
medium 50–100 μm;
triangles = large
100–150 μm). Error bars
denote standard deviation
(This figure was originally
published in Moser et al.
(2017a) and reproduced with
permission of the authors.)
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grew fastest and had the highest lipid retention when fed a diet of yeast supplemented
with larval fish food (Otohime A1). In contrast, larvae in these experiments that were
fed microalgae had relatively slow growth, even though algae and detritus are com-
monly found in the gut of wild specimens. Mallatt (1983) reared Pacific lamprey in
the laboratory for >1 year on yeast alone and found that adding vitamins or switching
to a commercial fish food did not improve growth or survival. Jolley et al. (2015)
also experimented with larger wild-caught Pacific lamprey larvae (59–120 mm) and
found that growth was highest under diets of algae wafers or salmon carcass analog
pellets and that growth was lowest for larvae fed allochthonous detritus or yeast.

The contribution of marine-derived nutrients may be important for some lam-
prey populations. Many lamprey populations worldwide have experienced dramatic
declines, often as the result of habitat degradation and the construction of dams
that are barriers to migration (Maitland et al. 2015). In these areas, declines in co-
occurring anadromous salmonids and sturgeons have also been observed (Jolley
et al. 2015). Semelparous Pacific salmon are especially important sources of marine-
derived nutrients (Naiman et al. 2002), and the loss of naturally occurring carcasses
from these species may be further impacting native lampreys by reducing larval
growth rates in these areas (Kucheryavyi et al. 2007; Jolley et al. 2015).

There appear to be interspecific differences in optimal feeds. Stable isotope studies
ofwild larval sea lamprey larvae indicated that they depend heavily on autochthonous
sources of nutrition (i.e., algae, nutrition from aquatic sediments), with terrestrial
plants being less important (Evans and Bauer 2016). In contrast, American brook
lamprey larvae subsist almost exclusively on detritus (Mundahl et al. 2005), and
cultured Arctic lamprey YOY similarly grew better (6.8 mm/30 days) on heated and
sifted willow leaves than they did (<1 mm/30 days) on salmon carcass and control
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diets (Arakawa 2018). However, Pacific lamprey larvae provided with this same
heated and siftedwillow leaf feed exhibited negative growth (–1.5mm/30days;Ralph
T. Lampman, unpublished data). Kujawa et al. (2017) achieved a very high growth
rate (15 mm/30 days) in European river lamprey fed a mixture of live Artemia salina
nauplii and dry feed (Hikari Plankton). Pacific lamprey YOY fed a mixture of yeast,
wheat flour, and alfalfa pellets also attained a very high growth rate (14 mm/30 days;
Lampman 2018).

Providing a sufficient ration is critical to achieving rapid growth in larval lamprey
culture (Lampman et al. 2016). Encounter rates with food particles are also undoubt-
edly an important factor in wild populations. Perhaps this is best illustrated by the
tight relationship between larval density in the field and very specific flow, depth,
and substrate conditions (Morman et al. 1980; Potter et al. 1986; Sugiyama and Goto
2002; Torgersen and Close 2004; Nazarov et al. 2016). For lamprey culture work,
ration is typically based on larval lamprey weight (Mallatt 1983). Lampman et al.
(2016) demonstrated a strong logarithmic correlation (r= 0.881) between ration and
growth rate. In these experiments, active dry yeast was the primary feed, constitut-
ing ~50% of the overall feed. A mixed feed ration of 10–20 g/week/fish weight (g)
resulted in growth rates of 7–12 mm per month between late July and late Septem-
ber. In this same study, a positive linear relationship (r = 0.706) was also observed
between ration per surface area and growth rate: a mixed feed of 400–700 g/m2

resulted in growth rates ranging from 7.5 to 12 mm/month. Wild larval lamprey den-
sity is typically limited (0–45 g/m2) even in preferred habitats (Silva et al. 2014a;
Dawson et al. 2015; Beals and Lampman 2018); however, rapid growth of cultured
lampreys held at high densities (100–217 g/m2; see Sect. 2.6.7) can often be achieved
by providing a high ration of yeast and supplemental feeds (Barron et al. 2015; Lamp-
man 2017, 2018). These supplemental feeds (e.g., Otohime A1, wheat flour, brown
rice flour, and alfalfa pellets) likely help promote the complex of other nutrients and
microbes available in natural organic matter, detritus, and/or biofilm beyond those
provided by yeast.

Larval lampreys can tolerate near starvation for extended periods. Although
growth rates were negative,McGree et al. (2008) reported a high survival rate (~96%)
in large larval Pacific lamprey (~2 g each) that were not fed anything but unfiltered
creek water over the course of 3.5 months. Using dechlorinated tap water, death
occurred after 7–8 months without food in Pacific lamprey larvae of a similar size
(Mallatt 1983). However, in very young sea lamprey larvae, Hanson et al. (1974)
found that feeding too little or not at all appeared to kill most of the larvae within
2 months. With Pacific lamprey, 5-month-old larvae reared using only well water
without additional feed began dying after 60 days. Overall survival rate after 73 days
was 51% in a tank with sand substrate and 73% in a tank with organic rich, fine
substrate (Lampman et al. 2016). Despite the lack of supplemental feed, total length
and weight still increased slightly (by 2.2–3.7 mm and 0–6 mg) in the surviving
larvae. This was most likely due to organic content and bacteria available within the
fine substrate provided (Nevejan et al. 2017).
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2.6.6 Water Quality

Along with the need for adequate food and optimal physical habitat attributes, lar-
val lampreys in the wild and in the laboratory show survival and growth effects
related to water quality. Understanding these relationships is important for lamprey
conservation in the face of increased human population growth and development,
climate change, and the ever-changing field of environmental contaminants (Holmes
2011; Maitland et al. 2015; Nilsen et al. 2015). This is exemplified by recent studies
to assess the effects of climate change on lamprey habitat, both in light of needs
for lamprey conservation and to avoid unwanted consequences related to control of
invasive sea lamprey (Macey and Potter 1978; reviewed in Griffiths et al. 2001 and
Meeuwig et al. 2005; see Chap. 5). The ability to test growth and survival in prop-
agated lamprey larvae allows assessment of these effects over a broad range of life
history stages (Piavis 1961).

Lamprey larvae appear remarkably tolerant of highwater temperatures. Potter and
Beamish (1975) reported that upper incipient lethal temperatures for four lamprey
species (Great Lakes sea lamprey and northern, American, and European brook
lampreys) ranged from 27 to 31.4 °C depending on the season, acclimation state,
and species. Pouched lamprey larvae were shown to survive temperatures up to
28.3 °C (Macey and Potter 1978), and incipient lethal temperature for Arctic lamprey
larvae was estimated to be 29.3 °C (Arakawa 2018). The upper incipient lethal
temperature forwild-caught Pacific lamprey larvaewas 28.5 °C, and theywere able to
live indefinitely at 27 °C upon immediate transfer fromwater of 20 °C (Christina Uh,
U.S. Fish and Wildlife Service, Vancouver, WA, personal communication, 2017). In
addition, testingwith younger Pacific lamprey larvae (<20 days post-hatch) indicated
that they toowere capable of surviving rapid thermal shocks (immediate transfer from
13 to 20 °C) and survived at 20 °C for >24 h (Moser et al. 2018). This has important
implications for hatchery management, as lamprey larvae can survive power outages
and short-term water quality changes better than salmonid hatchery residents.

Larval lampreys are generally also tolerant of degraded water quality, both in the
wild and in laboratory environments (Bettaso and Goodman 2010; Linley et al. 2016;
Moser et al. 2017a). Larval sea and Pacific lampreys, for example, have been reported
in lagoons contaminated with untreated municipal sewage or pollution abatement
ponds (Morman et al. 1980; Nelson and Nelle 2007). Both wild-caught Pacific lam-
prey larvae older than 1 year and artificially propagated larvae younger than 30 days
post-hatch were able to tolerate abrupt, short-term exposures to salinities below 14
parts per thousand (ppt) and disinfectant concentrations of formalin at 15 mg/L (Sil-
ver 2015; Maine et al. 2018). Older larvae were also able to survive for up to 12 h in
full-strength sea water (35 ppt), not entirely surprising in light of the fact that lam-
preys in tidally dominated rivers and streams may be exposed to oscillating salinity
regimes throughout the rearing period (Silver 2015). On the other hand, excessive
eutrophication and other forms of pollution can have negative effects on larval lam-
preys (see Maitland et al. 2015), and water of low pH (<5) combined with high metal
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concentrations has been shown to increase mortality of subyearling European river
lamprey larvae (Myllynen et al. 1997).

Sensitivity towater quality can change dramatically with growth and development
(Rodríguez-Muñoz et al. 2001). For example, Pacific lamprey prolarvae (2, 5, and
11 days post-hatch) transported without aeration for 7- and 24-h periods exhibited
nearly 100% survival if they were maintained in the water supply used for transport.
However, nearly all died when they were transitioned to a new water supply after
transport (Lampman et al. 2016). In contrast, a similar change in the water supply did
not appear to affect younger (developing eggs) or older (>60 days old) stages (Alexa
N. Maine, Confederated Tribes of the Umatilla Indian Reservation, personal com-
munication, 2018). This suggests that prior to and during the transition to exogenous
feeding, lamprey larvae may be sensitive to water quality changes.

However, these same stages of first feeding lampreys are resilient to sta-
ble but low dissolved oxygen (<2 mg/L) and high un-ionized ammonia (Gal-
loway et al. 1987; Barron et al. 2017; Mary L. Moser, unpublished data). Oxy-
gen consumption rates by mountain brook lamprey Ichthyomyzon greeleyi larvae
(Hill and Potter 1970) and Pacific lamprey prolarvae (Mary L. Moser, unpub-
lished data) were lower than those of larval teleosts (Winberg 1956). Potter et al.
(1970) observed that larval lampreys can tolerate 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 for up to
4 days. This may be an adaptation needed for proliferation of dense lamprey beds in
low-flow pool habitats and silt banks (Hill and Potter 1970).

2.6.7 Larval Culture Density, Growth, and Survival

There is large variation in larval densities reported during field investigations, rang-
ing from hundreds to thousands of larvae per m2 to <1 individual per m2 (e.g.,
Churchill 1945; Kainua and Voltanten 1980; Kelso and Todd 1993; Griffiths et al.
2001; Jellyman and Glova 2002; see Dawson et al. 2015). However, this is likely
due to a combination of the spatial scale measured, gear selectivity, environmental
variation, and larval supply and size. Larval lampreys can exploit even very small
patches of suitable habitat (Thomas 1962; Malmqvist 1980; Nazarov et al. 2016)
and, in optimal habitats, particularly as YOY, densities of up to 2,000 larvae/m2 have
been reported (e.g., Churchill 1945; Tuunainen et al. 1980). Evidence for a negative
effect of density on larval growth rate in the wild is inconsistent (e.g., Morman 1987;
Zerrenner 2004), but in the laboratory, lampreys exhibit density-dependence under a
variety of holding conditions. Growth suppression has been observed in sea lamprey
larvae held in the laboratory for 8 months at high densities, and larvae even shrank
in length at the highest density (~345 larvae or 500 g/m2; Murdoch et al. 1992).
Interestingly, Rodríguez-Muñoz et al. (2003) also observed reduced growth rates in
sea lamprey larvae exposed to water from high-density tanks. In re-circulating sys-
tems, Pacific lamprey prolarvae cultured at densities above 800 larvae/m2 (~2 g/m2)
exhibited reduced growth and survival (Maine et al. 2017). However, density effects
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have also been observed in flow-through systems where lamprey were held at den-
sities higher than 100–130 g/m2 (Lampman et al. 2016; Lampman 2017). Recently,
Bowen and Yap (2018) demonstrated, using field surveys and in situ cage studies,
that food utilization (e.g., feeding rate and assimilation efficiency) of northern brook
lamprey larvae decreased with increasing larval density. These authors suggested
that crowding results in physical disturbance of the sediment, thus interfering with
the larvae’s efficient utilization of available food. This would explain growth depres-
sion observed at high densities even when food is thought not to be limiting (e.g.,
Murdoch et al. 1992); its implications to artificial propagation warrant further study.

Understanding the limits to lamprey growth under high density is important for
production-level culture, but also for assessment of habitat carrying capacity in
lamprey conservation and control (Griffiths et al. 2001; Zerrenner 2004; Johnson
et al. 2014). Where examined, the growth rate of recently hatched larval lampreys in
streams during their first year appears similar across species, ranging from 0.06 to
0.18 mm/day in sea and chestnut lampreys, as well as in American brook and north-
ern brook lampreys (Purvis 1970; Holt and Durkee 1983; Griffiths et al. 2001; Evans
2017), and even in the more distantly related pouched lamprey (Todd and Kelso
1993). In contrast, larval Pacific lamprey in culture can be reared at growth rates
ranging from 0.25 to 0.55 mm/day (Barron et al. 2015; Lampman 2017; Fig. 2.12).
In the wild, specific growth rates of larval lampreys are most rapid during the first
2 years of life and slow when larvae approach ~80 mm in length (Hardisty 1961a;
Kan 1975; Purvis 1979; Potter 1980; Morman 1987; Murdoch et al. 1991; Weise
and Pajos 1998; Griffiths et al. 2001; Quintella et al. 2003; see Dawson et al. 2015).
A similar pattern has been observed with artificially propagated larvae (Lampman
et al. 2016).

In nature, lampreys can suffer high rates of mortality during early development
(see Dawson et al. 2015). Once again, few empirical data are available for compar-
ison among field-based studies, but hatching success rates from natural nests of sea
lamprey in the Great Lakes were found to be as low as 0.4–1.1% (Applegate 1950)
and 5.3–7.8% (Manion 1968). Predation on fertilized eggs and prolarvae by a range
of organisms is also likely to be high (Schultz 1930; Dendy and Scott 1953; Hardisty
1961a, b; Heard 1966; Manion 1968; Potter 1980; Derosier 2001). Kujawa et al.
(2017) noted that only 1% of European river lamprey likely survive to metamorpho-
sis in the wild. In artificially propagated Pacific lamprey, a bottleneck to survival
is observed at first feeding (Lampman et al. 2016). Hence, examination of the fac-
tors affecting early survival has been a top priority in recent Pacific lamprey culture
research (Lampman et al. 2016; Barron et al. 2017; Lampman 2017; Maine et al.
2017).

Despite this early survival bottleneck and their apparent vulnerability to predation,
larval lampreys have exceedingly high survival rates after 2 months of age. Survival
rates of YOY after initiation of exogenous feeding have been estimated at 0.64–0.81
in western brook lamprey (Schultz et al. 2017), 0.44–0.95 in sea lamprey from the
Great Lakes (Jones et al. 2009, 2015; Robinson et al. 2013; Johnson et al. 2014), and
0.81–0.95 in sea lamprey from Lake Champlain (Zerrenner 2004; Howe et al. 2012).
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Similarly high survival rates have been observed for artificially propagated Pacific
lamprey larvae in these age classes (Lampman et al. 2016).

2.6.8 Metamorphosis

Arctic lamprey have been successfully reared from embryos to metamorphosis after
only 2–4 years in culture (Kataoka 1985). Researchers in Niigata, Japan, reared
Arctic lamprey to metamorphosis by releasing artificially propagated larvae into a
large concrete rearing pond (Kataoka et al. 1980a, b; Kataoka and Hoshino 1983;
Kataoka 1985) that received ambient river water ranging in temperature from 2 °C
in winter up to 24 °C in summer (Kataoka and Hoshino 1983). Of the 8,400 first-
feeding larvae released in 1980 (density of 518 larvae/m2), 7.2% remained after
315 days (Kataoka et al. 1980b). The first larvae showing early signs of metamor-
phosis (i.e., eyes beginning to appear behind the epidermis) were observed after
25 months, and metamorphosed juveniles were collected in year 3 and 4 as well,
totaling 399 (Kataoka and Hoshino 1983; Kataoka 1985). These researchers esti-
mated that 10–20% of the larvae transformed at ~2.3 years old, 30–40% at 3.3 years
old, and 40–50% at 4.3 years old. Larvae consistently metamorphosed in August and
September each year, in a usually very narrow span of time (Kataoka 1985). This is
consistent with the highly synchronized metamorphosis observed in natural popula-
tions (see Manzon et al. 2015). Newly metamorphosed juveniles were ≥150 mm in
length and all larvae >180 mm underwent metamorphosis, which is consistent with
size at metamorphosis in natural populations of this species (see Docker 2009). At
the beginning of year 4, all lamprey were transferred to smaller aquaria receiving
well water at 11–13 °C. A high rate of metamorphosis occurred in year 4, indicating
that water temperature fluctuation was not a key factor in triggering metamorphosis
(see Manzon et al. 2015). A modest amount of freshwater eel feed (e.g., containing
fish meal, pregelatinized starch, wheat flour) was fed in this new tank setting due
to the lack of river water. Most of the resulting juveniles successfully parasitized
salmonids and cyprinids introduced into the freshwater tanks.

More recently, artificially propagated Pacific lamprey have been observed tometa-
morphose at the Prosser Fish Hatchery in Prosser, Washington (Ralph T. Lampman,
unpublished data). To date,metamorphosis has been observed in ~25 individuals. The
youngest juvenile recorded (1.3 years old) was 108 mm in length. Size at metamor-
phosis in wild Pacific lamprey is typically slightly larger than this (e.g., 108–136 mm
and 112–135 mm; Pletcher 1963 and Beamish and Levings 1991, respectively), and
wild Pacific lamprey are known to metamorphose in as little as 3.3 years. For exam-
ple, juveniles were collected from Indian Creek in western Washington in summer
2016, after adults first spawned there in spring 2013 following removal of the Elwha
Dam (Moser and Paradis 2017). Genetic parentage analysis indicated that the off-
spring of translocated Pacific lamprey outmigrated 3–9 years after the adults were
released into natural streams (Jon E. Hess, Columbia River Inter-Tribal Fish Com-
mission, Portland, OR, personal communication, 2017). A similar wide range of ages
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at metamorphosis was observed in a single year class of sea lamprey larvae isolated
above a barrier (Manion and Smith 1978), but such individual variation generally
goes unnoticed when known-age populations cannot be examined (see Chap. 7).
Through a combination of field and artificial propagation research and an assortment
of new technologies, we anticipate that our understanding of lampreymetamorphosis
and the juvenile life stage will expand considerably in the near future.

2.7 Conclusions

We have made great strides in understanding lamprey biology as well as early devel-
opment in vertebrates as a result of increased efficiency in artificial fertilization,
observation of embryonic development, and larval rearing of different species in
the laboratory. Substantial contributions to our understanding of early life history
have come from recent studies of lamprey genetic programming (Bryant et al. 2016;
Timoshevskiy et al. 2016) and of anatomical features throughout their ontogeny
(Kusakabe and Kuratani 2005; Amemiya et al. 2007; Khonsari et al. 2009; Richard-
son et al. 2010; Kuratani 2012; Green and Bronner 2014; Suzuki et al. 2015; see
Chap. 6). Thus, it is rightly the case that lampreys are considered a model organism
in biology (Nikitina et al. 2009; Shimeld and Donoghue 2012; Xu et al. 2016; see
Docker et al. 2015).

Knowledge gained from the development of artificial propagation methods has
provided tools for restoration of imperiled lamprey species and potentially for efforts
to control invasive sea lamprey in the Laurentian Great Lakes. In many parts of the
world, lampreys are declining or have been extirpated from their native range (Mait-
land et al. 2015). The ability to produce larvae from viable donor stocks could poten-
tially lead to outplanting of artificially reared lampreys in streams where they have
been extirpated (Ward et al. 2012; Clemens 2017). These efforts are already under-
way in Finland, where production of European river lamprey larvae was initiated
in the 1980s as mitigation for losses in lamprey recruitment due to dam operations
(Aronsuu 2015). However, this decades-long research program indicates that lam-
prey culture is costly and may not return the same benefits as habitat improvements
and/or aids to adult passage (Aronsuu 2015). Control of sea lamprey in the Great
Lakes has traditionally relied on use of pesticides; however, there is increasing pres-
sure to investigate alternative control methods (see Chap. 5). Should development of
lamprey embryos prove manipulable and ethically tolerable (e.g., gene knockdown,
sex ratio distortion), these techniques may become important tools in modern control
efforts (McCauley et al. 2015; see Chap. 7).

While great advances have been made in obtaining reliable methodologies for
gamete collection, incubation, and fertilization, there is still much to learn regarding
the requirements for large-scale rearing of early larvae. One of the most challenging
aspects of lamprey production is the necessity for provision of burrowing substrate
and the attendant problems of space required for long-term lamprey culture. This
two-dimensional aspect makes rearing even a single cohort challenging (Lampman
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et al. 2016). Research is needed to investigate the potential for polyculture, water
re-use and tank stacking, or other methods to make more efficient use of space.

The need for sediment in larval lamprey rearing also brings problems associated
with culture cleanliness and disease prevention. Lampreys can apparently survive
relatively poor water quality, and frequent disturbance from tank cleaning can reduce
growth (Barron et al. 2017). Understanding the interplay among these factors is
critical if lamprey culture operations are to be scaled up. Moreover, very little is
known about the microbial requirements of larval lampreys. This has become an
important area of interest in finfish aquaculture (Ringø and Song 2016), and may be
of evenmore importance for lampreys. Due to their simple intestinal tract, apparently
passive feedingmode, and continuous contactwith sediment, lampreys are likely very
sensitive to the microbial environment both in culture and in the wild. Studies on the
gut microbiome of lampreys may provide important clues to improving growth and
survival of artificially reared larvae (Tetlock et al. 2012; Zuo et al. 2017; Arakawa
2018; Alexa N. Maine, Confederated Tribes of the Umatilla Indian Reservation,
Pendleton, OR, personal communication, 2018).

Very little is known of the disease organisms specific to lampreys (Maitland
et al. 2015; Moser et al. 2016). While lampreys appear relatively insensitive to the
pathogens typically associated with salmonid culture, little is known about their vul-
nerabilities to other pathogens. Widespread disease screening of lampreys has not
been conducted, and methods for assessing lamprey diseases and parasites have not
been standardized or orchestrated (Moser et al. 2016). Those studies that examine
parasites or other pathogens in lampreys generally focus on their potential role in
disease transmission or impact to human health rather than their effect on the lam-
preys themselves (e.g., Gadd et al. 2010; Bao et al. 2013). Greater attention to this
topic will be required as efforts to hold lampreys in dense cultures are undertaken.

Holding lampreys in the laboratory provides a rare opportunity to document many
aspects of basic biology, such as feeding, growth, and survival rates, as well as
to examine fine-scale patterns of larval physiology, behavior, and genetic control.
Insights gained from these observations can be used to inform management of lam-
preys in the wild. For example, a better understanding of the relationship between
food quality and growth or production may help to delineate habitat characteristics
that are most important for lamprey conservation or control. The role of temperature
and potential effects of climate change on lamprey populations can be assessed using
lamprey larvae held under controlled conditions. Comparisons of wild and artificially
produced lamprey performancemay afford insight into underlying recruitmentmech-
anisms. Such comparisonswill also help to elucidate caseswhere artificially produced
lampreys are suitable surrogates for wild lampreys or where extrapolations to natural
populations must be made cautiously.

Finally, large-scale artificial propagation and long-term rearingmethods havebeen
developed for only a few species, notably in the large-bodied Pacific lamprey, Euro-
pean river lamprey, sea lamprey, and Arctic lamprey. Information gathered thus far
indicates that there is room for broad generalization across species, but increasing
the scope of lamprey propagation to include other species will undoubtedly pro-
vide valuable information on the differences among species and perhaps also on the
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determinants of sex, growth, metamorphosis, and/or feeding and migratory type in
lampreys.
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Chapter 3
Post-metamorphic Feeding in Lampreys

Claude B. Renaud and Philip A. Cochran

Abstract Eighteen of 41 lamprey species worldwide feed post metamorphosis; nine
in either marine waters or fresh waters and nine exclusively in fresh waters. Four
feeding modes have been identified: blood feeding, flesh feeding, blood and flesh
feeding, and carrion feeding. Adaptations to these feeding modes are associated
with characteristics of the dentition of the oral disc and tongue-like piston, the oral
papillae and fimbriae, the velar tentacles, and the buccal glands. The duration of
the adult feeding phase varies from a few months to 4 years and during this time
the various species grow either slightly or up to nearly eight times the length that
they reached as larvae. The post-metamorphic diet consists usually of fishes but in
some cases may include marine mammals. Feeding behavior is complex and highly
variable and differs between the twomajor modes of blood feeding and flesh feeding.
Blood feeders tend to selectively attack larger hosts and tend to attach ventrally to
them in deep water but dorsally in shallower habitats. Flesh feeders tend to attach
dorso-laterally to schooling fishes, and their hosts may be relatively small compared
to those used by blood feeders.

Keywords Feeding behavior · Feeding modes · Hosts · Parasitic phase

3.1 Introduction

Eighteen lamprey species feed following metamorphosis (Potter et al. 2015). The
most noticeable change observed at metamorphosis is the development of the oral
disc and its associated structures that together comprise the post-metamorphic feed-
ing apparatus (see Sect. 3.2). The other important change is the switch from flow-
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through gill ventilation in the larva (Dawson et al. 2015) to tidal ventilation in the
post-metamorphic individual (Manzon et al. 2015). The change of ventilation is crit-
ical because it enables the metamorphosed lamprey to simultaneously carry out the
functions of feeding and breathing while attached to a host.

The mechanisms of attachment and subsequent feeding by parasitic lampreys
have been described previously (e.g., Reynolds 1931; Lanzing 1958; Gradwell 1972;
Farmer 1980; Kawasaki and Rovainen 1988). In brief, parasitic lampreys attach to
the host by their oral disc and penetrate the skin through the action of their toothed
tongue-like piston. Secretions having both cytolytic and anticoagulatory properties
issue from their buccal glands and into the wound to break down tissues and keep the
blood free-flowing. As a result of this parasitic feeding, post-metamorphic lampreys
exceed the maximum lengths reached as larvae, in some cases by a factor of two or
more (Table 3.1).

Previous reviews of post-metamorphic feeding in lampreys by Farmer (1980) and
Swink (2003) have primarily focused on the feeding mechanisms, host selection,
energy uptake, growth rate, and host-lamprey interactions in sea lampreyPetromyzon
marinus from the Laurentian Great Lakes. Much of what has been revealed about
feeding by parasitic lampreys has been spurred by efforts to understand and manage
the sea lamprey in this freshwater ecosystem.When access by this species to the upper
Great Lakes was facilitated by human activity, a scenario was created by which a
non-native lamprey was established in a system with host species with which it had
not recently co-evolved. Moreover, compared to its anadromous populations, sea
lamprey in the Great Lakes had access to relatively extensive, high quality spawning
habitat. It is therefore not surprising that the sea lamprey contributed to dramatic
population declines in several fish species in the Great Lakes (see Chap. 5). Because
of the value of these stocks, some of the most intensive studies of lamprey-host
interactions have involved the sea lamprey and Great Lakes hosts, including lake
trout Salvelinus namaycush (Moore and Lychwick 1980; Pycha 1980; Swanson and
Swedberg 1980; Wells 1980) and lake whitefish Coregonus clupeaformis (Spangler
et al. 1980). However, although some aspects of sea lamprey feeding biology can be
generalized, the sheer volume of published research on resident sea lamprey from
the Great Lakes has contributed to a lack of appreciation for the diversity in feeding
displayed by other lampreys.

In this review, we examine the relationship between structure of the oral apparatus
and diet, the duration of the feeding phase, and growth during the feeding phase, and
we compare various aspects of feeding behavior among lamprey species. We present
the results of both field and laboratory observations and cover, as much as possible,
research published since the reviews of Farmer (1980) and Swink (2003). Theoretical
and quantitative models of lamprey feeding and interactions with hosts at the level
of the individual or population (Bence et al. 2003; Madenjian et al. 2003, 2008) are
beyond the scope of this review. However, thesemodels have provided useful insights
into potential relationships among variables that are relatively easy to measure, such
as lamprey growth or marking rates on hosts, and others more difficult to assess
directly, such as the intake of energy by a lamprey from its host or the impact of a
lamprey population on a host population (see Bence et al. 2003 for a review). They
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may also be used to identify questionable assumptions (Cochran et al. 2003a) or
critical aspects of lamprey behavior that warrant further investigation (Cochran and
Kitchell 1986).

The diversity and complexity of life histories employed by lampreys (see Chap.
4) challenge our ability to neatly categorize them with simple words. We therefore
follow several conventions as a matter of convenience. Thus, we use the terms “para-
sites” and “hosts” to refer respectively to lampreys that feed after metamorphosis and
to the organisms they feed upon (rather than “predators” and “prey”), even though,
in many cases, the latter are quickly killed as a result of the encounter. Furthermore,
although recent molecular studies have revealed that the inter-specific distinction
between parasitic lampreys and their non-parasitic derivatives may be more blurred
thanmorphological differences suggest (Docker 2009 and references therein), we use
the traditional species designations for parasitic and non-parasitic forms. Finally, we
use the term “adult” to refer to post-metamorphic lampreys, including those that are
actively feeding, although some workers have restricted this term to lampreys that
have reached sexual maturity and use the term “juvenile” to refer to the sexually-
immature feeding phase (e.g., Beamish 1980a, b; Docker et al. 2015).

3.2 Functional Morphology of Feeding

Of the 18 lamprey species that feed following the completion of metamorphosis
(Table 3.1), nine are anadromous (four, possibly five of these also possess perma-
nent freshwater-resident populations) and nine live exclusively in fresh water (Potter
et al. 2015; Chap. 4). Collectively, adult lampreys possess four different modes of
feeding (Renaud et al. 2009), a characteristic reflected at the generic level. There are
blood feeders (Ichthyomyzon,Mordacia, Petromyzon), flesh feeders (Eudontomyzon,
Geotria, Lampetra, Lethenteron), blood and flesh feeders (Entosphenus, Tetrapleu-
rodon), and a presumed carrion feeder (Caspiomyzon). Alternative names for these
feeding types are respectively, parasites, predators, intermediates, and scavengers.

Potter andHilliard (1987) were the first to propose functional relationships among
the dentition of the oral disc and tongue-like piston, the size of the buccal glands,
and the diets of the various lamprey species that feed as adults. Their landmark
study was expanded on, with the inclusion of more species, by Renaud et al. (2009).
Furthermore, to ensure that the proper assignment of feeding typeswasmade, Renaud
et al. (2009) conducted amicroscopic examinationof the intestinal contents and tested
these with Hema-Screen, an assay for detecting blood. The Northern Hemisphere
blood feeders (Ichthyomyzon and Petromyzon) have labial teeth entirely covering
all fields of the oral disc, a narrow supraoral lamina, a w-shaped transverse lingual
lamina with uniformly-sized cusps, and large buccal glands. Although the Southern
Hemisphere blood feeders (Mordacia) also have their labial teeth entirely covering all
fields of the oral disc and a w-shaped transverse lingual lamina, they differ from the
Northern Hemisphere blood feeders in having two triangular supraoral laminae, the
transverse lingual lamina having slightly enlargedmedian and subterminal cusps, and
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their buccal glands being relatively small. The w-shaped transverse lingual lamina
with its uniformly or mostly uniformly-sized cusps in blood feeders is particularly
well suited for rasping a hole in the host’s skin. The larger buccal glands in Northern
Hemisphere blood feeders is related to their need to produce sufficient quantities
of lamphredin, with its anticoagulatory properties, to keep the blood meal flowing.
The smaller size of the three buccal glands in Mordacia is compensated for by
their location at the entrance of the oral aperture, combined with their secretion of a
uniquemucus-lamphredinmixture that adheres to the host tissue, making their action
particularly effective. In all other lampreys, there are only two buccal glands and these
are positioned further posteriorly and deeply embedded in the basilaris muscles. The
Northern Hemisphere flesh feeders (Eudontomyzon, Lampetra, Lethenteron) do not
have their labial teeth fully covering the available space on the oral disc, but possess
a wide supraoral lamina, a u-shaped transverse lingual lamina with a prominent
central cusp, and small buccal glands. While the single Southern Hemisphere flesh
feeder Geotria is different from the Northern Hemisphere flesh feeders in having its
labial teeth entirely cover all fields of the oral disc, the other characteristics are the
same. The presence of a stout central cusp on the u-shaped transverse lingual lamina
in the flesh feeders is an adaptation for removing large chunks of flesh from the
prey through gouging. The relatively undigested condition of the tightly-packed and
clearly identifiable muscle chunks found in the intestine of the flesh feeders (Renaud
et al. 2009), would indicate that large quantities of cytolytically-active lamphredin
are not required for effective flesh feeding. Those lampreys that feed on both blood
and flesh show intermediate conditions to those of the above two feedingmodes, with
the transverse lingual lamina being slightly w-shaped in Entosphenus and slightly
u-shaped in Tetrapleurodon, and in both genera, with a slightly enlarged central
cusp. Even though Caspiomyzon has remarkably blunt dentition on the oral disc
and tongue-like piston, it is suspected to be a carrion feeder due to the potential
compensatory action of its moderately large buccal glands that presumably secrete
lamphredin. This requires confirmation as no blood or flesh has ever been found in
its intestine.

Khidir and Renaud (2003) examined the number of oral papillae and oral fim-
briae in the different lamprey feeding types. Oral papillae and oral fimbriae are fleshy
appendages that lie very close to each other at the perimeter of the oral disc, with
the papillae arranged in a circle just outside of the fimbriae. Blood feeders have high
numbers of oral papillae and fimbriae (although the Southern HemisphereMordacia
lacks oral fimbriae). In contrast, the flesh feeders have fewer oral papillae and fim-
briae. The blood-flesh feeders exhibit a mixture of these characters, with fewer oral
papillae than blood feeders but more oral fimbriae than flesh feeders. Oral papillae
are innervated (Borri 1922) and are believed to have a sensory function (Lethbridge
and Potter 1981; Khidir and Renaud 2003). Their higher number in blood feeders
is presumed to be linked to the greater requirement by these species to find attach-
ment sites on their hosts where adequate sources of blood are available. The higher
number of oral fimbriae in blood feeders is presumed to be linked to the greater
need by these species for a tight seal with the host’s body surface to prevent any
loss of the blood meal. The absence of oral fimbriae in the blood-feeding Mordacia
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may be compensated for by the presence of its dual triangular supraoral laminae,
mentioned above, and numerous elongate and multicuspid circumoral laminae that
would help in securing a strong attachment, in conjunction with a well-developed
marginal membrane that would help in creating a good seal. Since intermediates feed
on a mixture of blood and flesh, the numbers of oral papillae and fimbriae that they
possess represent a compromise between their need to find the most beneficial site
on the host for feeding, and their need to achieve an effective seal at the oral disc-
host surface interface, to prevent the loss of food.

Renaud et al. (2009) studied the role played by the tentacles of the velar
apparatus in the feeding process. The velar apparatus lies at the junction of the
dorsally-positioned esophagus and the ventrally-positioned, blind-ending water tube
(=branchial tube), which connects directly to the seven pairs of gill pouches (Randall
1972). It bears tentacles that project anteriorly into the pharynx. The blood feeders
have short and few velar tentacles. In contrast, the flesh feeders have longer and
more numerous velar tentacles. Velar tentacles guard the entrance to the water tube
and deflect food upwards into the esophagus. The longer and more numerous velar
tentacles in the flesh feeders compared to the blood feeders are linked to the need
of the former to prevent solid material from entering the branchial pouches via the
water tube and potentially clogging the gills, thus interfering with respiration. This
is not as critical a requirement in blood feeders because of the liquid nature of their
diet, as long as the anticoagulant component of lamphredin is secreted in sufficient
quantity to perform its function.

Although the four modes of feeding described broadly explain the feeding adap-
tations exhibited by lampreys, they are not exclusive categories as carrion feeding
has been observed in species that belong to each of the other three modes of feed-
ing. Thus, the blood-feeding chestnut lamprey Ichthyomyzon castaneus [reported as
Petromyzon concolor, re-identified in Hubbs and Trautman (1937: 73)], was attached
to a dead sucker Catostomus sp. in Wilder Creek, Kalamazoo River basin, Michigan
(Bollman 1890). The blood-flesh feeding Miller Lake lamprey Entosphenus min-
imus was observed feeding in the field on dead tui chub Siphateles bicolor, and
even dead conspecifics, until all soft tissue was removed (Kan and Bond 1981). The
flesh-feeding Carpathian lamprey Eudontomyzon danfordi will feed in the field on
recently dead fishes and on the remains of birds and mammals from slaughterhouses
(Grossu et al. 1962; Bănărescu 1969).

Superimposing the mode of feeding onto the morphologically-based cladogram
of parasitic lampreys (Gill et al. 2003) suggests that in the Northern Hemisphere
lampreys (Petromyzontidae), blood feeding is the ancestral condition, flesh feeding
is the derived condition and the blood-flesh feeders represent a transitional stage in
the evolution of feeding adaptations (Renaud et al. 2009). However, the unresolved
trichotomy between the two Southern Hemisphere lamprey families (Geotriidae and
Mordaciidae) and the Petromyzontidae (Potter et al. 2015) does not permit the deter-
mination of the ancestral condition for the order Petromyzontiformes.
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3.3 Duration of and Growth During the Parasitic Phase

Numerous authors make statements regarding the length of the adult period (i.e.,
between the end of metamorphosis and death following spawning), but few give pre-
cise indications of the duration of the parasitic phase within this period. The parasitic
phase follows metamorphosis and begins during or at the end of the downstream or
feeding migration to a larger river, lake or to the sea, and ends near the beginning of
the upstream or spawning migration (Farmer 1980; Larsen 1980; Bird et al. 1994;
Dawson et al. 2015; Moser et al. 2015).

Among the 12 parasitic species for which the duration of the parasitic phase is
either known or has been estimated (Table 3.1), this period varies considerably, rang-
ing from a fewmonths in the Miller Lake lamprey up to 42 months (i.e., 3.5 years) in
anadromous Pacific lampreyEntosphenus tridentatus (Kan and Bond 1981; Beamish
1980) and even 48 months (i.e., 4 years) in anadromous Arctic lamprey Lethenteron
camtschaticum (Orlov et al. 2014). However, the marine feeding phase in Pacific
lamprey may be as short as 20 months (Kan 1975) and in Arctic lamprey as short
as 24 months (Nikolskii 1956). Nikolskii (1956) examined 22 feeding-phase Arctic
lampreymeasuring 147–293mm total length and collected off the northwest shore of
Sakhalin Island, Russia. He suggested that the sample represented three groups, the
shortest (147 mm) having just entered the sea, the intermediate one (170–270 mm)
having spent 1 year at sea, and the longest (280–293 mm) having spent 2 years feed-
ing at sea. Orlov et al. (2014) collected 472 feeding-phase Arctic lamprey widely
distributed between the Sea of Japan and theBering Sea and determined that four year
classes were involved: 150–320, 330–530, 540–650, and 660–790 mm total length.
The marine trophic phase of the anadromous pouched lampreyGeotria australis has
been estimated to last more than 1 year (Potter et al. 1979). Adults of anadromous
short-headed lamprey Mordacia mordax spend about 5 months feeding in the vari-
ably saline Gippsland Lakes, Victoria, Australia, and another 18 months feeding at
sea (i.e., about 2 years in total) before returning to fresh water to embark on their
spawning run (Potter et al. 1968). On the other hand, in the anadromous western
river lamprey Lampetra ayresii, the length of time spent feeding at sea appears to
be very short, perhaps only 3–4 months, between June and September (Beamish
1980). Similarly, in the European river lamprey Lampetra fluviatilis, the length of
the feeding phase at sea seems to be about 3 months, from the end of July to October
(Bahr 1933). However, the various populations of the European river lamprey exhibit
wide variation in the length of their trophic phase, even within a single river. In their
monitoring study of the early upstream-migrating European river lamprey into the
River Severn estuary in England, Abou-Seedo and Potter (1979) determined that two
anadromous forms of the species occurred; a larger typical form and a smaller prae-
cox form (sensu Berg 1931, 1948). Abou-Seedo and Potter (1979) estimated that the
typical form spent 18 months feeding at sea, whereas the praecox form fed at sea for
12 months only. On the other hand, Berg (1948) suggested that the praecox form of
the European river lamprey that enters the Neva River, Russia, in autumn had spent
only one summer feeding in the sea. Zanandrea (1959) examining European river
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lamprey collected from the Gulf of Gaeta, off the west coast of Italy, estimated that
these spent 12–24 months feeding at sea. A population of European river lamprey in
which most individuals are permanent freshwater residents, but a few may go to sea,
feeds in Loch Lomond, Scotland, only during the months of June to October, based
on the incidence of fresh lamprey-produced wounds on powanCoregonus clupeoides
(=C. lavaretus), being restricted to that period only (Maitland 1980; Maitland et al.
1994), whereas a population in the estuarine waters of the Firth of Forth, Scotland,
feeds on clupeids, and occasionally on gadids, from June to November (Maitland
et al. 1984). Another population of European river lamprey in which few if any indi-
viduals are anadromous is said to actively feed fromMay toOctober in LoughNeagh,
Northern Ireland (Goodwin et al. 2006). However, fresh lamprey-produced wounds
on Irish pollan Coregonus pollan (=C. autumnalis) were observed only between 9
April and 27 August, although Goodwin et al. (2006) suggested that later in the year
the lamprey may switch to other uncollected prey or quickly kill Irish pollan, thus
preventing the capture of that host. The first of these possibilities is supported by the
stable isotope carbon ratio study of Inger et al. (2010) which indicated that freshwater
bream Abramis brama was the main diet item of European river lamprey in Lough
Neagh between June and November. In summary, we can conclude from the above
studies that European river lamprey has a feeding phase that ranges widely between
3 and 24 months, whether it feeds in fresh water or at sea. Based on the presence of
fresh wounds on prey throughout the year, Beamish (1982) suggested that the fresh-
water Vancouver lamprey Entosphenus macrostomus feeds for 12 months. Beamish
(1987a) further specified that theVancouver lamprey begins feeding heavily on 1- and
2-year-old coho salmonOncorhynchus kisutch in the spring following metamorpho-
sis and that feeding continues uninterrupted into the winter, with spawning believed
to occur the following year. According to Kux (1965), the adult trophic phase of the
freshwater Carpathian lamprey begins in March or April and extends to October or
November of the same year, giving a range of 7–9 months. Very little is known about
the duration of the feeding phase in the parasitic species of the exclusively freshwater
genus Ichthyomyzon. Hall (1963) reported that in the Manistee River, Michigan, the
chestnut lamprey attacked fish hosts during a 7-month period, from April through
October, and was largely inactive from November through April. However, Cochran
et al. (2003b) reported parasitic attachments by chestnut lamprey to host fishes dur-
ing winter in Wisconsin (more data were available for silver lamprey I. unicuspis,
which gained significant mass between October and March). Therefore, the duration
of the feeding phase of the chestnut lamprey is tentatively inferred to extend for the
entire year. Álvarez del Villar (1966) suggested a duration of the feeding phase in
the freshwater Chapala lamprey, Tetrapleurodon spadiceus, of 2 years.

There is an intraspecific difference in the duration of the parasitic phase in the
landlocked versus anadromous forms of sea lamprey. In the former, the duration is
12–20 months (Applegate 1950; Bergstedt and Swink 1995), whereas in the latter
it is 23–28 months (Beamish 1980b; Halliday 1991). This difference is reflected in
the size attained by the two; <650 mm in the landlocked form (Applegate 1950;
Bergstedt and Swink 1995) and >800 mm in the anadromous form (Grinyuk 1970;
Beamish 1980b; Halliday 1991; Holčík et al. 2004; see Chap. 4). However, Silva
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et al. (2013c) reported the case of a young anadromous sea lamprey captured feeding
on a golden grey mullet Liza aurata in the River Ulla estuary in northern Spain that
was tagged and recaptured on its upstream migration only 13.5 months later. Taking
into account that at capture the lamprey may have been feeding for some time and
upon recapture had already ceased feeding for some time, these authors estimated
a marine feeding phase of 10.5–14.5 months. This case notwithstanding, based on
the information on sea lamprey presented above, one could infer that the duration of
the feeding phase in anadromous lampreys is longer than in those species restricted
to fresh water. While this general statement holds true in a number of cases, that
is, in the anadromous Pacific lamprey, pouched lamprey, Arctic lamprey, and short-
headed lamprey versus the freshwater Vancouver lamprey, Miller Lake lamprey,
Carpathian lamprey, and chestnut lamprey, an exception to the rule is the anadromous
western river lamprey versus the freshwater Chapala lamprey (Table 3.1). The case of
European river lamprey is difficult to assess because the duration of its feeding phase
is highly variable (Table 3.1) and the habitat in which the feeding occurs, whether in
marine or fresh waters, is not always clear from the literature.

Growth achieved during the post-metamorphic feeding phase may be roughly
estimated by comparing the maximum total length attained by the feeding adult with
the maximum total length attained by the ammocoete larva and expressing these as
a ratio (Table 3.1). Those data are available for 15 species and exhibit wide variation
from 1.03 in Miller Lake lamprey to 7.84 in the anadromous sea lamprey. In the
landlocked sea lamprey, the ratio is only 3.60, a reflection of the shorter duration
of its parasitic phase relative to that of the anadromous form (Table 3.1). Silva
et al. (2013c) provide a unique direct measure of growth rate during the marine
feeding phase in anadromous sea lamprey: a feeding individual tagged at a size of
218 mm total length and 20 g wet weight was recaptured 13.5 months later at a
size of 895 mm and 1,218 g. The authors point out that this growth is probably
underestimated because at the time of recapture the individual was on its upstream
spawning migration and not feeding.

3.4 Trends in Feeding Behavior

Lamprey behavior is quite variable both among and within species. Although they
display several trends or patterns with respect to parasitic feeding, rarely do lampreys
display all-or-none responseswith respect to the aspects of behavior discussed below.
Althoughvariability in feedingmight be dismissed as randomor suboptimal behavior,
it might also be viewed as evidence of adaptive flexibility (sensu Dill 1983). This
variability may also provide challenges to researchers attempting to design powerful
experiments or effective sampling protocols.

For lampreys that feed on blood, a conceptual model of a feeding bout may help
organize consideration of the various aspects of feeding that will be considered in
this review. Note that subsequent to a feeding event, a lamprey may undergo an
interval of non-feeding that may include spending time in a sheltered location as
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well as searching for a new host. Very little is known about this non-feeding interval
in general or the search process in particular, although Cochran (2014) has found
parasitic-phase chestnut lamprey in crevices beneath boulders or other cover objects
in the same areas where other lamprey were attached to fish. After a blood-feeding
lamprey has attached to a host, it typically penetrates the host’s skin and scale layer to
gain access to the greater blood supply beneath. To consider this process analogous to
“food handling” in general ecological models of foraging may be justified by Farmer
et al.’s (1975) estimate that the sea lamprey obtains less than 2% of its food intake
as the result of tissue cytolysis, but some host species may have lipid-rich layers
associated with the skin that might provide considerable energy to a lamprey (see
Sects. 3.4.3, 3.4.4, and 3.4.6). Once a lamprey begins feeding on its host’s blood,
some simplifying assumptions are that the percentage of host blood volume removed
per day is constant and proportional to lamprey mass and inversely proportional to
host mass, that host blood “quality” is maintained in the face of this ongoing removal
for some time (e.g., through mobilization of reserves in the spleen) before declining
over a period that ends with host death or termination of the feeding bout by the
lamprey, and that both the length of time that host blood quality can be maintained
and the length of time that a host can survive an attack are negatively related to the
percentage of host blood volume removed per day (Cochran andKitchell 1986, 1989;
Cochran 1994).

To measure the consumption of a fluid such as blood is logistically challenging.
However, experiments in which lake trout and rainbow trout Oncorhynchus mykiss
blood was tagged with radioactive chromium (51Cr) permitted estimation of the
amount of blood removed by sea lamprey (Farmer 1974; Farmer et al. 1975). Their
data have been used to justify the assumptions about lamprey feeding listed above.
For example, the percentage of host blood volume removed daily (V) was negatively
related to the mass of the host (F) and positively related to the mass of the lamprey
(L): V/100 = 2.54(L/F). Assuming that the blood volume of the host is 4.7% of its
wet mass, the mean daily ration of the lamprey in terms of wet mass is a constant
percentage (11.9%) of the lamprey’s mass. However, there was substantial variability
among individual sea lamprey in the rate at which they removed blood from their
hosts, so that the rangeof individual estimates of daily rationwas3–30%(Farmer et al.
1975). Their data were also used to construct a quantifiable and testable energetics-
based model of sea lamprey feeding and subsequent growth (Kitchell and Breck
1980; Cochran and Kitchell 1986, 1989); a model subsequently refined to include
the effects of water temperature (Cochran et al. 1999) and the change in energy
density of sea lamprey tissue with increasing body size (Cochran et al. 2003a).

There are fewmeasurements available for host blood energydensity. Someattempt
has been made to measure the constituents of fish blood in the context of lamprey
attacks (e.g., Kinnunen and Johnson 1985; Edsall 1999; Swink and Fredricks 2000;
Edsall and Swink 2001). By using energy equivalents for the various blood con-
stituents, itmight be possible to assesswhich components contributemost to variation
in overall energy density.

Although the general lamprey feeding model described above has been used to
make theoretical predictions about lamprey feeding behavior (Cochran 1994), it has
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been quantified to date only for sea lamprey feeding on lake trout and rainbow trout.
Nevertheless, the sea lamprey model has been applied to some other situations. For
example, a comparison of observed growth by sea lamprey feeding on burbot Lota
lota during 55 feeding bouts (Swink and Fredricks 2000) to model predictions of
growth by sea lamprey feeding on lake trout and rainbow trout of identical sizes for
identical lengths of time suggested that the two salmonids and burbot were equivalent
as food resources for sea lamprey (Cochran et al. 2003a). As new technologies
are developed to facilitate the analysis of blood and as interest in lamprey-host
interactions broadens fromanarrow focus on sea lamprey and salmonids [e.g., studies
on lake sturgeon Acipenser fulvescens by Sepúlveda et al. (2012a, b)], it is hoped
that the lamprey feeding model can be quantified for more combinations of lamprey
and host species.

Aspects of lamprey feeding behavior to be covered in this section include the
diel timing of attacks; selectivity by lampreys with respect to host species, host size,
and site of attachment on the host; multiple attachments on hosts and patterns of
distribution of attacks among hosts; and the duration of feeding bouts and lethality
of attacks.

3.4.1 Daily Timing of Attacks

Some parasitic lampreys attack significantly more often at night than by day. Evi-
dence reviewed by Cochran (1986a) was especially strong for chestnut lamprey and
silver lamprey, and included both field and laboratory data. Evidence for the sea lam-
prey was equivocal, but it was based on laboratory studies not specifically designed
to test for differences between nocturnal and diurnal attack rates. Typically these
experiments are monitored at 12-h intervals, at the beginning of each light and each
dark period. One potential bias in this sort of study arises when trials are routinely
started at the same time of day (i.e., in the morning at the beginning of the light
period), because a disproportionate number of lampreys may initiate attachments
during the first time period in which hosts are available. The bias may be exagger-
ated if new hosts are routinely added to tanks (e.g., to replace hosts that have died)
at the same time of day, because addition of new fish to a tank may stimulate attach-
ments. These biases may be especially important when overall sample size is low
(e.g., in studies in which lampreys are allowed to remain attached to hosts until they
voluntarily detach).

Cochran (1986a) suggested an experimental design that would increase sample
size and minimize the effect of the initial exposure of lampreys to new hosts. For
lampreys on a 12 h:12 h light:dark cycle, this would entail gently detaching lampreys
from their hosts at intervals of 1.5 days and allowing them to attack during the
intervening intervals, until a sufficient balanced number of light and dark intervals
had passed. Cochran and Lyons (2004) used this design with 13 silver lamprey
allowed to attack common carp Cyprinus carpio over a 9-day experiment, allowing
for three 36-h periods each to be initiated by light and dark periods. With this design,
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a total of 39 attachments were recorded. Significantly more attachments occurred at
night than during the day (29 vs. 10).

The timing of lamprey attacks during the day is related to the sensory modes
used to detect hosts. Nocturnal foraging is consistent with the documented ability of
lampreys to orient to the sources of host odors (Kleerekoper and Mogensen 1963;
Kleerekoper 1972), and both silver and sea lampreys have been shown to possess
electroreceptors (Bodznick and Preston 1983) that may also contribute to detection
of hosts. Cochran (2014) suspended an all-glass tank containing a common carp in
a larger tank as a way of providing visual cues to chestnut lamprey in the absence of
other sensory information. Eight individual lamprey were sequentially tested. None
showed any apparent response to the visual stimulus provided by the carp, but after
each lamprey was transferred to an identical tank with an unconfined carp, it had
attached to the carp by the next morning. Moreover, when the same eight lamprey
were individually released into a tank with a carp in the absence of light (in a room
originally used as a photographic darkroom), each had attached by the end of a
12-h dark period. It would appear, therefore, that visual cues are not necessary for
successful attack.

3.4.2 Host Species Selectivity

Parasitic lampreys collectively attack a wide range of sizes and diversity of host
species (Table 3.2); from small darters (Cochran and Jenkins 1994) to large whales
(e.g., Pike 1951; Nichols and Tscherter 2011). Hosts for four species, two from
the Northern Hemisphere (Caspian lamprey and Klamath lamprey) and two from
the Southern Hemisphere (pouched lamprey and Chilean lamprey) have yet to be
identified. All of these, except Klamath lamprey, are anadromous and probably feed
exclusively in the marine environment over widely dispersed areas, making the study
of their hosts difficult. There are additional host species not listed in Table 3.2 that
are known to have been parasitized by lampreys, but from the evidence available it
was not possible to assign the lampreys to host species. For example, Hubley (1961)
reported lamprey scars on bowfin Amia calva, river carpsucker Carpiodes carpio,
bigmouth buffalo Ictiobus cyprinellus, yellow bullhead Ameiurus natalis, flathead
catfish Pylodictis olivaris, and black crappie Pomoxis nigromaculatus in the upper
Mississippi River, where it was possible for either chestnut or silver lampreys to have
been responsible. There are also twomarinemammals, the pygmy spermwhaleKogia
breviceps and the dwarf sperm whale K. sima reported by McAlpine (2002) to bear
lampreymarks, but given that thesewhales rangeworldwide in temperate and tropical
waters of the Atlantic, Pacific and Indian oceans, a number of anadromous lamprey
candidates are possible. An additional report byHeyning (2002) ofmarks onCuvier’s
beaked whale Ziphius cavirostris was dismissed because they were attributed either
to lampreys or cookie cutter sharks Isistius spp.

Individual lamprey species are also known to attack a wide range of hosts. For
example, Renaud (2002) provided a list of 20 fish species known to be attacked by the



260 C. B. Renaud and P. A. Cochran

Ta
bl
e
3.
2

Pa
ra
si
tic

la
m
pr
ey

sp
ec
ie
s
an
d
th
ei
r
na
tiv

e
an
d
no

n-
na
tiv

e
ho

st
s
un

de
r
na
tu
ra
lc
on

di
tio

ns
.T

o
qu

al
if
y,
a
ho

st
m
us
te
ith

er
po

ss
es
s
a
la
m
pr
ey
-i
nd

uc
ed

m
ar
k
on

its
bo
dy
,o

r
be

id
en
tifi

ab
le
in

th
e
la
m
pr
ey

gu
tc
on
te
nt
s,
or

ha
ve

a
pa
ra
si
tic

la
m
pr
ey

at
ta
ch
ed

to
a
pa
rt
of

its
bo
dy

w
he
re

no
ur
is
hm

en
tt
o
th
e
la
m
pr
ey

is
po

ss
ib
le
.S

ci
en
tifi

c
na
m
es

of
fis
h
ho

st
s
fo
llo

w
Pa
ge

et
al
.(
20
13
)
fo
r
N
or
th

A
m
er
ic
a
an
d
Fi
sh
B
as
e
(w

w
w
.fi
sh
ba
se
.o
rg
)
el
se
w
he
re
,a
nd

fo
r
m
ar
in
e
m
am

m
al
ho
st
s

fo
llo

w
W
ils
on

an
d
R
ee
de
r
(2
00
5)
.N

on
-n
at
iv
e
ho

st
s
ar
e
in
di
ca
te
d
w
ith

an
as
te
ri
sk

Pa
ra
si
tic

la
m
pr
ey

sp
ec
ie
s

H
os
t

So
ur
ce

C
as
pi
om

yz
on

w
ag
ne
ri

C
as
pi
an

la
m
pr
ey

N
on
e
ye
tp

os
iti
ve
ly

id
en
tifi

ed
T
hi
s
st
ud
y

E
nt
os
ph
en
us

m
ac
ro
st
om

us
V
an
co
uv
er

la
m
pr
ey

Fr
es
hw

at
er

fis
he
s:
O
nc
or
hy
nc
hu
s
cl
ar
ki
i,
O
.k
is
ut
ch
,S

al
ve
li
nu
s
m
al
m
a

B
ea
m
is
h
(1
98
2,

20
01
)

E
nt
os
ph
en
us

m
in
im
us

M
ill
er

L
ak
e
la
m
pr
ey

Fr
es
hw

at
er

fis
he
s:
R
hi
ni
ch
th
ys

os
cu
lu
s
kl
am

at
he
ns
is
,S

al
ve
li
nu
s
fo
nt
in
al
is
*
,

Sa
lm
o
tr
ut
ta
*
,S
ip
ha
te
le
s
bi
co
lo
r

B
on
d
an
d
K
an

(1
97
3)
,L

or
io
n
et
al
.(
20
00
)

E
nt
os
ph
en
us

si
m
il
is

K
la
m
at
h
la
m
pr
ey

N
on
e
ye
tp

os
iti
ve
ly

id
en
tifi

ed
T
hi
s
st
ud
y

E
nt
os
ph
en
us

tr
id
en
ta
tu
s

Pa
ci
fic

la
m
pr
ey

Fr
es
hw

at
er

fis
he
s:
C
at
os
to
m
us

ri
m
ic
ul
us
,O

nc
or
hy
nc
hu
s
m
yk
is
s,
O
.n

er
ka

M
ar
in
e
fis
he
s:
A
no
pl
op
om

a
fim

br
ia
,A

th
er
es
th
es

ev
er
m
an
ni
,A

.s
to
m
ia
s,

C
li
do
de
rm

a
as
pe
rr
im
um

,C
lu
pe
a
pa
ll
as
ii
,G

ad
us

ch
al
co
gr
am

m
us
,G

.
m
ac
ro
ce
ph
al
us
,H

ip
po
gl
os
so
id
es

el
as
so
do
n,

H
ip
po
gl
os
su
s
st
en
ol
ep
is
,

M
er
lu
cc
iu
s
pr
od
uc
tu
s,
O
nc
or
hy
nc
hu
s
go
rb
us
ch
a,

O
.k
et
a,

O
.k
is
ut
ch
,O

.
m
yk
is
s,
O
.n

er
ka
,O

.t
sh
aw

yt
sc
ha
,O

ph
io
do
n
el
on
ga
tu
s,
P
la
ti
ch
th
ys

st
el
la
tu
s,

P
le
ur
og
ra
m
m
us

m
on
op
te
ry
gi
us
,R

ei
nh
ar
dt
iu
s
hi
pp
og
lo
ss
oi
de
s,
Se
ba
st
es

al
eu
ti
an
us
,S

.a
lu
tu
s,
S.

bo
re
al
is
,S

.r
ee
di

M
ar
in
e
m
am

m
al
s:
B
al
ae
no
pt
er
a
bo
re
al
is
,B

.p
hy
sa
lu
s,
M
eg
ap
te
ra

no
va
ea
ng
li
ae
,P

hy
se
te
r
ca
to
do
n

A
ba
ku
m
ov

(1
96
4)
,B

ea
m
is
h
(1
98
0)
,C

oo
ts
(1
95
5)
,K

uc
he
ry
av
yy

et
al
.

(2
01
6)
,M

ur
au
sk
as

et
al
.(
20
13
),
N
ov
ik
ov

(1
96
3)
,N

em
ot
o
(1
95
5)
,O

rl
ov

(2
01
6)
,O

rl
ov

et
al
.(
20
08
,2
00
9)
,P

el
en
ev

et
al
.(
20
08
),
Pi
ke

(1
95
1)
,S

im
ps
on

an
d
W
al
la
ce

(1
97
8)
,W

ad
e
an
d
B
ea
m
is
h
(2
01
6)

E
ud
on
to
m
yz
on

da
nf
or
di

C
ar
pa
th
ia
n
la
m
pr
ey

Fr
es
hw

at
er

fis
he
s:
A
lb
ur
no
id
es

bi
pu
nc
ta
tu
s,
B
ar
ba
tu
la

ba
rb
at
ul
a,

B
ar
bu
s

ba
rb
us
,B

.c
ar
pa
th
ic
us
,C

ho
nd
ro
st
om

a
na
su
s,
C
ot
tu
s
go
bi
o,

C
.p

oe
ci
lo
pu
s,

G
ob
io

ca
rp
at
hi
cu
s,
P
ho
xi
nu
s
ph
ox
in
us
,S

al
m
o
sp
.,
Sq
ua
li
us

ce
ph
al
us

B
ăn
ăr
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silver lamprey. Further evidence of the non-specificity of the lamprey diet is provided
by the ability of the sea lamprey to use the native fish species it encountered after
invading the upper Great Lakes, and in particular, burbot, lake whitefish, the ciscoes
(Coregonus artedi,C. johannae,C. nigripinnis, andC. zenithicus), and lake trout, and
by the apparent readiness of native lamprey species to include non-native species in
their diets (Cochran 1994). Nine of the 14 lamprey species for which hosts have been
identified (Miller Lake lamprey, Ohio lamprey, chestnut lamprey, silver lamprey,
western river lamprey, European river lamprey, short-headed lamprey, sea lamprey,
and Chapala lamprey) are known to have parasitized non-native hosts (Table 3.2). In
one case, reports by commercial fishers indicated that the Chapala lamprey attacked
West Indian manatees Trichechus manatuswhen the latter were introduced into Lake
Chapala, Mexico, in an attempt to control water hyacinth (Cochran et al. 1996).
Using stable isotope analyses coupled with Bayesian mixing models, as well as
direct observation of lamprey-induced scars, Inger et al. (2010) indicated that, in
addition to feeding on native Irish pollan (see Sect. 3.3), European river lamprey
in Lough Neagh also fed on native brown trout Salmo trutta and European perch
Perca fluviatilis, and on non-native freshwater bream and roachRutilus rutilus. Hume
et al. (2013) suggested that European river lamprey in Loch Lomond has switched
from feeding on native powan (see Sect. 3.3), which have dramatically declined in
numbers, to feeding on the abundant non-native ruffe Gymnocephalus cernua. The
new non-native host proposed in the last study, however, requires confirmation, as it
is based on indirect evidence.

Even though a lamprey species may be observed feeding on many different host
species throughout its geographic range, it may nevertheless concentrate its attacks
on one or a few species at any particular locality, and it may be more abundant where
certain host species are also in abundance. Multiple lampreys have been observed
attached to single individuals of apparently preferred host species. For example,
Vladykov (1985) reported 61 silver lamprey attached to a lake sturgeon in Quebec,
whereas Wagner (1904, 1908) and Becker (1983) reported as many as 10–27 silver
and chestnut lampreys attached to individual lake sturgeon and paddlefish Polyodon
spathula in Wisconsin. Typically, host species attacked by blood feeders are among
the largest fish species available, but there is a dearth of studies that have assessed
host species selectivity while adequately controlling for the effect of host body size.
Fish species that are reported as hosts for blood-feeding lampreys also tend to have
naked skin (e.g., paddlefish) or small scales (e.g., salmonids) and tend to form schools
or otherwise aggregate. Flesh-feeding lampreys, such as western and European river
lampreys, which typically kill their hosts quickly as compared to blood feeders, tend
to feed on smaller schooling fishes (e.g., clupeids and young salmon), at least in
marine environments (Bahr 1933; Beamish 1980; Beamish and Neville 1995).

Cochran (1994) noted that host species used by lampreys tended to coincide with
the commercially and recreationally important fishes preferred by humans. Fishes
preferred by humans tend to be large and have high muscle mass, and those valued
for their fighting ability have high aerobic capacity. These traits are correlated with
large blood volume, a quality that may provide a lamprey with an extended period
of feeding. The piscivorous fishes often preferred by humans tend to have reduced
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layers of skin and scales, which may be associated with a reduced investment of
energy and handling time for a lamprey that penetrates to underlying blood vessels.
Commercially important fishes tend to be concentrated in shoals, a condition that
would lead to reduced search times for lampreys seeking new hosts.

Selection of hosts may be related to habitat. The majority of lamprey species
feed on both benthic and pelagic hosts, indicating plasticity in the foraging habitat
that they utilize (Table 3.2). In separate cases of European river lamprey feeding
in large lakes, Inger et al. (2010) and Hume et al. (2013) suggested that a switch
from feeding pelagically to feeding benthically occurred as the result of new host
introductions into the system that altered the trophic dynamics between parasite and
host and between the historical host and the new one.

Much remains to be learned about host species selectivity. In particular, it is not
known how a lamprey’s previous feeding experience affects its selection of subse-
quent hosts. Moreover, although diversity among parasitic lampreys with respect to
feeding adaptations has been recognized (Potter and Hilliard 1987; Renaud et al.
2009), diversity among host species with respect to qualities that enhance or inhibit
the lamprey feeding process has not been investigated in depth. Cochran (2009), for
example, noted that silver lamprey feeding on paddlefish may benefit from high con-
centrations of lipids in their skin. Wilkie et al. (2004) noted that sea lamprey feeding
on basking shark Cetorhinus maximus must be able to penetrate the shark’s dermal
denticles and rapidly excrete the high urea content of its body fluids. It would be
of interest to know whether these challenges are outweighed by the advantages of
feeding on a host that is large relative to a host such as Atlantic cod Gadus morhua.

3.4.3 Host Size Selectivity

Perhaps themost consistent aspect of parasitic lamprey feeding behavior is a tendency
to attach selectively to larger hosts (Farmer and Beamish 1973; Cochran 1985; Swink
1991). Evidence used to evaluate size selectivitymay result fromdirect observation of
lampreys attached to hosts in the field or the laboratory or frommarking rates derived
from field samples of host populations. We use the term “mark” as a general term
to include any evidence of a prior attachment, including surface abrasions, wounds
(typically, for blood feeders, with a central puncture through the skin/scale layer
to the underlying musculature), and scars (=healed wounds). Attempts have been
made to standardize the classification and reporting of sea lamprey marks (King and
Edsall 1979; King 1980; Ebener et al. 2003, 2006; Patrick et al. 2007), including
stages in their healing, but the various terms have not been consistently applied in
the literature. As will be seen, some marks provide better information about size
selectivity than others.

Field data that resulted in significant correlations between host size and marking
rates or significant differences in marking rates between hosts in different size cat-
egories were reported in many papers cited by Cochran (1985) and Swink (1991).
Additional examples include sea lamprey attacking white sucker Catostomus com-
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mersonii (Henderson 1986), pink salmon Oncorhynchus gorbuscha (Noltie 1987),
and lake trout (Sitar et al. 1997), and silver lamprey attacking muskellunge Esox
masquinongy (Renaud 2002), lake sturgeon (Cochran et al. 2003b), and paddlefish
(Cochran and Lyons 2010). However, field evidence in support of size selectivity
must be interpreted with caution, and in fact it would be surprising if marking rates
were not correlated with host size even if lampreys were attaching to hosts randomly
with respect to host size. To the extent that larger hosts tend to be older, they have had
more time to accumulate lamprey marks. For this reason, some analyses have been
restricted to fresh wounds and have excluded healed scars (e.g., Sitar et al. 1997).
Larger hosts are also more likely to survive lamprey attacks and show up as marked
individuals in field samples. Finally, it is possible that larger hosts swim faster and
farther and are therefore more likely to encounter foraging lampreys.

Two field studies have provided evidence for size selective feeding above and
beyond the typical assessment of marking rates: (1) Nuhfer (1993) caged brown trout
of different size classes in the Upper Manistee River in Michigan, where they were
exposed to attacks by chestnut lamprey. Although he did not analyze the resulting
data in the manner proposed by Cochran (1985), he observed that higher percentages
of large trout (26–41 cm) were attacked, that the number of lamprey marks on an
individual host was positively correlated with trout size, and that the probability of a
host being attacked was more accurately predicted with logistic regression by using
trout surface area rather than trout length or mass. (2) Schneider et al. (1996) used
bottom trawls to recover lake trout recently killed by sea lamprey in Lake Ontario.
A comparison of the size distributions of dead fish with those of living fish with
and without lamprey wounds revealed that the majority of recent wounds on living
trout were on large trout (≥600 mm), with smaller trout (≤400 mm) typically not
woundedwhen larger individuals were available. The conclusion that the sea lamprey
was size selective was strengthened by the absence of smaller individuals from the
size distribution of trout killed by the lamprey.

Laboratory assessments of size selectivitymay allow potentially confounding fac-
tors to be controlled. Even in the laboratory, however, it is important to consider the
appropriate null hypothesis to be tested and the power of the experimental design
to detect frequencies of attack that are significantly different from random. Cochran
(1985) recommended that the “numbers-dependent null hypothesis” (that lamprey
attacking randomly should attach to hosts of different sizes in frequencies propor-
tional to their relative abundances) be replaced by the more conservative “surface
area-dependent null hypothesis” (since a lamprey attacks by attaching to a surface,
then lamprey attacking randomly should attach to hosts of different sizes in frequen-
cies proportional to their relative surface areas). According to the numbers-dependent
null hypothesis, if lamprey are providedwith hosts of two size classes that are equally
abundant, then the expected frequencies of attack for those two size classes should be
equal. However, according to the surface area-dependent null hypothesis, expected
attack frequency for the larger size class should be greater because larger hosts pro-
vide greater potential surface area for attachments. Cochran (1985) noted that it is
easier to detect significant departure from the area-dependent null hypothesis when
the numbers of small hosts are increased relative to large hosts, so that their total
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surface areas are more equal than in traditional experimental designs, where equal
numbers of hosts of different sizes are employed.

Size selectivity by parasitic lampreys may depend on the size range of hosts
available. The sea lamprey, for example, displayed evidence for size selectivity in
laboratory trials when all hosts were very small (47–95 g) and individual lamprey
were exposed to host pairs that were closely matched in size (Cochran and Jenkins
1994), but notwhen all hostswere very large (>615mm in total length) and not closely
matched in size (Swink 1991). It may be that any host that exceeds a minimum size
threshold provides themaximum possible benefit to a feeding lamprey in terms of net
rate of energy intake. Swink (1991, 2003) suggested that host size selection by Great
Lakes sea lamprey resulted mostly from avoidance of lake trout shorter than 600 mm
in total length when larger hosts were available. Cochran (1985) suggested that,
because the time to death of a host is inversely related to the proportion of its blood
removed daily (Farmer et al. 1975), the most important benefit of size selectivity
may be that a lamprey is assured of a longer period of feeding on a larger host. When
Swink (1990) subjected lake trout of three size classes to single sea lamprey attacks,
he recorded significantly greater mortality in the smallest size class (469–557 mm
in total length) but no difference in mortality between the two largest size classes
(559–643 mm and 660–799 mm).

Swink (1991, 2003) assessed host size selectivity by sea lamprey of three size
classes (<50 g, 50–100 g, and >100 g). Because the relative frequencies of attacks
on hosts of different sizes were similar for the three lamprey size classes, it was
concluded that the pattern of size selection does not change with sea lamprey size.
However, newly transformed sea lamprey have sometimes been reported to feed
on relatively small hosts. In some cases, these represent species encountered as the
lamprey move downstream through rivers and estuaries toward the ocean (Mansueti
1962; Davis 1967; Silva et al. 2013a, b); in addition to being relatively abundant,
these small hosts may have scale and skin layers easier for small lamprey to pene-
trate, and they may pose less risk as potential predators. In the Great Lakes, newly
transformed sea lamprey that enter the lakes in fall, winter, or early spring move into
deep water and feed on ciscoes. This apparent preference for relatively small prey
species may actually represent a temperature preference during a period when the
warmest temperature is available in deep water (Johnson and Anderson 1980).

3.4.4 Site Selectivity on Hosts

Site selectivity by lampreys attaching to hostswas reviewed byCochran (1986b),who
identified several trends: (1) Flesh-feeders tend to attack dorsally or dorso-laterally
where host muscle mass is greatest. (2) Blood-feeders in deep waters tend to attach
ventrally, often just posterior to the paired fins (especially the pectoral fins). (3)
Blood-feeders in shallow habitats tend to attach dorsally. (4) Catostomids, compared
to other host species, tend to be attacked more often on their relatively large heads
and on the upper surfaces of their relatively large paired fins (although it has not



3 Post-metamorphic Feeding in Lampreys 269

been assessed whether attachments in these areas are greater than would be expected
based on relative surface area). (5) Captive lampreys in small tanks tend to attach
dorsally, even if they typically attach ventrally in nature. Subsequent reports were
generally consistent with these trends. Captive sea lamprey attached to lake trout in
151-L tanks in approximately equal numbers above and below the lateral line (Swink
and Hanson 1986, 1989) and to rainbow trout primarily dorsally (Swink and Hanson
1989). Noltie (1987) reported that almost all attacks by sea lamprey on pink salmon
in Lake Superior occurred below the lateral line, and Bergstedt et al. (2001) reported
that most attacks by sea lamprey on lake trout in Lake Ontario were ventral (and they
were especially common behind the pectoral fins). Similarly, Cochran and Lyons
(2004) observed that captive silver lamprey attached to common carp dorsally more
often than ventrally, even though they were collected at a site in the Wisconsin River
where attachments to paddlefish in deep water were significantly more often ventral
rather than dorsal (Cochran and Lyons 2010). Finally, Nuhfer (1993) reported that
chestnut lamprey attached primarily dorsally to brown trout in the Upper Manistee
River in Michigan at depths of 25–50 cm.

Cochran (1986b) discussed a combination of factors that might explain patterns
of site selection by blood-feeding lampreys. Ventral attachments in areas with thin-
ner skin and scale layers (i.e., behind the pectoral fins) may be associated with
reduced handling costs and handling time prior to feeding (Farmer and Beamish
1973; Christie and Kolenosky 1980). It is also possible that lampreys achieve greater
rates of blood removal from blood vessels accessed through ventral attachments.
However, although Farmer (1974) reported slightly greater rates of blood removal
for sea lamprey attached in the pectoral region, differences among sites were not
statistically significant. Attachments to the dorsal surfaces of hosts in shallow lotic
habitats, including to the upper surfaces of the paired fins of catostomids, could
minimize the likelihood of detachment or injury to the lamprey through abrasion
against rough substrate. Aquaria of the sizes typically used in laboratory experi-
ments may elicit behavior similar to that exhibited by lampreys feeding in shallow
streams and rivers. Renaud (2002) suggested that ventral attachments by silver lam-
prey to muskellunge occurred less often than expected because this surface would
be less available when the host was hovering motionless in heavily vegetated habi-
tat. Novikov (1963) and Abakumov (1964) noted that Pacific lamprey marks were
observed almost exclusively on the blind (i.e., ventral) side of Greenland halibut
Reinhardtius hippoglossoides, but it is unknown whether this represents the result of
selective behavior by the lamprey.

Several studies have provided additional commentary with respect to host site
selection by lampreys. Swink and Hanson (1989) speculated that attachments by
captive sea lamprey to the head region of lake trout, including two inside the mouth,
resulted from attempts at predation by the lake trout. Bergstedt et al. (2001) com-
pared locations of healed sea lamprey marks on living lake trout from Lake Ontario
with locations of marks on dead fish. The lack of a significant difference implied
that lamprey-induced mortality did not vary among attachment sites. Bergstedt et al.
(2001) also suggested that a tendency for lamprey attachments to be concentrated
on the anterior half of the host’s body may be related to the lower amplitude of
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lateral swimming undulations relative to the posterior half. A tendency for anterior
attachment was reported by Patrick et al. (2009) in a study of parasitism by captive
sea lamprey on lake sturgeon. Many attachments occurred near the insertion of the
pectoral fins or on the lower part of the head. Cochran (2009) compared skin density
of paddlefish in terms of dry mass (g/cm2) for samples taken from ventral, lateral,
and dorsal locations. Unexpectedly, skin density from ventral locations, where silver
lamprey tend to attach in the field, was significantly greater than in locations higher
on the body, and even though paddlefish skin is scaleless, it was comparable to skin
density of common carp. However, dried samples of paddlefish skin contained a
substantial lipid residue, and skin density in terms of ash weight was much less than
that of carp. It is possible that silver lamprey attaching ventrally may benefit from
easy access to high energy lipids. Cochran and Lyons (2010) compared observed
frequencies of attachment by silver lamprey to paddlefish in various body regions
to frequencies expected on the basis of their relative surface areas. As expected
from previous anecdotal observations, ventral attachments on the body were signifi-
cantlymore common than dorsal attachments. In addition, attachments to the rostrum
occurred significantly less often than expected on the basis of its surface area, and,
unlike on the body proper, attachments to its dorsal surface were significantly more
common than to its ventral surface. Previous anecdotal accounts reported paddlefish
collected with lamprey “attached in the gill” region (Thomas Say in Keating 1824;
Becker 1983), and Cochran and Lyons (2010) noted attachments to the isthmus at the
base of the gills within the branchial cavity significantly more often than expected on
the basis of its relatively small surface area. As many as four lamprey were observed
within the branchial cavity of a single paddlefish, and they were sometimes com-
pletely obscured from external view by the gular flap. Attaching within the branchial
cavity may protect silver lamprey from detachment when paddlefish breach, and this
location may also provide easy access to blood under pressure in the ventral aorta.

3.4.5 Multiple Attachments and Distribution of Lampreys
Among Individual Hosts

Individual hosts may sometimes be parasitized by more than one lamprey at a time.
As noted previously, paddlefish and lake sturgeon are known formultiple attachments
by silver or chestnut lampreys (e.g., Becker 1983; Vladykov 1985), but individuals
of smaller host species, including stream salmonids, catostomids, and esocids, may
also be subject tomultiple attacks by these and other lampreys (Nuhfer 1993; Renaud
2002; Hume et al. 2013; Philip A. Cochran unpublished data). For example, when
Nuhfer (1993) caged groups of brown trout for 20–21 days in a Michigan stream
where they were accessible to chestnut lamprey, 43 of 128 trout sustained multiple
(2–20) wounds, whereas 46 trout received no wounds at all. Multiple attachments
to the same host might occur just by chance. If lampreys attach to individual hosts
independently of each other, then the probability that a particular host will suffer two
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attacks during a given period is the square of the probability of suffering a single
attack.

Because Lennon (1954) reported that hosts struggling to dislodge sea lamprey
attracted additional lampreys, it might be expected that the distribution of lamprey
among hosts would be clumped rather than random. However, Farmer and Beamish
(1973) reported that relative numbers of white sucker with single andmultiple attacks
by captive sea lamprey did not differ from those expected under a binomial distribu-
tion, an indication that an attachment by one lamprey did not attract additional attacks.
Beamish (1980b) reached a similar conclusion based on frequencies of anadromous
sea lamprey scars on Atlantic salmon, Salmo salar. Frequencies of paddlefish in the
Wisconsin River with different numbers of lampreys attached were not significantly
different from those expected if the lampreys were distributed among paddlefish ran-
domly (i.e., according to a Poisson distribution) (Cochran and Lyons 2016). Some
models of sea lamprey wounding have assumed that the number of wounds per fish
of a given length follow a Poisson distribution (Bence et al. 2003; Rutter and Bence
2003).

3.4.6 Duration of Attachments to Individual Hosts
and Lethality of Attacks

How long a lamprey stays attached to a host is of great theoretical and practical
interest (Cochran and Kitchell 1986, 1989; Bence et al. 2003), but it is difficult to
ascertain under natural conditions. In the Namekagon River of Wisconsin, where
it is possible to observe chestnut lamprey attached to hosts from bridge crossings,
Philip A. Cochran (unpublished data) has observed lamprey apparently attached to
the same hosts for minimum periods of 1–12 days. These are minimum estimates
because neither attachments nor detachments were observed.

More accurate measurements of attachment durations are possible in laboratory
experiments, but even under controlled conditions the interpretation of attachment
duration is not straightforward. Whereas lampreys sometimes detach voluntarily
from living hosts, in other cases attachments are terminated when the hosts die. We
consider the latter scenario first. Experiments in which lake and rainbow trout blood
was tagged with radioactive chromium (51Cr) permitted estimation of the amount of
blood removed by sea lamprey (Farmer 1974). The time in days that it takes a host
to die from a sea lamprey attack (D) is negatively related to the percentage of its
blood volume (V) removed daily (Farmer et al. 1975), as expressed by Cochran and
Kitchell (1989) in the following equation: ln(D) = 8.03 – 1.63(lnV).

Cochran andKitchell (1989) recorded attachment times for captive sea lamprey on
rainbow trout in the presence and absence of an alternative host of the same species.
Individual lamprey were exposed to both treatments, with half initially exposed to
one trout and half initially exposed to two. Overall, 15 of 28 attacks resulted in the
death of the host, with deaths almost equally split between treatments. Five lamprey
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killed their hosts in both treatments, but individual lamprey that killed one host were
notmore likely to kill the second.Neither the attachment times nor the latency periods
prior to attack for individual lamprey were correlated between the two experimental
treatments, evidence that variation in feeding behavior was not due to consistent
differences among individuals. Attachment times that resulted in host death aver-
aged 12.7 days (range = 1–40 days), whereas those that left the host alive averaged
13.1 days (range= 1–70 days). Although itmight be expected that attacks interrupted
by the death of the hosts would be shorter, the means were not significantly differ-
ent. Neither were mean attachment times in the presence (10.1 days) and absence
(15.4 days) of an alternative host significantly different, although the difference was
in the direction predicted by optimal foraging theory (Cochran and Kitchell 1989).
However, the first attachment by a lamprey tended to be of longer duration than
its second, regardless of whether an alternative host was present. Also, attachment
duration was significantly and positively correlated with the latency period prior to
attack.

Swink’s (2003) review of extensive laboratory experiments at the Hammond Bay
Biological Station allowed for a regression analysis of attachment times for sea
lamprey confined with single hosts (Bence et al. 2003). Some trends were consistent
with those suggested byCochran andKitchell (1989).Attachment timewas positively
related to the ratio of hostweight to sea lampreyweight, presumably because this ratio
is inversely related to the proportion of the host’s blood volume that can be removed
daily. Attachment time was also positively related to the previous latency to attack.
Swink’s (2003) data also indicated that water temperature was negatively related to
attachment time, that host species affected the relationship between attachment time
and host/sea lamprey weight ratio, and that trends were not qualitatively different
when non-lethal attacks were considered separately.

Cochran and Kitchell (1986) noted that attachment times recorded for captive
lampreys were quite variable. For example, a sea lamprey that did not feed for
62 days subsequently attached to a rainbow trout for 70 days and more than doubled
inweight, but it did not kill its host. Similarly, non-lethal attachment times of >35days
have been recorded for chestnut lamprey (Cochran and Kitchell 1986). Hall (1960)
determined that chestnut lamprey attachment to hatchery trout, either rainbow trout
or brook trout Salvelinus fontinalis, varied from 0.6 to 18.3 days, and 61% of these
attachments (11 of 18) resulted in the death of the host. The 39% of attachments in
which the trout survived likewise lasted between 0.6 and 18.2 days. Variability in
attachment times presumably reflects variability in rates of blood removal. As noted
previously, variability in feeding rates among feeding bouts can be inferred from the
data collected by Farmer (1974) and Farmer et al. (1975), and Cochran and Kitchell
(1986) considered the potential adaptive benefit of adjusting rate of blood removal
along with attachment time in response to changes in host population density. No
attempt to assess variation in feeding rate within a feeding bout has been reported
(i.e., to determine whether a lamprey feeds discontinuously while it is attached to
a host). However, in a neurophysiological study, Kawasaki and Rovainen (1988)
concluded that feeding behavior of parasitic phase silver lamprey under laboratory
conditions was more labile and more complex than respiratory behavior with respect
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to sensory regulation, motor output, pattern generation, and sensitivity to stress and
higher centers.

It might seem that some attachment durations would be limited by the death of
the host, and it would be typical for a lamprey researcher to remove dead hosts from
aquaria promptly to limit the possibility of fungal or other diseases infecting lampreys
or other hosts. However, lampreys can sometimes be found attached to dead hosts
in the field (see Sect. 3.2), and captive lampreys may sometimes remain attached to
dead hosts (Beamish 1980) for up to several days (Philip A. Cochran unpublished
observations). Whether a lamprey is able to obtain some nutrition from a dead fish,
while perhaps waiting for a subsequent host, or whether this behavior is anomalous
or maladaptive is open to question, but it is likely that feeding on carrion is part of the
evolutionary history of the parasitic phase since it has occasionally been observed
in representatives of all three other recognized feeding modes (see Sect. 3.2). In any
case, the death of the host most often coincides closely with the termination of an
attachment.

Kawasaki and Rovainen (1988) noted that virtually nothing is known of appetite
and satiation in lampreys. An interesting question is whether the high lipid content
of some host species, such as paddlefish in the Wisconsin River (Cochran 2009)
and siscowet, a deepwater, fatty form of lake trout in Lake Superior, leads to more
rapid satiation of parasitic lampreys and shorter durations of attachment. This might
explain the high wounding rates coupled with apparently high survival observed in
both cases (Cochran et al. 2003b; Moody et al. 2011).

Finally, little information is available about the extent to which host behavior
in nature may contribute to the involuntary termination of lamprey attachments.
Anecdotal evidence suggests that lampreysmay be dislodgedwhen large hosts breach
(Cochran and Lyons 2010). In addition, it may be easier for hosts to scrape off
lampreys in natural habitats with boulders and other rough surfaces than in aquaria
or raceways with smooth surfaces.

3.5 Facultative Parasitism

There are two, and perhaps, three cases of facultative parasitism among the 23 oth-
erwise non-parasitic species of lampreys (Potter et al. 2015). Eight “giant” adults
of American brook lamprey Lethenteron appendix measuring 260–354 mm in total
length have been reported from Lake Huron and Lake Michigan basins (Manion
and Purvis 1971; Cochran 2008). These adults exceed the maximum total length of
240 mm reported for the larvae of the species (Mundahl et al. 2005) and, hence, must
have fed post-metamorphosis. It has been suggested that the otherwise non-parasitic
American brook lamprey feeds facultatively in the adult stage, either parasitically
(Manion and Purvis 1971) or on fish eggs or organic detritus (Vladykov and Kott
1980). Cochran (2008) found acanthocephalans in the guts of two of the giants, an
indication that these parasites were acquired through predatory feeding or carrion
feeding.
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Balon and Holčík (1964) reported a lamprey-induced wound on the side of a
European chub Squalius cephalus (reported as Leuciscus cephalus) in Jelešná Brook,
Orava Valley Reservoir basin, Slovakia. However, all 590 lamprey specimens, col-
lected from 10 localities throughout the basin (Holčík et al. 1965), belonged to the
non-parasitic Ukrainian brook lamprey Eudontomyzon mariae (reported as Lampe-
tra vladykovi). Such an instance of post-metamorphic feeding is probably rare in
the species as Abakumov (1966) found that Ukrainian brook lamprey adults from
the Kuban’ River basin, Russia, never develop a completely patent foregut, thus
effectively precluding their feeding.

Perhaps, American and Ukrainian brook lampreys have only relatively recently
diverged from their parasitic ancestors and on occasionwill exhibit atavistic behavior
(Renaud 1982; Docker 2009; see Chap. 4). An indication of that recent divergence,
at least in American brook lamprey, is the discovery of chloride cells in recently
metamorphosed individuals of this species (Bartels et al. 2011). This adaptation for
dealing with hypertonic marine conditions was apparently inherited from the Arctic
lamprey, its anadromous and parasitic ancestor, but is no longer required. However,
a study of the prevalence of chloride cells among all lampreys in relation to their
taxonomic relationships is needed to properly evaluate this link.

A third case of facultative parasitism may be that of the enigmatic population
of western brook lamprey in Morrison Creek, British Columbia, the taxonomically
unrecognized marifuga variety, in which feeding was observed in adults under labo-
ratory conditions, but not in the field (Beamish and Withler 1986; Beamish 1987b).
Renaud (1997) suggested an alternative hypothesis, that this population is in fact
a permanent freshwater form of the morphologically-similar, parasitic and usually
anadromous western river lamprey. Permanent freshwater forms of other anadro-
mous parasitic species are well known in theNorthernHemisphere Petromyzontidae,
occurring in the congeneric European river lamprey, as well as in Pacific lamprey,
Arctic lamprey, and sea lamprey (Renaud 1997; see Chap. 4). Further research is
needed to conclusively establish whether the Morrison Creek population feeds as an
adult in the natural environment and also whether it possesses chloride cells.

3.6 Conclusions

Post-metamorphic feeding behavior in lampreys is complex and highly variable in
terms of daily timing of attacks, host species, size and site selectivity, the duration
of attachments and the lethality of the attacks. While the functional morphology
and the main behavioral characteristics of the two principal modes of feeding (i.e.,
blood feeding and flesh feeding) are well established, much remains unknown. For
example, the hosts for four out of the 18 parasitic species have yet to be identified
and the duration of the feeding phase in six species has not been determined. Future
studies should seek to clarify these lacunae.
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Chapter 4
Life History Evolution in Lampreys:
Alternative Migratory and Feeding Types

Margaret F. Docker and Ian C. Potter

Abstract Despite their highly conserved body plan and larval stage, adult life his-
tory type in lampreys diverges on two main axes related to migration and feeding. Of
the 41–45 recognized lamprey species, 18 species feed parasitically after metamor-
phosis and their juvenile (sexually immature) feeding phase lasts from 3–4 months
to 2–4 years. Nine of these species are exclusively freshwater resident; five are
exclusively or almost exclusively anadromous, and four (sea lamprey, European
river lamprey, Arctic lamprey, and, to a lesser extent, Pacific lamprey) are largely
anadromous but with established freshwater populations. The other 23–27 described
species are non-parasitic “brook” lampreys which remain within their natal streams.
They initiate sexual maturation during metamorphosis, and, because the non-trophic
periods of metamorphosis and sexual maturation are superimposed, the parasitic
feeding phase is eliminated; this makes them the only vertebrates known to have
non-trophic adults. Body size at maturity varies dramatically among life history
types, ranging from ~110 to 150 mm total length (TL) in non-parasitic species to
800–900 mm TL in the anadromous sea lamprey. Freshwater forms are typically
intermediate in size, although those that inhabit small systems may be no larger
than non-parasitic lampreys and others (particularly the Great Lakes sea lamprey)
are quite large. Some anadromous species (most notably European river lamprey,
Pacific lamprey, and Arctic lamprey) show considerable intraspecific variation, con-
sisting of typical large-bodied forms and dwarf or “praecox” forms that appear to
feed at sea for a reduced period of time. Establishment in fresh water is more com-
mon in species that are consistently small-bodied or those with praecox forms. The
only exceptions are the very small-bodied western river lamprey (mean TL at matu-
rity ~200 mm), which does not produce freshwater parasitic forms (although it has
given rise to innumerable non-parasitic freshwater populations), and the sea lamprey
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which, despite its very large size, has successfully colonized the Great Lakes. Abun-
dant prey of a suitable size range is critical for establishment of freshwater para-
sitic populations. However, even with abundant prey, abandonment of anadromy is
expected only under circumstances where decreases in mortality and the costs asso-
ciated with migration make the reduction in size at maturity, and the accompanying
reduction in fecundity, worthwhile. Pacific lamprey generally fail to establish when
isolated above recently constructed barriers, likely because the reservoirs in which
they have been isolated are relatively small and because they appear to osmoreg-
ulate poorly in fresh water. However, because colonization of fresh water appears
to select for individuals “pre-adapted” to feed and grow to maturity in fresh water
(i.e., relying on existing genetic variation within the source population), probability
of establishment would likely increase with the number of founders. The existence
of three closely related freshwater parasitic species suggests that Pacific lamprey
successfully colonized fresh water in the past. Whether sea lamprey colonized Lake
Ontario and LakeChamplain post-glacially or in historic times is debated. At present,
the “invasion-by-canal” hypothesis appears to be the most convincing, but definitive
resolution should be possible with genome-level analyses. Given the decimation of
the Great Lakes ecosystem by sea lamprey, it is critical to be able to predict the
potential for anadromous lampreys to become invasive in other freshwater systems.
Migratory type is rarely considered a species-specific character unless it is accompa-
nied by identifiablemorphological differences. In contrast, variability in feeding type
has long been considered a species-specific character because size-assortativemating
was thought to result in reproductive isolation between parasitic and non-parasitic
forms. However, not all parasitic and non-parasitic forms appear to be reproduc-
tively isolated, and different species show different degrees of divergence from their
presumed parasitic ancestor. “Paired” non-parasitic species are defined as those that
are morphologically similar to a particular parasitic species in all aspects other than
body size, and “relict” brook lampreys are those that cannot be obviously paired with
extant parasitic forms. However, molecular analyses have: (1) identified the closest
extant parasitic relative to these relict species (although a few “orphan” species still
remain, where identification of the closest living relative still sheds little light on the
identity of the parasitic ancestor); (2) shown that the distinction between paired and
relict species is sometimes unclear; and (3) demonstrated that there is also consider-
able variation among paired species in the degree to which they are morphologically
and genetically differentiated from their parasitic ancestors. We review this “spe-
ciation continuum,” particularly in European river and brook lamprey populations
where recent genetic and genomic studies show significant gene flow between these
species where they co-occur (i.e., refuting assumptions of complete reproductive
isolation resulting from size-assortative mating) while also showing that there are
genome-level differences between the feeding types (i.e., refuting the hypothesis of
phenotypic plasticity). In sympatry, European river and brook lampreys appear to be
partially reproductively isolated ecotypes that nevertheless maintain distinct pheno-
types, because regions of the genome involved in reproductive isolation and local
adaptation resist the homogenizing effect of introgression. Interestingly, the results of
analyses used to reconstruct the demographic history of divergence in this species pair
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are inconsistent with recent and rapid divergence in sympatry following the recent
glacial retreat; rather, they support divergence in allopatry ~200,000–250,000 years
ago and re-establishment of secondary contact ~90,000 years ago. Some loci have
been identified that differ between the forms (e.g., the vasotocin and gonadotrophin-
releasing hormone 2 precursor genes), but an understanding of the genetic basis of
life history evolution in lampreys remains elusive. There appear to be strong parallels
between factors that promote or constrain loss of anadromy in parasitic species (and
reduction in duration of the feeding phase) and those that lead to or limit the evolution
of non-parasitism (i.e., total elimination of the feeding phase). Smaller-bodied para-
sitic species have been far more prolific in producing non-parasitic derivatives than
others; western river lamprey are already so small at maturity that “skipping” right
to a non-parasitic form represents a more profitable trade-off between mortality and
fecundity than freshwater parasitism. In contrast, there is a conspicuous absence of
brook lamprey derivatives from the large-bodied sea, pouched, andCaspian lampreys.
Our comparisons suggest that 300 mm TL (with a 10–12× reduction in fecundity) is
the cut-off above which shifts to non-parasitism would not be beneficial. Therefore,
we predict that Great Lakes sea lamprey is not an “intermediate” freshwater parasitic
form that will give rise to a non-parasitic derivative, because complete elimination of
the parasitic feeding phasewould represent too large (~40×) a reduction in fecundity.

Keyword Ancestral life history type · Contemporary gene flow · Ecotypes ·
Ecological constraints · Evolution of metamorphosis · Fecundity · Genetic basis of
life history type · Freshwater colonization · Invasive species · Life history
trade-offs · Non-parasitism · Non-trophic adults · Osmoregulation · Parasitism ·
Partial anadromy · Reproductive isolation · Speciation · Species pairs

4.1 Introduction

Lampreys (order Petromyzontiformes) are one of the two surviving groups of jawless
vertebrates. This small remnant group consists of three extant families and 10 genera.
A total of 41 species were recognized by Potter et al. (2015); 37 species in the
Northern Hemisphere are assigned to the family Petromyzontidae, and three and
one species of Southern Hemisphere lampreys are allocated to Mordaciidae and
Geotriidae, respectively. All lampreys have a protracted microphagous larval phase
(generally lasting ~3–7 years) which is spent in fresh water (see Dawson et al. 2015)
and culminates in a dramatic metamorphosis. During metamorphosis, all lampreys
develop a suctorial oral disc and tongue-like piston (both of which bear teeth) and
fully formed eyes, and they undergo a range of other anatomical, physiological, and
biochemical changes (see Manzon et al. 2015; Potter et al. 2015).

Despite their highly conserved body plan and larval stage, lamprey life history
type diverges at metamorphosis on two main axes related to migration and feed-
ing. At the completion of metamorphosis, 18 species remain sexually immature and
enter a trophic phase (the juvenile or parasitic feeding phase) in which they feed on
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the blood or tissue of predominantly actinopterygian fish hosts (see Chap. 3). The
parasitic phase lasts between a few months and 2 or more years, with the duration
varying among, and sometimeswithin, species. After the juvenile feeding phase, they
embark on a non-trophic upstreammigration (see Moser et al. 2015), undergo sexual
maturation (see Chap. 1), spawn, and die (see Johnson et al. 2015). Nine of the para-
sitic species remain in fresh water, usually feeding in either large lakes or rivers (see
Potter et al. 2015; Chap. 3). The remaining nine parasitic species are predominantly
anadromous, that is, feeding in marine environments (see Chap. 3) before returning
to fresh water to spawn. Mean size at maturity may be as small as ~125 mm total
length (TL) in freshwater species like theMiller Lake lamprey Entosphenus minimus
or as large as ~700 and ~900 mm in anadromous Pacific lamprey En. tridentatus and
sea lamprey Petromyzon marinus, respectively.

Within parasitic species, there is also variation with respect to migratory type
and duration of the feeding phase, and this intraspecific variation is often under-
appreciated. Migratory type is rarely considered a species-specific character unless
it is accompanied by identifiable morphological differences (Potter et al. 2015).
Three of the nine anadromous species (sea lamprey, Arctic lamprey Lethenteron
camtschaticum, and European river lamprey Lampetra fluviatilis) have given rise to
permanent freshwater-resident populations, and Pacific lamprey may have as well,
although the propensity of this species to establish in freshwater appearsmore limited
(Wallace and Ball 1978; Beamish andNorthcote 1989). In another two species (west-
ern river lamprey Lampetra ayresii and short-headed lamprey Mordacia mordax),
there are rare reports of at least some individuals remaining in fresh water throughout
their life cycle. Even greater life history diversity within species is apparent when
anadromous praecox forms are included. Praecox literally means “very early” (or
premature or early onset) and is used to refer to lampreys that feed at sea, but presum-
ably for a reduced period of time. Anadromous sea lamprey and pouched lamprey
Geotria australis appear to be consistently large (i.e., without any known praecox
forms), but Arctic, European river, and Pacific lampreys occur as both large “typical”
forms and smaller praecox forms (e.g., Abou-Seedo and Potter 1979; Kucheryavyi
et al. 2007). Within these species, taxonomic distinctions are rarely made between
typical and praecox forms, and, in many cases, there is not even a clear dimorphism
between the forms. In some rivers, bimodal distribution in the size of upstream-
migrating European river lamprey can be used to distinguish typical and praecox
forms (e.g., Abou-Seedo and Potter 1979), but often only a range of sizes (gener-
ally with differences among geographic regions) is evident. These differences are
thought to be partly attributable to intraspecific differences in the duration of the
marine feeding phase and differences in abundance and size of prey. These inter- and
intraspecific differences are generally referred to as variation in migratory type, but
where lampreys feed and for how long overlaps with the second axis of divergence,
feeding.

Variability in feeding type per se, specifically parasitic versus non-parasitic types,
has generally commanded more attention and appreciation than variation in migra-
tory type. This “parting of the ways” observed at metamorphosis (Hardisty 2006)
is more obviously dimorphic, and it has long commanded the interest of biolo-
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gists (e.g., Loman 1912). Non-parasitic “brook” lampreys spend their entire life in
fresh water. Like all lampreys, they enter a non-trophic metamorphosis at the end of
the larval phase; however, unlike parasitic lampreys, they initiate sexual maturation
during metamorphosis. As a result, the non-trophic periods of metamorphosis and
sexual maturation are superimposed, and the juvenile (parasitic) feeding phase is
eliminated. Lampreys are the only vertebrates known to have a non-trophic adult
(Hendler and Dojiri 2009), which is likely another reason variability in feeding type
has generally commanded more interest than variability in migratory type. In addi-
tion, conspicuous morphological differences distinguish non-parasitic adults from
parasitic forms, with the most notable difference being adult body size. Adult brook
lampreys will be smaller than the largest larvae, generally measuring ~110–150 mm
TL at maturity (see Docker 2009). The morphological similarity between several
pairs of non-parasitic and parasitic lampreys, and their often overlapping geographic
distributions, led to suggestions that particular brook lamprey species evolved from
a form similar to that of the extant parasitic lamprey (e.g., Hubbs 1925; Zanandrea
1959). Because it is generally thought that size-assortative mating would result in
reproductive isolation between parasitic and non-parasitic forms (e.g., Hardisty and
Potter 1971a; Beamish andNeville 1992), most lamprey taxonomists recognize feed-
ing type as a species-specific character. There is past (e.g., Enequist 1937) and con-
tinuing (e.g., Artamonova et al. 2011) debate on this subject (i.e., are paired species
“real” species?), but there is likely not a simple “one size fits all” answer to this
question.

There is also lack of agreement regarding whether geographically disjunct non-
parasitic derivatives of the samepresumed ancestor constitute one ormultiple species.
Thus, although there is little or no dissent regarding the number of recognizable
parasitic species (18), different taxonomies often vary in the number of non-parasitic
species recognized. Many of the past debates have largely been resolved (e.g., that
Pacific brook lamprey Lampetra pacifica is distinct from western brook lamprey La.
richardsoni), andPotter et al. (2015) recognized 23 species of non-parasitic lampreys.
However, there is continuing discussion whether three brook lamprey populations
from Portugal are distinct species (the Nabão lamprey Lampetra auremensis, Costa
de Prata lamprey La. alavariensis, and Sado lamprey La. lusitanica; Mateus et al.
2013a) or whether they are synonymous with European brook lamprey Lampetra
planeri (Potter et al. 2015). Another new brook lamprey species named Lampetra
soljani, which appears to be related to, but distinct from, the Po brook lamprey
Lampetra zanandreai, was recently described from the southern Adriatic Sea basin
(Tutman et al. 2017). Also, several genetically distinct populations may represent
new species that have not yet been formally described (e.g., Yamazaki andGoto 1996,
1998; Yamazaki et al. 2006; Boguski et al. 2012). We do not attempt to definitively
answer the question “exactly how many brook lamprey species are there?” We agree
with previous authors (Potter et al. 2015; Tuniyev et al. 2016) that, for the sake of
stability, lamprey taxonomy should not be hastily revised without full systematic
examination, and, for the most part, we follow the taxonomy of Potter et al. (2015).
However, we recognize the strengths and limitations of different species concepts
(seeDocker et al. 2015) and that the transition fromparasitic ancestor to non-parasitic
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forms represents a continuum (Docker 2009) that is difficult to objectively partition.
Thus, we mention these other newly described and as-yet-undescribed species here
in an attempt to provide a fuller discussion regarding the transition process itself.
Such discussion should help inform future decisions regarding species delimitation
in lampreys (see Chap. 7).

In this chapter, we synthesize the available information regarding lamprey life
history divergence on both migratory and feeding axes, and, by so doing, we attempt
to offer some novel insights into life history evolution in these ancient vertebrates.
We discuss the putative life history type of the ancestral lamprey and then attempt
to provide a greater appreciation for the breadth of life history diversity in extant
lampreys.We give an in-depth review of inter- and intraspecific variationwith respect
to migratory type within parasitic species, which we feel has been underappreciated
in the past. We also continue earlier discussions (e.g., Hardisty and Potter 1971a;
Potter 1980; Salewski 2003; Hardisty 2006; Docker 2009) on the evolution of non-
parasitism in lampreys, particularly with respect to insights provided from recent
genomic studies (e.g., Mateus et al. 2013b; Rougemont et al. 2017). In doing this,
we intend to provide a broader view of life history diversity in lampreys than has
been presented thus far and to move away from categorization of lampreys along two
independent axes: anadromous or freshwater-resident and parasitic or non-parasitic.
We extend the argument proposed by previous authors (e.g., Beamish 1985; Salewski
2003; Hardisty 2006) that variation in migratory type among and within parasitic
species is the “jumping-off point” for the evolution of non-parasitism. The common
factor in the transition from anadromy to freshwater residency and from parasitism to
non-parasitism is a reduction in size at maturity and fecundity. Thus, strong parallels
appear to exist between factors that promote or constrain loss of anadromy in parasitic
species (and generally reduction in duration of the feeding phase) and those that lead
to or limit the evolution of non-parasitism (i.e., total elimination of the feeding phase).

4.2 Life History of the Ancestral Lamprey

Amongmodern lampreys, parasitism is clearly the ancestral life history type.Modern
non-parasitic species retain teeth on their oral disc (albeit generally reduced) and buc-
cal glands that produce an anticoagulant necessary for parasitic feeding (see Docker
2009). However, this should not be interpreted as meaning that the earliest lampreys
were necessarily parasitic (presumably parasitism originated after the evolution of
fishes upon which they could feed) or that the only other alternative is that the ances-
tral lamprey life cycle was similar to that of modern non-parasitic lampreys (i.e.,
with an extended filter-feeding larval stage and an entirely non-trophic adult stage).
Likewise, although anadromy is considered ancestral among modern lampreys in
that anadromous species (most notably the sea lamprey) are known to colonize fresh
water (see Sect. 4.3.3), this does notmean that the ancestral lampreywas anadromous
or that the only other alternative is that it was entirely freshwater resident (i.e., the
two options among extant lampreys). Furthermore, although all modern lampreys
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share a highly conserved larval stage, parting ways only at metamorphosis, this does
not mean that the ancestral lamprey life history type included this larval stage. Here,
we use the life history and morphology of extant non-vertebrate chordates, the lim-
ited lamprey fossil record, and interpretations of the external environment of the
earliest fishes to make inferences regarding the evolution of metamorphosis and the
characteristic larval (“ammocoete”) stage in lampreys and to deduce the feeding and
migratory type of early lampreys.

4.2.1 Evolution of Metamorphosis and the Prolonged Larval
Stage

Many metazoan phyla undergo metamorphosis (i.e., indirect development), during
which they undergo dramatic physiological, molecular, behavioral, and ecologi-
cal changes as they transition from a larva to a morphologically distinct juvenile
(Bishop et al. 2006; Paris and Laudet 2008; Laudet 2011). Metazoans that undergo
metamorphosis include invertebrate taxa (e.g., insects, echinoderms), as well as the
non-vertebrate chordates (cephalochordates and urochordates) and some vertebrate
chordates (e.g., lampreys, eels, flatfishes, amphibians). Among allmetazoans, there is
clearlymore than one origin ofmetamorphosis, but there is still debate whethermeta-
morphosis evolved independently in those chordate lineages with it or whether it was
an ancestral feature of all chordates. Considerable morphological diversity exhibited
during metamorphosis in different chordate lineages has been used to support inde-
pendent origins (Sly et al. 2003; Heyland et al. 2005). In contrast, Paris and Laudet
(2008) suggested that the common role of a thyroid hormone-producing gland (the
endostyle or thyroid gland) in the metamorphosis of all chordates—although some-
times in apparently different ways and by mechanisms not fully understood (see
Manzon et al. 2015)—suggests an ancestral origin.

Whether the earliest vertebrates exhibited metamorphosis is also unknown. Some
authors (e.g., Northcutt and Gans 1983; Mallatt 1984, 1985) suggested that the ear-
liest vertebrates showed metamorphosis and that, like most extant non-vertebrate
chordates, they had a pelagic larval stage and benthic adult stage. Northcutt and
Gans (1983) suggested that the larvae were pelagic suspension feeders and the adults
were benthic predators; in contrast, Mallatt (1984, 1985) suggested that the larvae
were pelagic “raptorial” feeders (i.e., taking individual food particles from the water
column) and the adults were benthic suspension feeders. However, hagfishes, the
other extant ancient vertebrate lineage, are direct developers, meaning either: (1)
indirect development was not a trait shared by the last common ancestor of hagfishes
and lampreys, and lampreys since acquired the trait; or (2) hagfishes secondarily
abandoned metamorphosis. It is now generally accepted that hagfishes and lampreys
are each other’s closest living relatives (rather than lampreys sharing an ancestor
more recently with the gnathostomes, the jawed vertebrates; see Docker et al. 2015).
However, they have still been separated for long periods of evolutionary time, having
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diverged ~486–444 million years ago (Ma; Kuraku and Kuratani 2006), and, despite
retaining many ancestral vertebrate characteristics, both have become specialized
in their own ways. Many hagfish features once thought to be primitive (e.g., their
degenerate eyes) represent secondary losses associated with their deepsea habitat
(see Docker et al. 2015). Thus, cyclostome monophyly alone does not allow us to
distinguish between these two scenarios.

In this section, we address the questions: (1) did metamorphosis evolve in lam-
preys, or was it inherited from its early chordate or vertebrate ancestor? and (2) what
was the body form of the earliest lamprey (i.e., which came first: the ammocoete
or the adult)? Given the similarities in the body plans of modern lamprey larvae
and cephalochordates (i.e., lancelets or amphioxi), lamprey larvae are often taken as
representing the primitive early vertebrate bauplan (see Hardisty et al. 1989; Evans
et al. 2018). Because extant cephalochordates undergo subtle metamorphosis, where
the pelagic asymmetric larvae transform into benthic symmetric juveniles (Paris
and Laudet 2008), one might assume that the earliest lampreys underwent a sim-
ilar metamorphosis. However, several authors have concluded that early lampreys
did not, in fact, metamorphose (e.g., Youson and Sower 2001; Chang et al. 2014),
although there is a lack of agreement regarding the body form of lampreys prior
to the evolution of metamorphosis. Youson and Sower (2001), whose argument has
been termed the “larval-first” hypothesis by Evans et al. (2018), suggested that early
lampreys were marine and probably resembled the larvae from which the urochor-
date larvaceans were derived. These authors proposed that metamorphosis (giving
rise to a sedentary benthic adult) appeared later after entry into fresh water, where the
iodide-concentrating efficiency of the endostyle was a critical factor in the evolution
of metamorphosis (Youson and Sower 2001; Youson 2004). Diogo and Ziermann
(2015), based on the anatomy and development of chordate cephalic muscles, con-
cluded that the inferred adult muscles of the last common ancestor of vertebrates are
strikingly similar to the condition that is present in the lamprey larva, and likewise
support the suggestion that the adult lamprey phenotype is derived. However, the
assumption that a blind protochordate-like stage is the ancestral lamprey body form
is inconsistent with our understanding that the earliest vertebrates were characterized
by a suite of advancements that included a cranium and pronounced cephalization
and a set of highly specialized paired sense organs (including image-forming eyes
and a lateral line; see Docker et al. 2015).

Also, the larval-first hypothesis is not concordant with the fossil evidence. To
date, lamprey fossils mostly resemble very small modern lamprey juveniles or adults
(i.e., following metamorphosis, when the lamprey is sexually immature or mature,
respectively); evidence of animals resembling modern larval lampreys is not known
before 125 Ma—although one that may have been a larva dates back to ~320 Ma
(Chang et al. 2014). From the oldest fossils, which had not yet been discovered when
Youson and Sower (2001) proposed that the earliest lampreys were likely larva-like,
to the most recent, the known fossils of lampreys can briefly be described as follows:

• Priscomyzon riniensis, from upper Devonian marine or estuarine deposits
(~360 Ma) in South Africa, had clearly developed eyes, a large oral disc, and



4 Life History Evolution in Lampreys: Alternative Migratory … 295

circumoral teeth, but its TL was only 42 mm (Gess et al. 2006). Apart from its
small size and differences in body proportions (e.g., an oral disc proportionately
larger than in living lampreys), it looked astonishingly like modern juvenile or
adult lampreys.

• Hardistiella montanensis from lower Carboniferous deposits (~320 Ma) in Mon-
tana resembled modern juvenile or adult lampreys less clearly (Janvier and Lund
1983). There was no evidence of an oral sucker, and instead, the mouth may have
been surroundedby a simple oral hood similar to that ofmetamorphosing lampreys.
The holotype measured ~115 mm TL. A 50-mm lamprey fossil from this same
locality could be a larval lamprey, but poor preservation has prevented definitive
identification (Lund and Janvier 1986). Another specimen (<100mmTL) reported
by Janvier et al. (2004) also showed no trace of preserved cranial cartilages (e.g.,
no piston or annular cartilages), but evidence of a “large, globulous” snout was
taken as support for the presence of a sucking device.

• Mayomyzon pickoensis from upper Carboniferous (~280 Ma) deposits in Illinois
(Bardack and Zangerl 1968, 1971) clearly possessed many of the morphological
and anatomical characters of the adults of extant lampreys. Although an oral disc
and circumoral dentition were not evident, an annular cartilage (which maintains
the structural integrity of the oral disc), a piston cartilage (which implies the pres-
ence of a rasping tongue), and dorsolateral eyes were apparent. Again, however,
the specimens were small; the holotype (which was a presumed adult) measured
only 48 mm TL and presumed juvenile specimens measured 33–61 mm TL.

• Mesomyzonmengae from lowerCretaceous (~125Ma) freshwater shale deposits in
China had awell-developed oral disc and a long snout; it possessed ~80myomeres,
but was still relatively small (~85 mm TL). However, Chang et al. (2014) subse-
quently discovered well-preserved fossils of larval (40–67 mm TL) and metamor-
phosing (82–94 mm TL) M. mengae. The larval specimens looked “surprisingly
modern,” exhibiting tiny eyes, an oral hood and lower lip, and detritus in the gut.
The fossils presumed to be metamorphosing lampreys had enlarged eyes and a
thickened oral hood or pointed snout; an oral disc was not evident, but it was
assumed that these individuals represented early stages of metamorphosis (see
Manzon et al. 2015).

Therefore, the larval form and “three-phased” life cycle (i.e., with larval, meta-
morphosing, and adult stages) appear to be derived characters in lampreys. Chang
et al. (2014) proposed that lampreys initially evolved without (or with at most a
limited) larval period, and relied on the juvenile/adult form for all or the majority
of their lives; they suggested that introduction (and subsequent lengthening) of the
larval stage and metamorphosis came later. Evans et al. (2018) referred to this as the
“juvenile-first” hypothesis. Hardisty et al. (1989) similarly indicated that, even if a
larval phase had been present in early lampreys, it would have been of only short
duration. The absence of clear larval lamprey fossils prior to 125Ma, of course, does
not rule out a considerably earlier origin, particularly given the fossil of a possible lar-
val H. montanensis specimen from ~320 Ma. The fact that all extant lampreys share
this highly similar triphasic life cycle suggests an origin that predates the separation
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of Northern and Southern Hemisphere lampreys. Using molecular data, Kuraku and
Kuratani (2006) placed the divergence between the families Petromyzontidae and
Geotriidae at 280–220 Ma, and the split between the two Southern Hemisphere fam-
ilies (Geotriidae and Mordaciidae) is assumed to have occurred at approximately the
same time (Gill et al. 2003; Potter et al. 2015). This means that the modern lamprey
life cycle had evolved by 280–220 Ma; otherwise, we would have to accept that
it evolved independently in each lineage, which is not likely considering that the
features of this life cycle are so highly conserved among all extant lampreys.

A third hypothesis has been proposed by Evans et al. (2018). Similar to the larval-
first and juvenile-first hypotheses, Evans et al. (2018) suggested that the earliest
lampreys were without a distinctive metamorphosis and only underwent gradual
ontogenetic changes during development. However, Evans et al. (2018) suggested
that initially early lampreys had a body form somewhat intermediate between that of
modern larvae and modern juveniles/adults. In fossil specimens, the external (more
obvious) features resemble the juvenile/adult form, but the position of the otic cap-
sules and other features (more subtly) resemble modern lamprey larvae. They fur-
ther proposed that, during the evolution of lampreys, the “larval” characters became
segregated in the beginning of the life cycle and appearance of the “juvenile” charac-
ters was delayed; eventually, development of the juvenile characters was condensed
into (and accelerated during) the distinct phase of metamorphosis following a pro-
gressively longer larval stage. Elongation of the larval stage and reactivation of
development at metamorphosis is evident in modern lampreys in such processes as
gonadal differentiation (e.g., with testicular differentiation delayed until the onset
of metamorphosis; see Chap. 1) and eye development (which appears to “pause”
after reaching a very immature stage before resuming near the end of the larval stage
and at metamorphosis; Suzuki and Grillner 2018). Evans et al. (2018) termed their
hypothesis the “condensation” hypothesis, in line with terminology used to describe
the evolution of metamorphosis in other organisms (e.g., Schoch and Fröbisch 2006).
Here, to contrast this hypothesis more explicitly to the “larval-first” and “juvenile-
first” hypotheses, we refer to this hypothesis as the “segregation and specialization”
hypothesis. Early lampreys were neither larva-like nor juvenile-like, but, over time,
the larval and juvenile characters became segregated during development, which
allowed each form to become more highly specialized. Colonization of fresh water
(see Sect. 4.2.4) and exploitation of new trophic niches (see Sect. 4.2.2) may have
selected for increasingly specialized larval and juvenile forms, respectively. A radical
metamorphosis was required to effect the transition between these now distinctive
periods, and the modern lamprey life history appeared. With the specialized larval
and juvenile forms, each well-adapted to their respective environments, the growth
potential of each period was maximized, enabling the large body size that now char-
acterizes modern parasitic lampreys. As outlined above, evolution of this dramatic
metamorphosis would have occurred at least 280–220 Ma.

As a final point when discussing the various hypotheses regarding the evolution
of metamorphosis in lampreys, it should be noted that there is little or no sup-
port for a fourth hypothesis, the so-called “larval transfer hypothesis” (Williamson
2012). This hypothesis contends that lampreys and hagfishes had no larvae until an
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ancestor of modern lampreys acquired larvae by hybridizing with a cephalochor-
date; hagfishes, which never crossed with a cephalochordate, retained their direct
development. Williamson’s “long-cherished hypothesis” of a hybrid origin of other
organisms with complex life cycles (e.g., Williamson 2001, 2009) has largely been
discredited (e.g., Hart and Grosberg 2009; Minelli 2010).

Evans et al. (2018) reviewed the evolution of metamorphosis in two other groups
of animals with complex life histories, insects and amphibians, and there are consid-
erable similarities between the “condensation” or “segregation and specialization”
hypothesis proposed for lampreys and the sequence of events that has been proposed
for these other taxa. Early insect lineages did not undergo metamorphosis; instead, a
continuous progression from egg to embryo to adult occurred (Truman and Riddiford
1999). Complete metamorphosis in insects evolved ~280–350 Ma and has largely
been credited with fueling their dramatic radiation, because it presumably enabled
stage-specific specializations to different habitats (Truman and Riddiford 1999;
McMahon and Hayward 2016). Metamorphosis permitted the extreme adaptation of
one stage for a particular role, such as dispersal, and allowed structures (e.g., wings)
to be delayed in their appearance until needed (Truman and Riddiford 1999; Haug
et al. 2016). Insect phylogeny shows a progression from groups that are ametabolous
(nometamorphosis) to those that are hemimetabolous (partial metamorphosis, where
there are more subtle differences from the younger stages to the adult, but not requir-
ing a radical reshaping of the body at any time) to the most derived groups that are
holometabolous (complete metamorphosis, with a radical change from a larva to
the juvenile/adult) (Engel 2015). If we were to use the same terminology in lam-
preys, early lampreys appear to have been ametabolous and all modern lampreys
are holometabolous; by the suggested “segregation and specialization” hypothesis,
hemimetabolous might be an appropriate term to describe lampreys during the initial
stages of segregation and specialization.

Early amphibians were also direct developers (Schoch 2009), and metamorphosis
is thought to have evolved by ~300 Ma (Schoch and Fröbisch 2006). The devel-
opment of juvenile characters was initially delayed but was then accelerated and
condensed into the distinct phase of metamorphosis (Schoch 2009). As with insects
and lampreys, this dramatic metamorphosis allows amphibian larvae and adults to
efficiently exploit different resources, with amphibian larvae using suction feeding in
an aquatic habitat and adults generally becoming adapted to the capture of terrestrial
insects with tongue-supported feeding (Schoch 2009, 2014). However, unlike extant
lampreys, some amphibians have since reduced or eliminated metamorphosis; some
direct-developing frogs and salamanders show only vestiges of metamorphosis dur-
ing early development, and other salamanders (e.g., axolotls, mudpuppies, some tiger
salamanders) have eliminated metamorphosis completely, and retain larval charac-
teristics and remain in aquatic habitats as adults (Johnson and Voss 2013).

Thus, although lampreys are often used as model ancient vertebrates, the life his-
tory type of extant lampreys appears not be representative of the earliest vertebrates.
However, we have been able to make inferences only about the life cycle of early
lampreys, but not necessarily the earliest lampreys. The lamprey and hagfish lineages
are thought to have diverged ~486–444 Ma (Kuraku and Kuratani 2006), although
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this only indicates when they last shared a common ancestor and not necessarily the
origin of lampreys per se. Considering the stability of lamprey morphology in the
past 360 Ma, Janvier (2008) indicated that it would not be surprising if recognizable
fossil lampreys “turned up” 50 or 100 Ma earlier. However, the above arguments do
suggest that the dramatic metamorphosis that characterizes all modern lampreys was
not present in the earliest known lampreys (~360 Ma), but had evolved by at least
280–220 Ma.

4.2.2 Origin of Parasitism

The earliest known fossil lamprey, Priscomyzon riniensis from ~360Ma, had a large
oral disc and circumoral teeth (Gess et al. 2006), but it was very small (42 mm TL).
No oral disc was evident in Mayomyzon pickoensis from ~280 Ma, although the
annular cartilage that supports the oral disc in extant lampreys is evident (Bardack
and Zangerl 1968, 1971). Hardisty et al. (1989) suggested that the small size of M.
pickoensis (48 mm TL in the adult holotype) and apparent lack of circumoral teeth
made it unlikely that this species fed parasitically, and there was no evidence of
parasitic feeding on other vertebrates in the deposit in which it was found. However,
Hardisty et al. (1989) indicated that the presence of a piston cartilage suggests that
it might have fed on carrion (as some extant lampreys do; see Chap. 3) or even
browsed on surface algal films. As reviewed above, it appears that metamorphosis in
lampreys had evolved by ~280–320 Ma, which permitted subsequent specialization
and elongation of both the larval and juvenile forms (see Sect. 4.2.1). Thereafter, the
juvenile form became fully specialized to take advantage of the newly diversifying
jawed fish fauna, while the larval form became specialized to take advantage of newly
hospitable freshwater environments (see Sect. 4.2.4).

We do not know on what the earliest parasitic lamprey would have fed, but, based
on known hosts of extant lampreys (see Chap. 3), we would assume that they would
have a general preference for fishes with few or small scales but that their tastes oth-
erwise would have been rather catholic (meaning, in this context, “all-embracing” or
“including a wide variety of things”). Some groups of armored jawless fishes are evi-
dent in the fossil record 488–443 Ma (Janvier 2007) and were diverse and abundant
during the Devonian “Age of Fishes” (~419–359 Ma; Janvier 1996), but the armor
likely limited lamprey feeding opportunities. Fossils of scales and dermal denticles
indicate that cartilaginous fishes date back to ~455 Ma (Janvier 1996), but, notwith-
standing the observation that sea lamprey may sometimes feed on sharks (Wilkie
et al. 2004), cartilaginous fishes are not common hosts of modern parasitic lampreys.
Thus, evolution of the ray-finned fishes ~439–383 Ma (class Actinopterygii, which
includes sturgeons, paddlefishes, gars, bowfins, and teleosts) and diversification of
some of the earliest extant teleost lineages ~333–286Ma (Near et al. 2012) may have
presented the first substantial parasitic feeding opportunities for juvenile lampreys.
The salmoniform/esociform lineage (e.g., giving rise to salmonids and pikes) and
clupeomorphs (e.g., herrings) arose and began diversifying by ~201–145 Ma and
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252–201 Ma, respectively (Near et al. 2012). Clupeomorphs had a broad distribu-
tion in freshwater, marine, and brackish environments by 145–66 Ma (Vernygora
et al. 2016). Hardisty et al. (1989) likewise concluded that suitable thin-scaled fishes
similar to those used by modern lampreys to sustain rapid growth and attain large
body size would not have been available before the end of the Carboniferous period
(i.e., before ~299 Ma). Presumably, extension of the juvenile parasitic feeding phase
occurred gradually, as growth opportunities increased, and perhaps with the evolu-
tion of anadromy, since larger body size might have been required to withstand the
distance and rigor of upstream migrations (see Sect. 4.2.4). It is entirely feasible that
this gradual extension of the juvenile feeding phase occurred independently in each
lineage following separation of Northern and Southern Hemisphere lampreys, once
the fundamental aspects of the modern lamprey life cycle that provided the capacity
for growth were established.

With respect to the mode of feeding of the earliest parasitic lampreys, among
modern parasitic lampreys, Potter and Hilliard (1987) concluded that blood feeding
is ancestral. They argued that blood feeding would be less detrimental (to the hosts
and thus, ultimately, to the lampreyswhich depend on them) in less productivewaters.
Blood is a renewable resource if the rate of feeding is not excessive relative to the
size of the host, and the wounds would be smaller and less likely to be fatal. They
concluded that flesh feeding came later, with access to smaller but more plentiful
coastal fishes (e.g., herrings and other clupeids) or where lampreys travel farther
offshore to feed in very productive waters (see Chap. 3; Sect. 4.4.2).

4.2.3 Origin of Non-parasitism

Even if the earliest lampreyswere not parasitic (see Sect. 4.2.2), they did not resemble
modern non-parasitic lampreys. Modern non-parasitic lampreys, which retain clear
vestiges of the parasitic feeding mode, are derived from parasitic lampreys through
a subsequent abandonment of the parasitic feeding phase (see Docker 2009). Non-
parasitic derivatives of parasitic species are known in both hemispheres in two of
the three extant families, Petromyzontidae and Mordaciidae. However, unlike the
evolution of metamorphosis and the modern triphasic life cycle, the complexity and
similarity of which would necessitate that it evolved once and was inherited in each
of the extant families from their common ancestor, elimination of parasitic feeding
can occur independently. In fact, even within the Petromyzontidae, non-parasitism
has evolved independently in six of the eight genera and within genera as well (see
Docker 2009; Sect. 4.6). In general, it is easier to lose complex traits than it is
to acquire them because, from a strictly genetic point of view, most mutations are
more likely to be degenerative than constructive (see Strathmann and Eernisse 1994;
Gompel and Prud’homme 2009). Of course, evolution of non-parasitism in lampreys
did not just involve a mutation that prevented feeding following metamorphosis;
such mutations are unlikely to have been adaptive. The evolution of non-parasitism
appears to have required a heterochronic shift in development that accelerated sexual
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maturation relative to metamorphosis (Docker 2009). We still know nothing regard-
ing the genetic basis for this acceleration of sexual maturation or the extent to which
the genetic changes are parallel among different independently derived species (see
Sects. 4.6.3.3 and 4.6.3.4). However, for the most part, regardless of the genetic
mechanism, we would expect acceleration of sexual maturation relative to metamor-
phosis to produce similar phenotypic results evenwhen occurring independently. The
non-trophic period of metamorphosis would merge with the non-trophic period of
sexual maturation, resulting in elimination of the intervening juvenile feeding phase
and eventual degeneration of the teeth and other structures associated with feeding
(Docker 2009).

Nevertheless, apart from saying that non-parasitism did not need to evolve in the
ancestor to all modern lampreys (i.e., before 280–220 Ma), we cannot say when the
feeding phase was first eliminated. On the basis of mitochondrial DNA (mtDNA)
sequence data, some of the oldest extant non-parasitic species are estimated to have
diverged from any known parasitic species a few to several million years ago (e.g.,
least brook lamprey Lampetra aepyptera at least 2 Ma, and the Macedonia and
Epirus brook lampreys Eudontomyzon hellenicus and Eu. graecus at least 5.5 Ma;
see Sect. 4.6.2). However, given the increasing appreciation of the “non-clock-like”
nature of mtDNA (see Galtier et al. 2009) and general concerns regarding the pre-
cision of molecular timescales (Graur and Martin 2004), these divergence times are
very likely underestimates. In the least brook lamprey, Martin andWhite (2008) sug-
gested that a vicariance event during the Pliocene (~5.3–2.6 Ma) produced strong
phylogeographic structuring (see Sect. 4.6.2.3), which suggests that the species itself
is considerably more than 2 million years old. Furthermore, these estimates do not
represent the age of these species per se, only the approximate time since divergence
from other extant species and certainly should not be interpreted as representing the
first non-parasitic species. It has been suggested that non-parasitic species are more
prone to extinction than parasitic species, because they typically show amore limited
distribution and smaller populations (Spice et al. 2019). Older non-parasitic species
will have become extinct but new ones will have evolved.

Despite the elimination of post-metamorphic feeding, all lampreys still undergo
metamorphosis, unlike paedomorphic salamanders where elimination of metamor-
phosis has evolved rapidly and independently multiple times (Page et al. 2010; John-
son and Voss 2013). Metamorphosis in lampreys is energetically costly, requiring
extensive remodeling of the body and subsequent maturation of the gonads while the
lamprey is not feeding for 6–10 months (Docker 2009). Therefore, since it has been
retained in all lampreys, it appears that the changes associated with metamorphosis
are required, not just for parasitic feeding during the juvenile phase, but also for
reproduction (Manzon et al. 2015). The oral disc that is a key feature of parasitic
lampreys is also used by brook lampreys to attach to rocks during the short upstream
migration, during nest building, and for attachment to mates during spawning (see
Johnson et al. 2015). Other aspects ofmate choice and reproductionmay rely on adult
sensory capabilities (Johnson et al. 2015). Youson and Sower (2001) suggested that a
complex interplay between the thyroid and reproductive axes evolved during and sub-
sequent to the evolution of metamorphosis in lampreys, and the two may not be easy
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to disentangle. There has been one report of apparent paedomorphism or neoteny in
lampreys (Zanandrea 1957), but the general view is that true paedomorphism is not
present in any extant lamprey species (Vladykov 1985). Zanandrea (1957) reported
finding 12 Po brook lamprey larvae that showed well-developed ovaries with eggs
that were in an advanced state of maturity. One larva had well-developed secondary
sex characteristics (e.g., enlargement of the dorsal fins and urogenital papilla) and a
transparent body wall through which the eggs could be seen. The endostyle and other
larval features were still visible, and there was no evidence of any post-metamorphic
features except for the well-developed ovary. However, artificial fertilization of the
eggs was not attempted, so it is unknown if they were viable. The Po brook lamprey
is considered to be an older “relict” non-parasitic species (see Sect. 4.6.2), so it is
possible that the changes associated with the heterochronic shift in the timing of
sexual maturation relative to metamorphosis produced rare individuals that began
gonadal maturation in the absence of metamorphosis. However, there is no evidence
that it could have successfully reproduced without completing a full metamorphosis.

4.2.4 Marine or Freshwater Origin of Lampreys

For decades, biologists and paleontologists have debated whether the vertebrates
originated in the sea or in freshwater. This question is not trivial; differences between
these two habitats would have involved much more than just the salt content of the
water (i.e., it is not just a question of the osmoregulatory abilities of the earliest
vertebrates), but also has profound ecological and evolutionary implications. When
vertebrates arose (~500Ma), the seas possessed a rich and diverse fauna while fresh-
water rivers and lakes are believed to have lacked multicellular animals and were
rather unproductive (Halstead 1985). This would mean that, if the vertebrates origi-
nated in the sea, they would have evolved under conditions of diverse and abundant
food supplies but with intense predation and competition. In fresh water, on the other
hand, there would have been few predators or competitors, but food sources would
have been limited to algae and other unicellular organisms (Griffith 1987, 1994).
Arguments for a freshwater origin were based on some geological evidence suggest-
ing that, at least in North America, early vertebrate fossils appeared to originate from
freshwater localities, as well as the “naïve” suggestion that the streamlined shape
of fish was a direct response to the flow of running waters and the “more sophis-
ticated views” of Smith (1953) that the glomerular kidney evolved as a means of
combating the problem of osmosis in fresh water (Halstead 1985). In fact, Romer
(1955) concluded “I see no reason for serious consideration of a marine history for
the early vertebrates.” However, hagfishes also have a glomerular kidney, and it was
subsequently concluded that the evolution of the glomerular kidney did not depend
on a freshwater environment for its initial development (see Halstead 1985). For the
most part, the argument has since been “conclusively settled in favor of a marine
origin for the vertebrates,” because all the non-vertebrate chordates (and hagfishes)
are exclusively marine and the earliest vertebrate fossils come from marine environ-
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ments (see Holland and Chen 2001; Janvier 2007). A third argument proposes that
the early vertebrates were anadromous. Griffith (1987, 1994) suggested that marine
“pre-vertebrates” invaded food-rich estuaries where, given the large fluctuations in
salinity in these environments, they evolved osmoregulatory features that enabled
reproduction in freshwater. Since fewer competitorswould have been present in fresh
water, it provided a safe haven from predators, although at the expense of growth.
Slow-growing filter-feeding larvae developed in fresh water, and adults subsequently
returned to sea to feed. Griffith (1987, 1994) argued that many of the characteristic
vertebrate features (cephalization, paired sensory organs, complex endocrine system)
could have evolved as a response to the demands of anadromous migrations and sea-
sonal spawning. However, these are the same arguments given for a somewhat later
invasion of fresh water by marine vertebrates (see below), and it is more likely that
anadromy was a later addition to the repertoire of many fishes; evidence suggests
that anadromy was acquired secondarily and independently within multiple lineages
(McDowall 1988, 1993; Hardisty et al. 1989; Dodson et al. 2009).

Whether the earliest lampreys were marine, freshwater, or anadromous involves
similar arguments. The earliest known fossil lamprey from~360Mawas recovered in
marine or estuarine deposits (Gess et al. 2006). Fossils from~320Mawere also found
in marine deposits (Janvier and Lund 1983), although a third specimen reported by
Janvier et al. (2004) was found in an area that would have shown wide fluctuations in
salinity ranging from brackish (slightly salty) to hypersaline conditions.Mayomyzon
pieckoensis from ~280 Ma was recovered in a diverse collection of ~300 predom-
inantly marine species, which suggests a coastal deltaic area of fluctuating marine
and fresh waters (Bardack and Zangerl 1971). The fact that the lampreys were well
preserved suggests a rapid death and burial in the area of deposition, but it cannot be
determined with certainty whether they lived in fresh or marine waters.Mesomyzon
mengae from ~125 Ma represented the first lamprey fossil from unambiguous fresh-
water deposits; it was foundwith other freshwater or terrestrial animals, and therewas
no indication that the area had any connection with the sea since the Triassic period
(~250–200 Ma; Chang et al. 2006). The first (and only) definitive larval lamprey
fossils were also recovered from these deposits (Chang et al. 2014; see Sect. 4.2.1).

However, Lutz (1975) suggested that lampreys evolved in fresh or brackish water
based on their relatively low serum osmolality relative to marine fish species. The
very low blood concentrations of Na+ and Cl− in larval lampreys in particular (and
juveniles to a lesser extent) was used as support for a relatively long history of life
in fresh water; Na+ and Cl− concentrations were similarly low in lungfishes and
polypteroids (bichirs), which are “presumed never to have left freshwater” (Hardisty
et al. 1989). It has also been argued that the early life stages of fish species survive
best in the type of osmoregulatory environment ancestral to the group (seeMcDowall
1993), likewise suggesting a freshwater origin of lampreys since modern-day lam-
prey larvae are generally unable to osmoregulate in water with salinities higher than
~28% sea water (i.e., ~10 parts per thousand, ppt; see Dawson et al. 2015). Further-
more, Hardisty et al. (1989) argued that the small size of the earliest lampreys (see
Sect. 4.2.1) would likely have imposed a greater osmotic stress in full-strength sea
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water, leading to the conclusion that early lampreys lived in a stable and predomi-
nantly freshwater or brackish environment.

Nevertheless, the above evidence and arguments are not entirely contradictory;
the overlap appears to be the suggestion that the earliest lampreys occupied brack-
ish environments. Janvier (2007) stressed that, during the Devonian (419–360 Ma),
the continental margins were occupied by vast deltas and tidal flats, and that the
environment of most fishes during this time (and probably earlier) was most likely
comparable to present-daymajor tropical deltas andmangroves. Coastal deltaic areas
would have been supplied by numerous slow flowing streams, and they would have
provided diverse habitats with respect to salinity and depth (Hardisty et al. 1989).
Furthermore, the reasoning made by Lutz (1975) cannot distinguish between evo-
lution in fresh (or brackish) water and a subsequent long history of life in fresh
water.

Thus, it appears that the earliest lampreys were likely marine, but they proba-
bly lived in coastal areas of fluctuating salinity that “prepared” them for subsequent
invasion of fresh water following the development of terrestrial flora and more hos-
pitable inland areas. The first true plants emerged onto land 470–425 Ma (Gibling
and Davies 2012), and the earliest known trees date back to 385 Ma (Stein et al.
2007). The evolution of terrestrial plants led to the development of soils and terres-
trial animal assemblages (Gibling and Davies 2012). Before this, inland streams and
rivers would have been unproductive and, without stabilizing vegetation, extremely
“flashy” (i.e., where water levels rise very quickly, making rivers prone to flooding).
This timing is consistent with the suggestion that the larval stage and metamorphosis
had evolved in lampreys by 280–220 Ma and may have been evident by ~320 Ma.

Early freshwater environments were relatively unproductive, but they also sup-
ported few predators, providing a “safe haven” for reproduction and rearing of early
developmental stages. As suggested by Hardisty et al. (1989) and Evans et al. (2018),
the development of the larval stage in the lamprey life cycle likely coincided with
the invasion of fresh water, followed by subsequent specialization to the new envi-
ronment. A pelagic larval stage would have been maladaptive in flowing water, for
example, selecting for the evolution of the benthic (burrowing) larval stage. Sub-
sequent elongation of the larval period would have taken advantage of the safe but
relatively unproductive fresh waters, and size at metamorphosis approached that of
at least some modern lampreys by ~125 Ma (see Sect. 4.2.1). Thus, metamorphosis
in lampreys, insects, and amphibians appears to have evolved at similar times to take
advantage of the opportunities presented by newly hospitable terrestrial or inland
habitats.

The above discussion still does not address the question of whether, following
colonization of fresh water for reproduction, early lampreys restricted their fresh-
water use to reproduction and rearing of the filter-feeding larval stage (i.e., were
anadromous, returning to more productive marine coastal areas to feed as adults) or
were entirely freshwater resident. Growth opportunities for the juvenile stage would
clearly be better in the marine or estuarine environment (particularly given the espe-
cially depauperate nature of fresh waters at that time), but duration of the juvenile
stage and size achieved during feeding at sea likely increased only gradually over
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time. Long feeding and spawning migrations characterized by some of the largest
extant anadromous lamprey species were likely not a feature of the earliest anadro-
mous lampreys. Based on plasma osmolalities of juvenile lampreys, Lutz (1975)
and Hardisty et al. (1989) concluded that there has been a relatively recent origin of
the marine feeding phase in lampreys. The freshwater lamprey genus Ichthyomyzon
either evolved in fresh water or has been freshwater resident for long periods of
evolutionary time (Bartels et al. 2012; see Sect. 4.3.2.4), but again this observation
only allows us to determine that they have been in fresh water for a “relatively” long
period. Regardless, the life history of the earliest lampreys that invaded fresh water
was still not entirely similar to either extant anadromous or freshwater-resident par-
asitic lampreys. Despite their highly conserved body plan—which allows 360-Ma
fossils to be immediately recognizable as lampreys—the above discussion indicates
that there was likely a gradual transition in terms of life history from the earliest
lampreys to those seen in modern forms and subsequent diversification in migratory
and feeding types.

4.3 Variation in Migratory Type

Parasitic lampreys exhibit two basic migratory types, anadromous and freshwater-
resident, and anadromous lampreys are sometimes divided into the large-bodied
forms (“forma typica”) and the smaller-bodied “forma praecox.” Praecox lampreys
are assumed to have a reduced marine phase relative to the typical form (e.g., Abou-
Seedo and Potter 1979), although differences in the quantity or quality of available
host fishes cannot be ruled out. The term praecox (not to be confused with Mor-
dacia praecox, the non-parasitic precocious lamprey or Australian brook lamprey)
has sometimes also been used to refer to freshwater-resident parasitic forms that
are also generally smaller than anadromous forms (e.g., Hardisty 1986a; Maitland
et al. 1994) or without distinction between small-bodied anadromous and freshwa-
ter forms (e.g., Berg 1948). Here, however, we use the term praecox to refer only
to the smaller-bodied anadromous form. Some anadromous lampreys also appear
to show considerable intraspecific variation with respect to migration timing (also
known as run timing). Although some species show little intraspecific variation in
the onset and duration of their upstream migration (e.g., sea lamprey and pouched
lamprey appear to consistently enter fresh water 1–2 and 15–16months, respectively,
prior to spawning), others (e.g., Caspian and European river lampreys and, to some
extent, Pacific lamprey) show variation among and within populations (see Moser
et al. 2015; Chap. 1). For the non-anadromous lampreys, we use the term freshwater-
resident to describe those that spend their entire life cycle within fresh water (i.e.,
excluding anadromous species that feed prior to or during outmigration to sea; see
Sect. 4.3.4.4). Freshwater-resident populations (including all non-parasitic “brook”
lampreys; see Sect. 4.6) are also sometimes referred to as potamodromous (i.e.,
showing directed movement within fresh water; Moser et al. 2015). The term “land-
locked” is also frequently used, although many of these populations retain access to
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the sea, and, in some locations, freshwater and anadromous lampreys co-occur in a
lake basin (e.g., European river lamprey in Lake Ladoga and Arctic lamprey in the
Naknek River system; Sects. 4.3.4.2 and 4.3.4.3). In most cases, however, the major-
ity of freshwater species or populations (e.g., sea lamprey in the Great Lakes, Arctic
lamprey in Great Slave Lake) appear to be permanently freshwater resident without
any individuals that go to sea. Whether or not the former cases represent polymor-
phismwithin a single population or spatially overlapping (but reproductively isolated
and genetically determined) ecotypes has not yet been tested.

Of the 18 extant parasitic lamprey species, nine are exclusively freshwater resi-
dent and nine are largely anadromous, but with at least some reports of freshwater-
resident populations in all but two of these species. Some of the freshwater-resident
species and populations are clearly derived from anadromous species (e.g., the three
freshwater-resident parasitic species in the genus Entosphenus and the Great Lakes
sea lamprey); in constrast, others (e.g., species in the genus Ichthyomyzon) appear to
have evolved in or been freshwater resident for long periods of evolutionary time (see
Sect. 4.3.2.4). This section reviews these different migratory types in lampreys, with
an emphasis on intraspecific variation in migratory type and features of the species
or environments where the different types are found.

4.3.1 Exclusively Anadromous

Five lamprey species are exclusively or almost exclusively anadromous (Fig. 4.1).
Rare or unconfirmed freshwater populations have been reported in three of these
species (see Sect. 4.3.3), leaving only the pouched lamprey and Chilean lamprey
Mordacia lapicida with no reports of freshwater-resident or praecox forms. The
length ranges of fully grown individuals of these species are thus relatively narrow.
At the commencement of their upstreammigration, the majority of pouched lamprey
typically measure 530–740 mmTL in Australia (Potter et al. 1983) and 445–570 mm
in Chile (Neira 1984). Adults of the Chilean lamprey are reported to range in size
from 278 to 313 mm (Neira 1984). Duration of the feeding phase is unknown in
both species, but it is thought to be quite long in the pouched lamprey given its size
(Renaud 2011; see Chap. 3).

4.3.2 Exclusively Freshwater

Nine parasitic lamprey species are exclusively freshwater resident, including: three
species in the genus Entosphenus, which all appear to be recent derivatives of
the anadromous Pacific lamprey; the Korean lamprey Eudontomyzon morii which,
despite its current placement in the genus Eudontomyzon, may be an older freshwa-
ter derivative of the anadromous Arctic lamprey or an Arctic lamprey-like ancestor
(see Sect. 4.3.2.2); and five species (Carpathian lamprey Eu. danfordi, silver lamprey
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Caspiomyzon
Caspian lamprey C. wagneri A (AP, FW?)

Entosphenus 
Pacific lamprey E. tridentatus A, AP (FW?)

Klamath lamprey E. similis FW 

Miller Lake lamprey E. minimus FW 

Vancouver lamprey E. macrostomus FW 0 – 0.2%

10.5 – 10.7%?? Epirus brook lamprey Eu. graecus (1)

0 – 0.4% Pit-Klamath brook lamprey E. lethophagus (3)

N California brook lamprey E. folle  (4)0.5%

Eudontomyzon 
Carpathian lamprey Eu. danfordi FW

Drin brook lamprey Eu. stankokaramani (6)

Ukrainian brook lamprey Eu. mariae (5)2.2 – 3.7%

2.5 – 2.7%

PARASITIC NON-PARASITIC
Recent “Paired” 

Species “Relict” Species “Orphan” SpeciesRecent Deriva vesPresumed Ancestor 

0.3 – 0.4%

0.4 – 0.6%

0.4%

Macedonia brook lamprey Eu. hellenicus (2)

0.8%

2.5 – 3.2%

Silver lamprey I. unicuspis FW

Ichthyomyzon 
Chestnut lamprey I. castaneus FW 

Ohio lamprey I. bdellium FW 

Southern brook lamprey I. gagei (7)0.1%

Mountain brook lamprey I. greeleyi (8)0.3%

Northern brook lamprey I. fossor (9)0%

Geotria
Pouched lamprey G. australis A 

Lampetra (Atlan c Basin)
European river lamprey 
La. fluvia lis A, AP, FW

0 – 0.6% European brook lamprey La. planeri (10)
Nabão lamprey La. auremensis (11)

Sado lamprey La. lusitanica (13)0.8 – 1.1%
Costa de Prata lamprey La. alavariensis (12)0.5 – 0.8%

Turkish brook lamprey La. lanceolata (16)
Po brook lamprey La. zanandreai (15)

Least brook lamprey La. aepyptera (18)

2.8 – 3.5%

Western Transcaucasian brook lamprey Le. ninae (17)

0.4 – 0.8%

La. soljani (14)
2.8 – 3.1%

3.2 – 4.2%

3.8 – 4.2%

4.3 – 4.8%

0.5 – 1.1%

0.7 – 3.5%

0.2 – 0.9%

Lampetra (Pacific Basin)
Western river lamprey
La. ayresii A (FW?)

Western brook lamprey La. richardsoni (19)0 – 2.3%

2.3 – 3.5%

Lampetra sp. Kelsey CA

Pacific brook lamprey La. pacifica (20)

Lampetra sp. Fourmile OR

2.3 – 4.0%

2.5 – 3.4%

5.7 – 6.5%

Kern brook lamprey La. hubbsi (21)

Lampetra sp. Siuslaw OR
Lampetra sp. Mark West CA

2.2 – 3.3%

4.3 – 4.9%

2.6 – 6.5%

Arc c lamprey
Le. camtscha cum A, AP, FW

Lethenteron

Tetrapleurodon 
Mexican lamprey T. spadiceus FW 

Petromyzon 
Sea lamprey P. marinus A, FW

Mordacia
Short-headed lamprey M. mordax A (FW?)

Chilean lamprey M. lapicida A 

Mexican brook lamprey T. geminus

Precocious lamprey M. praecox (28)0.4%

0 – 0.4% Alaskan brook lamprey Le. alaskense (22)

American brook lamprey Le. appendix (25)0.2 – 1.1%

3.5 – 3.9%

11.7%
Lethenteron sp. N (26)

0 – 0.5%

0.1 – 0.5%
Siberian brook lamprey Le. kessleri (23)
Far Eastern brook lamprey Le. reissneri (24)

Lethenteron sp. S (27)??

Korean lamprey Eu. morii FW ??          1.3%

? 
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�Fig. 4.1 Postulated relationships between freshwater-resident parasitic and non-parasitic species
and their presumed ancestor in 10 genera of extant lampreys. The 41 species recognized by Potter
et al. (2015) are shown in black; taxa not recognized by Potter et al. (2015) and new or tenta-
tive species that have not been formally described are given in gray (see Yamazaki et al. 2006;
Boguski et al. 2012; Mateus et al. 2013a; Tutman et al. 2017). Presumed parasitic ancestors (as
represented by 14 species in the contemporary fauna) are shown with recent exclusively freshwa-
ter parasitic derivatives (4 species) and recent (“paired”) and older (“relict”) non-parasitic (brook
lamprey) derivatives (although, in some cases, the distinction between “paired” and “relict” species
is not entirely clear; see Sect. 4.6.2.1; Fig. 4.2). Relict species whose parasitic counterparts in
the contemporary fauna are particularly difficult to identify but whose affinities might be inferred
from morphology (as indicated by current generic placement) or molecular data are also shown.
Genetic divergence (Kimura’s two-parameter distance, K2P) between presumed parasitic ancestors
and derivative species (and between multiple derivatives of the same presumed ancestor) is based
on >300 cytochrome b gene sequences (>1,131 base pairs, bp) from GenBank, except for Northern
California brook lamprey (where only 384 bpwere available;Margaret F. Docker, unpublished data)
and Lampetra soljani (where only cytochrome oxidase I sequence data was available, but where
divergence at cytochrome oxidase I in these lamprey species was 0.75 times that of cytochrome b
and adjusted accordingly); no sequence data was available for theMexican lamprey. Migratory type
(anadromous, anadromous praecox, and freshwater resident) is indicated (A, AP, FW ) for parasitic
species (see Sect. 4.3); numbers in parentheses after the name of each non-parasitic species are
those referred to in Fig. 4.2

Ichthyomyzon unicuspis, chestnut lamprey I. castaneus, Ohio lamprey I. bdellium,
andMexican lamprey Tetrapleurodon spadiceus) from exclusively freshwater genera
(Fig. 4.1). The duration of the parasitic feeding phase (and consequently body size)
is reduced in these species relative to most anadromous forms.

4.3.2.1 Freshwater Parasitic Entosphenus Species

Mean and maximum TL of the three freshwater parasitic species of the genus
Entosphenus are: 125 and 145 mm for Miller Lake lamprey (Bond and Kan 1973;
Lorion et al. 2000) and 231 and 269 mm for Klamath lamprey Entosphenus similis
(Vladykov and Kott 1979a), the two species found in the Klamath basin of Oregon
and California; and 174 and 273 mm for the Vancouver or Cowichan lamprey En.
macrostomus (Beamish 1982), which is endemic to the Cowichan Lake system on
southeastern Vancouver Island, British Columbia. The particularly small size of the
Miller Lake lamprey (presumably corresponding with the relatively small size of
Miller Lake, 2.3 km2) suggests a very brief post-metamorphic feeding period, and
there have even been suggestions that some individuals do not feed at all (Bond
and Kan 1973). Little is known about the feeding habits of the Klamath lamprey,
but, given its size, it presumably feeds parasitically for no more than 1 year. The
Vancouver lamprey also likely feeds for ≤1 year (see Chap. 3). All three species
have been described as distinct taxa based on diagnostic morphological differences
(see Renaud 2011; Potter et al. 2015), although low levels of genetic differentiation
between these species and anadromous Pacific lamprey (Docker et al. 1999; Lorion
et al. 2000; Lang et al. 2009; see Fig. 4.1) suggest that all are recent freshwater
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derivatives of the latter species. Kan and Bond (1981) proposed rapid speciation of
the Miller Lake lamprey from Pacific lamprey or a Pacific lamprey-type ancestor
following the eruption of Mount Mazama ~6,600 years ago that isolated Miller Lake
from the Williamson drainage. Similarly, the Vancouver lamprey was likely estab-
lished post-glacially with the formation of Cowichan Lake <15,000 years ago (see
Taylor et al. 2012).

The Vancouver lamprey, endemic to Cowichan Lake (62 km2), Mesachie Lake
(0.6 km2), and the interconnecting Bear Lake, is the best studied of these three
species. Beamish (1982) described the Vancouver lamprey as a distinct taxon due to
its smaller size and differences in body proportions, pigmentation, physiology, and
spawning time and location. Most notably, the Vancouver lamprey is distinguished
by its larger oral disc (which produces relatively large wounds on hosts that can be
mistaken for attacks by Pacific lamprey), its ability to survive following metamor-
phosis in both fresh and salt water, and the fact that it spawns in the lake rather than
tributary streams. During the parasitic feeding phase, Vancouver lamprey prey on a
number of salmonid species found within the Cowichan system, including cutthroat
trout Oncorhynchus clarkii, rainbow trout O. mykiss, coho salmon O. kisutch, Dolly
Varden Salvelinus malma, and non-anadromous sockeye salmon or kokaneeO. nerka
(Beamish 1982, 2001; COSEWIC 2008). This species is not landlocked, but appears
to be parapatric rather than sympatric with anadromous Pacific lamprey. Pacific lam-
prey are found in the Cowichan River downstream of Skutz Falls. A fishway at the
falls was constructed in the 1950s to facilitate upstream passage of salmonids, but
these falls were probably not a complete barrier to upstream movement by Pacific
lamprey and other anadromous fishes (Taylor et al. 2012). However, there is no evi-
dence that Pacific lamprey enter Cowichan Lake to spawn in its inlet tributaries, and,
despite being indistinguishable in their cytochrome b gene sequences (Docker et al.
1999; Fig. 4.1), recent analysis usingmicrosatellite DNA loci showed that Vancouver
lamprey and Pacific lamprey in the Cowichan system represent distinct gene pools
(Taylor et al. 2012).

Other potential freshwater parasitic Entosphenus forms have been reported that
are sometimes referred to as non-anadromous Pacific lamprey populations but which
may represent distinct but undescribed freshwater species. Hubbs (1925) suggested
that the population in Goose Lake, a shallow alkaline lake in Oregon and Cali-
fornia, represented a separate but unnamed race, and Moyle (2002) felt that this
form should be considered a subspecies of Pacific lamprey. A non-migratory form
of Pacific lamprey also occurs in the Sprague River and Upper Klamath Lake in
the Klamath basin in Oregon (Hamilton et al. 2005), and it appears to be morpho-
logically (e.g., in the number and structure of velar tentacles; Renaud 2011) and
genetically (Lorion et al. 2000) distinct from other Entosphenus species. Both popu-
lations are presumably post-Pleistocene Pacific lamprey derivatives and not recently
landlocked forms. Goose Lake formed from precipitation and melting glaciers at the
end of the Pleistocene, and Upper Klamath Lake was also formed around this time
when the much larger Lake Modoc receded and disappeared (Dicken and Dicken
1985). Non-anadromous Pacific lamprey-like populations have also been reported
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in three disjunct locations in southwestern British Columbia (Beamish 2001; see
Sect. 4.3.4.1).

4.3.2.2 Korean Lamprey

The Korean lamprey from the Yalu River drainage in China and North Korea feeds
in fresh water on small cypriniform fishes such as goldfish Carassius auratus, spine
loachCobitis taenia, and lakeminnowRhynchocypris percnurus.Maximum reported
TL for this species is 279 mm, although adult size (i.e., following shrinkage prior
to spawning; see Chap. 1) is typically ~150–200 mm (see Renaud 2011; Chap. 3).
All other described species in the genus Eudontomyzon are freshwater resident (see
Sect. 4.3.2.3), although there is debate regarding the generic placement (and hence
the ancestor) of this species.Morphological phylogenies retain this species as sister to
the Carpathian lamprey (Gill et al. 2003), but analyses using cytochrome b sequence
data—albeit using a single metamorphosing individual—place Korean lamprey in
the clade with Lethenteron (Lang et al. 2009). Given the disjunct distribution of the
genus, Berg (1931) similarly suggested that the Korean lamprey evolved from the
Arctic lamprey while the Eudontomyzon species in the Black Sea basin were derived
from theEuropean river lamprey. Cytochrome b gene sequences inKorean andArctic
lampreys differed by 1.3% (Kimura two-parameter, K2P, values; Lang et al. 2009; Li
2014). In comparison, Pacific lamprey and its three described freshwater derivatives
differ by 0–0.6% in cytochrome b DNA sequence (Fig. 4.1), suggesting that the
Korean lamprey is a somewhat older freshwater derivative. Although the precision
of molecular clocks based on mtDNA sequence divergence has been debated (see
Galtier et al. 2009), sequence data are useful for comparing relative divergence times
between species.

4.3.2.3 Carpathian Lamprey

Carpathian lamprey feed for only 7–9 months (see Chap. 3). The maximum TL
recorded during the feeding phase is 300 mm, although the largest mature adult
recorded was only 207 mm and mean TL in different rivers ranged from 141 to
199 mm (Renaud and Holčík 1986). The Carpathian lamprey is an exclusively fresh-
water parasitic species (Potter et al. 2015), but the origin of this species and its
presumed non-parasitic counterpart, the Ukrainian brook lamprey Eudontomyzon
mariae, has been questioned. An extinct Eudontomyzon sp. nov. “migratory” lam-
prey from theDniester,Dnieper andDondrainages in theBlackSeabasin are included
on the IUCN Red List of Threatened Species. Adults of this undescribed form were
the target of fisheries during their autumn and spring migrations, but it is not known
whether this lamprey fed at sea or entirely within fresh water (Kottelat et al. 2005;
Freyhof and Kottelat 2008a). The absence of seawater-type mitochondria-rich cells
(SW-MRCs, formerly known as chloride cells) in the gills of Ukrainian brook lam-
prey strongly suggests that this species did not evolve recently from an anadromous
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ancestor (Bartels et al. 2017), because non-parasitic (European brook lamprey, west-
ern brook lamprey, and American brook lamprey Lethenteron appendix) and fresh-
water parasitic (Great Lakes sea lamprey) species that are derived post-glacially
from anadromous ancestors still develop SW-MRCs in their gills during metamor-
phosis (Youson and Freeman 1976; Youson and Beamish 1991; Bartels et al. 2011,
2015). However, further studies are needed to determinewhether the Carpathian lam-
prey also lacks SW-MRCs, particularly since the Carpathian lamprey and Ukrainian
brook lamprey are one of the very few lamprey species pairs studied that do not
share cytochrome b haplotypes (e.g., Docker 2009; Lang et al. 2009; Fig. 4.1) and
thus may not share the same recent evolutionary history as most paired species (see
Sect. 4.6.3.1). Nevertheless, the cytochrome b network analysis performed by Bar-
tels et al. (2017) suggests that the hypothetical ancestor of both Carpathian and
Ukrainian brook lampreys was probably freshwater resident. Cytochrome b gene
sequence in the Carpathian lamprey differed by 4.5–5.2% (K2P) from the European
river lamprey, its closest extant anadromous relative.

4.3.2.4 Freshwater Parasitic Ichthyomyzon Species

Like other freshwater lampreys, adults of the three parasitic Ichthyomyzon species,
the chestnut, Ohio, and silver lampreys, are smaller than most anadromous lampreys.
Mean TL in the adults examined by Hubbs and Trautman (1937) were 189 mm for
Ohio lamprey, 216mmfor chestnut lamprey, and224mmfor silver lamprey, although
maximum lengths of 279, 363, and 415 mm, respectively, have been reported during
the feeding phase (see Chap. 3). Like other freshwater lampreys, the trophic phase
is likely no more than ~1 year (Vladykov and Roy 1948; Hall 1963; Cochran et al.
2003). Access to large-bodied hosts (e.g., native and introduced salmonids, lake stur-
geon Acipenser fulvescens, northern pike Esox lucius, muskellunge E. masquinongy,
and American paddlefish Polyodon spathula) may permit the large size observed in
some chestnut and silver lampreys relative to smaller-bodied freshwater lampreys
such as the Miller Lake lamprey, Korean lamprey, and Carpathian lamprey (see
Chap. 3). However, unlike most of the other freshwater lampreys discussed in this
section, lampreys in the genus Ichthyomyzon likely evolved in fresh water or have
been confined to fresh water for long periods of evolutionary time. Unlike lamprey
species that were presumably derived post-glacially from an anadromous ancestor
(see Sect. 4.3.2.3), silver and chestnut lampreys lack SW-MRCs in their gills (Bartels
et al. 2012, 2015). This genus is confined to river systems and lakes in central and
eastern North America at a considerable distance from the sea (Potter et al. 2015) and
co-occurs in the largeMississippi River systemwith a number of ancient actinoptery-
gian fishes also found only in freshwater (Hubbs and Potter 1971; Bartels et al. 2012).
Phylogenetic analysis places Ichthyomyzon at or near the base of the phylogenetic
tree of Northern Hemisphere lampreys, sister toPetromyzonwith its anadromous and
freshwater-resident sea lamprey (Gill et al. 2003; Lang et al. 2009). However, these
two genera are not close relatives; cytochrome b gene sequences differ by ~14–15%.
It appears that the genus Ichthyomyzon either evolved from a freshwater species that
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never possessed SW-MRCs, or SW-MRCs became lost in Ichthyomyzon during a
long period of separation from an anadromous ancestor (Bartels et al. 2012, 2015).

4.3.2.5 Mexican Lamprey

Very little is known regarding the biology of the Mexican or Chapala lamprey. It is
critically endangered but probably not yet extinct (Snoeks et al. 2009; Maitland et al.
2015). The reported range for adult TL (229–286 mm; Lyons et al. 1996) is compa-
rable to that of most other freshwater parasitic species, although a parasitic feeding
period of 2 years rather than ≤1 year has been suggested (see Chap. 3). Molecular
studies (using cytochrome b sequence data from the presumably closely relatedMex-
ican brook lamprey T. geminis) place Tetrapleurodon as sister to Entosphenus (Lang
et al. 2009); Mexican brook lamprey and anadromous Pacific lamprey cytochrome b
gene sequences differ by 3.8%.

4.3.3 Anadromous Species with Rare Praecox or Freshwater
Populations

Rare or unconfirmed freshwater populations have been reported in three of the 18
parasitic lamprey species, the Caspian lamprey Caspiomyzon wagneri, western river
lamprey, and short-headed lamprey.

4.3.3.1 Caspian Lamprey

Berg (1948) reported two forms of the Caspian lamprey in the Volga Delta: a typical
anadromous form where average TL ranged from 370 to 410 mm, with a maximum
recordedTLof 553mm, and smaller praecox individualsmeasuring 191–290mmTL.
The typical form underwent its spawning migration in November to March, and the
praecox form was found migrating frommid-September to March. In contrast, in the
European river lamprey, the typical form shows an earlier andmore protractedmigra-
tion (see Sect. 4.3.4.2). Berg (1948) also reported numerous praecoxCaspian lamprey
(250–370 mm) in the Sura River basin, a tributary to the Volga River. Freyhof and
Kottelat (2008b) indicated that Caspian lamprey may have formed landlocked popu-
lations in reservoirs in the lower Volga River. The Volgograd and Saratov reservoirs
(~3,120 and 1,830 km2, respectively), constructed in 1958–1961 and 1955–1956,
support dozens of fish species, including bream Abramis brama, European cisco
or vendace Coregonus albula, burbot Lota lota, European perch Perca fluviatilis,
and roach Rutilus rutilus (Ermolin 2010). Although no hosts of Caspian lamprey
have been positively identified yet, these fishes are all preyed upon by other lamprey
species (see Chap. 3). However, in the Saratov Reservoir, it appears that Caspian
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lamprey may now be extirpated. Ermolin (2010) reported that this species was found
at low abundance in 1955–1967, decreased to very low abundance in 1969–1985,
was represented by a solitary specimen in 1986–1995, and was not observed at all
in 1996–2007. Construction of the Mingechaur Reservoir (605 km2) on the Kura
River in Azerbaijan in 1953 likewise appears to have resulted in loss of Caspian lam-
prey above the dam (Nazari et al. 2017), and this species also appears to have been
extirpated from the Sura River following construction of the Cheboksary Reservoir
(2,190 km2) at its mouth in 1968–1986 (Ruchin et al. 2012). Since the Caspian Sea
has a salinity approximately one-third that of most sea water, it would seem that an
inability to osmoregulate at low salinities during the feeding phase would not hinder
Caspian lamprey from establishing freshwater-resident populations (see Sect. 4.4.3).
Most recent studies on the Caspian lamprey focus on those spawning in rivers in
Iran, particularly in the Shirud River where TL ranges from 271 to 492 mm and in
the Talar River where TL ranges from 295 to 428 mm (Nazari et al. 2017).

Differences in migration timing have been reported in Caspian lamprey from
the Shirud River, with autumn migrants initiating upstream migration from mid-
September to late October and spring migrants entering the river in mid-March to
late April (Ahmadi et al. 2011; see Chap. 1). However, fall and springmigrants do not
differ in size (Ahmadi et al. 2011), making it appear that the “premature migration”
strategy shown by the fall migrants does not significantly cut short their growth
opportunities at sea (see Quinn et al. 2016; Sect. 4.4.4).

4.3.3.2 Western River Lamprey

The western river lamprey or North American river lamprey is, on average, the
smallest of the anadromous lampreys. Although a 324-mm individual was reported
recently in the Columbia River estuary (Weitkamp et al. 2015), adult TL typically
ranges from 168 to 236mm,with a very narrowmean of 196–198mm (Vladykov and
Follett 1958; Beamish and Neville 1992; Weitkamp et al. 2015). The western river
lamprey is considerably smaller than typical anadromous European river lamprey,
with which it was considered conspecific until 1958 (although it is not as closely
related as once thought; Docker et al. 1999; Lang et al. 2009; Li 2014), and it is even
smaller than most praecox forms of the latter species (see Sect. 4.3.4.2). It could
thus be argued that all western river lamprey correspond to the anadromous praecox
type. Apparently, this species occurs only as widely separated populations, generally
associated with larger estuarine systems (Moyle 2002; Boguski et al. 2012), and it
feeds at sea for a single summer (3–4 months; R. J. Beamish 1980), compared with
~12 and 18 months for praecox and typical European river lamprey, respectively.
Even “at sea” (e.g., in the Strait of Georgia), western river lamprey tend to remain in
surface waters and are concentrated in the general vicinity of the larger rivers where
salinity is reduced.

Despite what would seem as a “predisposition” for freshwater residency, western
river lamprey—unlike the European river lamprey—appear to rarely, if ever, form
freshwater-resident parasitic populations. Nevertheless, the western river lamprey or
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a western river lamprey-like ancestor has given rise to numerous freshwater non-
parasitic derivatives (see Sects. 4.6.3.1 and 4.7). Some authors (e.g., Renaud 2011;
Potter et al. 2014) have suggested that parasitic individuals producedwithin awestern
brook lamprey population on Vancouver Island may represent freshwater-resident
western river lamprey (Beamish 1987; Beamish et al. 2016). However, unlike the
freshwater-residentVancouver lampreywhich has retained its ability to osmoregulate
in salt water (Beamish 1982), these parasitic variants (the so-called marifuga variety)
are unable to osmoregulate in salt water (Beamish 1987). This and other features of
these individuals suggest instead that they are western brook lamprey that show an
“atavistic” reversal to the parasitic feeding type (see Docker 2009).

Beamish and Youson (1987) found that only 3% of western river lamprey held
in the laboratory were able to feed and spawn entirely in fresh water, and there are
only anecdotal suggestions of freshwater-resident populations of this species. Adult
western river lamprey have been recorded in Lake Sammamish (19.8 km2) and Lake
Washington (88 km2) in October and December, respectively, and the lamprey from
Lake Washington was attached to and possibly feeding on a kokanee (Vladykov and
Follett 1958). However, each record is represented by a single specimen (311 and
279 mm, respectively) and could represent individuals returning to fresh water to
spawn following a marine feeding phase. Nevertheless, there are current reports of
a healthy freshwater-resident western river lamprey population in Lake Washington,
which may have become non-anadromous when the lake lost its natural connec-
tion with Puget Sound following construction of the Lake Washington Ship Canal
in 1916 (Molly Hallock, Washington Department of Fish and Wildlife, Lacey, WA,
personal communication, 2012). There are dozens of fish species in this lake, includ-
ing coastal cutthroat trout, juvenile sockeye salmon, longfin smelt Spirinchus thale-
ichthys, and northern pikeminnow Ptychocheilus oregonensis (Quinn et al. 2012).
There are also reports (in 1931 and 1959) of western river lamprey in Lake Cushman
(United States Fish andWildlife Service 2004), a lake that was expanded into a reser-
voir (16.2 km2) after dam construction in 1924–1926. The 1931 specimen (Burke
Museum Ichthyology Collection Catalog Number 1509) was collected in June by
a commercial fisherman and could represent a remnant of the original anadromous
population. Details of the 1959 specimen require verification; the only western river
lamprey collected in 1959 in the Burke Museum Ichthyology Collection (Catalog
Number 15726) was collected in March in the Yakima River in the Columbia River
basin, below Easton Dam. A few transformed western river lamprey are collected
each year at the Chandler Juvenile Fish Monitoring Facility in the lower Yakima
River, but adult western river lamprey have never been observed here (Ralph Lamp-
man, Yakama Nation, Fisheries Resources Management Program, Toppenish, WA,
personal communication, 2018). Similarly, a single putative juvenile western river
lamprey was recently reported above the John Day Dam, the third upriver mainstem
dam on the Columbia River, but there is no evidence of an established freshwater
population above the dam (Jolley et al. 2016). In both cases, it appears that these
individuals (presumably captured during their outmigration to sea) have arisen from
within the normally non-parasitic western brook lamprey populations upstream (see
Sect. 4.6.3.3).
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4.3.3.3 Short-Headed Lamprey

The short-headed lamprey is an anadromous species found in drainages and coastal
waters in southeastern Australia. Individuals as large as ~500mm have been reported
during the feeding phase, and TL for adults at maturity is ~280–420 mm (Potter et al.
1968; seeChap. 3). In theGippslandLakes region ofVictoria, this species is known to
feed in fresh water on introduced brown trout Salmo trutta, black bream Acanthopa-
grus butcheri, and yellow-eyed mullet Aldrichetta forsteri during the summer and
fall before going to sea; at sea, they appear to spend another 18months feeding before
returning to fresh water. However, there are also indications that a small population
remains throughout the feeding phase in Lake Wellington, the largest (147 km2)
and least saline of the three lakes (Potter et al. 1968). Commercial fishermen report
catching lamprey attached to yellow-eyed mullet in Lake Wellington throughout the
year, but lamprey attached to black bream are reported in Lake Victoria (1.4 km2)
only during the summer months. Since the lakes have been completely cut off from
the sea at times, Potter et al. (1968) considered it feasible that conditions existing
in the Gippsland Lakes in the past led to the evolution of a form of short-headed
lamprey which restricts its feeding to fresh or brackish water.

4.3.4 Anadromous Species with Established Praecox
or Freshwater Populations

Praecox or freshwater populations appear to bemore common and are certainly better
known in the remaining four parasitic lamprey species: the Pacific, European river,
Arctic, and sea lampreys. Compared to the other three species, there are few known
freshwater-resident populations of Pacific lamprey, but thismay be partly the result of
many populations that are knownhaving been described as distinct freshwater species
(see Sect. 4.3.2.1). There are also relatively few freshwater-resident populations of
sea lamprey (e.g., none are known from Europe), but, of course, where they do occur
(i.e., in the Great Lakes, Finger Lakes, and Lake Champlain in North America),
they have become very abundant and well established (see Chap. 5). Anadromous
praecox (or dwarf) Pacific lamprey have been described from several locations, but no
small-bodied anadromous sea lamprey are known. Praecox and freshwater-resident
European river and Arctic lampreys are common.

4.3.4.1 Pacific Lamprey

The Pacific lamprey is typically large-bodied, although considerable geographic vari-
ation in body size has been reported. Over a broad scale, TL of spawning adults
appears to be positively correlated with latitude and distance from the sea. Feeding
phase individuals up to 850 mm TL have been captured in the Bering Sea (Orlov
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et al. 2008), and relatively large adults have been reported from large interior rivers
within the Skeena River drainage in northern British Columbia and the Columbia
River basin. In the Skeena River drainage, adult Pacific lamprey measuring 550–670
and 410–590 mm TL were reported in Babine Lake and Babine Creek, respectively,
and adults ranged from 410 to 720 mm in the Bulkley River (R. J. Beamish 1980).
In the Columbia River basin, Clemens et al. (2012) reported upstream migrants
measuring 560–710 mm at Willamette Falls (235 river kilometers, rkm, upstream
from the ocean), and migrants measuring ~710–810 mm TL have been observed in
the Methow River, one of the most upstream spawning sites in the Columbia River
drainage and accessible only to lamprey that are able to pass nine dams (John Cran-
dall, Wild Fish Conservancy, Duvall, WA, personal communication, 2011). In the
Umpqua River, on the Pacific coast, TL of upstream migrants has been recorded
to be 415–644 mm (Lampman 2011), and the southernmost record of Pacific lam-
prey (from Revillagigedo Archipelago, Mexico) is that of a pre-spawning female
measuring only 420 mm TL (Renaud 2008).

In contrast, Pacific lamprey appear to have smaller body sizes in small coastal
streams or those draining into the Strait of Georgia (also known as the Salish Sea).
Spawning migrants in four rivers on Vancouver Island draining east into the Strait of
Georgia (Bonsall Creek and Qualicum, Chemainus, and Quinsam rivers) measured
130–380 mm TL. Those from three rivers on Vancouver Island draining west into
the Pacific Ocean (Robertson Creek, Stamp River, and a tributary of Kennedy Lake)
measured 220–510mmTL (R. J. Beamish 1980). Smaller-bodied Pacific lamprey are
also thought to occur in Duckabush River, which drains into Puget Sound. Similarly,
Pacific lamprey inmainland rivers draining into the Strait of Georgia (i.e., the Salmon
River, in the Lower Fraser Valley, and the Nicola River, a tributary of the Fraser
River) appear to be considerably smaller than those in the Skeena and Columbia river
systems; upstream migrants measuring only 193–214 mm and 273–453 mm were
reported by Pletcher (1963) and Beamish and Levings (1991), respectively. Although
not specifically described as praecox forms, these smaller-bodied anadromous Pacific
lamprey are thought to spend less time feeding at sea. R. J. Beamish (1980) assumed
that moderate to large lamprey spend up to 3.5 years feeding in salt water; minimum
duration of the feeding phase has been estimated at 20 months (1.7 years). Given the
range of sizes, there is not a clear distinction (i.e., based on a bimodal size distribution)
between the typical and praecox forms; however, based on Pacific lamprey adults
found in the Coquille River on the Oregon coast, Kostow (2002) considered mature
individuals <370 mm TL to be the dwarf type and those >550 mm to constitute the
typical form.

In addition to this variation in size atmaturity, Pacific lamprey—at least in theKla-
math River in California—show variation in migration timing. Although most popu-
lations appear to represent the typical “river-maturing” form (i.e., entering freshwater
during the summer prior to spawning), Clemens et al. (2013) described an “ocean-
maturing” form entering this river. These individuals are more sexually mature when
they enter fresh water in late winter and likely spawn within weeks or months (see
Chap. 1). However, unlike the European river lamprey in the Severn River, there is
no apparent size difference associated with run timing (e.g., mean TL 609–625 mm
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for individuals entering in June–September and 612–618 mm for those entering in
March–May; Parker 2018). Interestingly, Parker (2018) found that therewas a genetic
basis for these different ecotypes (see Sect. 4.4.3).

The wide variation in Pacific lamprey body size among rivers has often been used,
reasonably so, as evidence of homing and local adaptation (e.g., Beamish andWithler
1986). There is now overwhelming evidence that migratory lampreys do not home to
their natal streams (seeMoser et al. 2015), but this does notmean that Pacific lamprey
constitute a single panmictic population. Weak but significant genetic variation has
been detected among widely separated populations, and evidence of isolation-by-
distance suggests that limitations to their dispersal at sea prevent formation of an
entirely homogenous population (Spice et al. 2012; Hess et al. 2013). Greater genetic
differentiation among locations with dwarf or praecox forms suggests even more
limited dispersal by smaller-bodied Pacific lamprey. This suggests that the praecox
form may remain in estuarine or coastal areas, without the need or opportunity (i.e.,
because of a rich and/or less mobile prey base) to disperse more widely. Recent
genomic studies have also indicated that there is a genetic basis for body size (Hess
et al. 2013, 2014), and these individuals may represent a “jumping-off point” for
the evolution of freshwater-resident parasitic and non-parasitic forms (see Hardisty
2006; Docker 2009; Sect. 4.7).

There have been several reports of freshwater-resident or landlocked Pacific lam-
prey, although it should be noted that some of the earlier reports of lacustrine forms
once considered to be non-anadromous races of Pacific lamprey have since been
elevated to species status (Bond and Kan 1973; Vladykov and Kott 1979a; Beamish
1982; see Sect. 4.3.2.1). These non-anadromous forms are thought to have arisen
within the past 6,600–15,000 years, post-glacially in the case of the Vancouver lam-
prey and following the eruption of Mount Mazama in the case of the Miller Lake
lamprey (see Sect. 4.3.2.1). Kan (1975) postulated that interior forms in Oregon
and northern California were less affected by Pleistocene glaciation, but that non-
anadromous forms arose and survived in large lakes when anadromous migrations
were blocked off by the Cascade and Klamath mountain building. It is thought that
some other non-anadromous populations (e.g., in Goose Lake and Upper Klamath
Lake) likewise deserve recognition as distinct taxa.

More recently, there have been reports of a Pacific lamprey-like form or forms
feeding parasitically in three disjunct lake systems in southwesternBritishColumbia:
West Lake on Nelson Island, Village Bay Lake on Quadra Island, and two adjacent
lakes (Ruby and Sakinaw lakes) on the Sechelt Peninsula (Beamish 2001; COSEWIC
2008). The freshwater lamprey in Ruby and Sakinaw lakes (~5 and 7 km2, respec-
tively) are the best studied. Although they shared cytochrome b DNA sequences with
anadromous Pacific lamprey and Vancouver lamprey from the Cowichan lake sys-
tem, analysis usingmicrosatellite DNAmarkers showed that the lamprey inRuby and
Sakinaw lakes was distinct from the Vancouver lamprey and even more distinct from
Pacific lamprey (Taylor et al. 2012). Although the taxonomic status of this population
is still unresolved, there is good evidence that they feed in freshwater, including feed-
ing on Sakinaw sockeye salmon, a stock that has been assessed as Endangered by the
Committee on the Status ofWildlife inCanada, and perhaps also on small populations
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of coho salmon and chum salmon Oncorhynchus keta (COSEWIC 2016). Although
much of the observed scarring in upstream-migrating and adult Sakinaw Lake sock-
eye salmon may be the result of parasitism by western river lamprey in the Strait
of Georgia, there is also evidence of lamprey parasitism on sockeye fry and smolts
within the lake (COSEWIC 2016). Other non-anadromous derivatives have been
reported in British Columbia over the years (e.g., in the Columbia River, the Fraser
River at Prince George, and Cultus Lake; McPhail and Lindsey 1970; Vladykov
and Kott 1979a), but little is known about such lamprey and whether they, in fact,
represent permanent freshwater-resident populations. There are also reports of Pacific
lamprey in Grosvenor Lake and at the mouth of an unnamed creek in Brooks Lake
in the Naknek River system in Alaska, but these reports were not substantiated by
the extensive collections made by Heard (1966) when studying Arctic lamprey in
this system. Lamprey remains have been reported in scat samples recovered from
resident harbor seal Phoca vitulina in Iliamna Lake in Alaska. Although both Pacific
and Arctic lampreys have been reported in the Kvichak River drainage (Hauser et al.
2008), these remains are likely from Arctic lamprey (see Sect. 4.3.4.3).

The freshwater derivatives of Pacific lamprey indicate that this species is capable
of establishing in fresh water, although several reports of extirpations above dams
suggest that not all populations or individuals are capable of doing so. Pacific lamprey
were confined in Dworshak Reservoir (69 km2) in the Columbia River basin in
Idaho when dam construction was completed in September 1971 (Wallace and Ball
1978). Rainbow trout and kokanee were stocked into the impoundment in spring
1972 and 1973; during creel surveys in May 1973, 5% of the rainbow trout and
kokanee were found to bear at least one lamprey scar, and this proportion increased
to 16% by November 1973. However, incidence of scarring decreased to 4% in 1974
and <1% in 1975 and 1976, and no lamprey were directly observed after 1973.
Beamish and Northcote (1989) reported a similar situation in Elsie Lake (6.7 km2)
on central Vancouver Island, following construction of five dams on the outlet of
the lake in 1957–1959. Resident cutthroat and rainbow trout collected in the lake
started showing evidence of lamprey scarring immediately after dam construction
was complete in 1959. In this year, 74.5% of the trout had fresh wounds and 2.1%
exhibited older wounds that were healing (Pletcher 1963). However, the small size
of the wounds indicated that the lamprey probably grew very little during this time
period, and, although the proportion of old scars increased from 1960 to 1963, there
was a progressive decline in the proportion of fresh scars (to 0% in 1969, 1981, and
1987).

Likewise, Pacific lamprey appear to have been extirpated above barrier dams in the
Willamette Basin in Oregon (Doug Larson and Matt Helstab, U.S. Forest Service,
Middle Fork Ranger District, Westfir, OR, personal communication, 2017) after
construction of two high-head flood control dams in the Middle Fork Willamette
River in 1953 and 1954. Fish species in the resulting reservoirs (Dexter Reser-
voir and Lookout Point Reservoir, 4.2 and 17.6 km2, respectively) included Pacific
salmon Oncorhynchus spp., northern pikeminnow, and largescale sucker Catosto-
mus macrocheilus (see Keefer et al. 2013). In 2001, however, six Pacific lamprey
(two recently metamorphosed juveniles and four larvae) were captured during an
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Environmental Protection Agency survey 4.8 km upstream of the uppermost dam.
This would suggest that a small number of Pacific lamprey survived and repro-
duced upstream of the dams more than 45 years after their construction or that some
escapement of anadromous lamprey occurred past the dams. Recent surveys have to
date failed to detect additional Pacific lamprey at these sites, but investigation of this
potential landlocked population is ongoing (Doug Larson andMatt Helstab, personal
communication, 2017).

Extirpation of Pacific lamprey following confinement to fresh water is consistent
with observations that post-metamorphic individuals held in fresh water in the lab-
oratory fed poorly or not at all, and all ultimately died prior to maturation (Richards
and Beamish 1981; Clarke and Beamish 1988). The ability to maintain blood sodium
concentration in freshwater varied among lamprey fromdifferent source populations,
with performance in fresh water (from best to worst) ranked as follows: Chemainus
River > Puntledge River > Big Qualicum River > Kanaka Creek > Somass River
> Babine River (Clarke and Beamish 1988). Chemainus, Puntledge, Big Qualicum,
and Somass rivers are located on Vancouver Island; Kanaka Creek is a tributary of
the Fraser River on the lower mainland of British Columbia, and the Babine River is
located in northern British Columbia. Pacific lamprey from the Chemainus River sur-
vived in freshwater until July, but no Babine lamprey survived beyondmid-February.
Survival in the laboratory was good in salt water (Beamish 1982). Thus, Clarke and
Beamish (1988) concluded that confinement of Pacific lamprey in fresh water does
not easily result in the formation of landlocked populations. Beamish and Northcote
(1989) suggested that barriers to migration might select for a few individuals that
genetically would be able to feed and grow to maturity in fresh water and that the
chance of this happening would be higher if the size of the population was large (or
if the founding population was naturally small-bodied or otherwise “predisposed”
to freshwater residency; see Sect. 4.4.3). Beamish (1985) suggested that the genetic
change required for Pacific lamprey to survive in fresh water is either extremely rare
or requires a series of changes that are unlikely to occur immediately when faced
with sudden barriers such as dams.

4.3.4.2 European River Lamprey

A wide range of sizes has been reported for anadromous European river lamprey,
and there is evidence of geographical variation in size. Females at or near spawning
in the Drwêca River in the Vistula River basin in northern Poland averaged 405 mm
TL (337–462 mm; Witkowski and Jęsior 2000). Large size has also been reported
among upstream-migrating European river lamprey in the River Meuse (>400 mm
TL; Lanzing 1959) and in the Nemunas River in Lithuania (356–408 mm; Gaygalas
and Matskevichyus 1968). This species seems to be somewhat smaller (mean TL
for males and females was 310–320 mm and 320–340 mm, respectively; Berg 1948)
in the River Neva, which flows into the Gulf of Finland, and even smaller in the
U.K. In the Severn Estuary, mean TL in early upstream migrants was 290–306 mm
in males and 301–318 in females (Hardisty and Huggins 1973), and average TL
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was ~300 mm near the end of the spawning run (Abou-Seedo and Potter 1979). In
Scottish waters, TL of the anadromous form at or near spawning is ~300–350mmTL
(Hume 2013). Abou-Seedo and Potter (1979) suggested that the consistently larger
size of European river lamprey in the Baltic and North seas, compared with those of
the River Severn, indicates that feeding conditions in the former areas are probably
better than they are in the region off the west coast of England. As with the western
river lamprey, the European river lampreymay prefer water of reduced salinity (Bahr
1952), resulting in a more estuarine, coastal distribution, and more genetic variation
among regions than wide-ranging, large-bodied lamprey species (Mateus et al. 2016;
see Sect. 4.7.5).

The estimated duration of the marine trophic phase in typical European river lam-
prey is 18 months, from the spring of one year to the autumn of the next (Hardisty
and Potter 1971b). In this form, the entire post-metamorphic period is thought to be
~2.5 years, including the non-trophic period following metamorphosis (i.e., migrat-
ing downstream in the fall, with growth over the first winter being minimal) and
during upstream migration (starting in the fall prior to spawning; Abou-Seedo and
Potter 1979). In addition to this typical form, a smaller praecox form with a presum-
ably reduced marine trophic period has been identified in the River Neva (mean TL
225 mm) and Severn River (mean 240 mm) where, interestingly, the typical form is
already smaller than elsewhere (Berg 1948; Abou-Seedo and Potter 1979). In both
rivers, the praecox individuals formed a distinctly smaller size class alongside the
typical form during upstream migration. Praecox European river lamprey (mean TL
249 mm) have also been reported in the River Bladnoch, which drains into the Sol-
way Firth in southwestern Scotland (Hume 2013). In the Severn Estuary, the praecox
form was less common than the typical form (comprising ~25% of all individuals),
and it appeared to show differences in run timing, with a later and more contracted
upstream migration. Typical anadromous individuals were occasionally found in
the estuary as early as July and as late as April, with peak abundance generally in
November; in contrast, the praecox form was present mainly between January and
March. Abou-Seedo and Potter (1979) thus concluded that the praecox form spent
~12 months at sea, but, because it delayed its upstream migration until the winter or
spring prior to spawning, its non-trophic period following metamorphosis lasts only
1.5 years. Therefore, the praecox form appears to reduce its post-metamorphic period
by 1 year relative to the typical anadromous form but reduces the duration of feeding
by only 6 months. In the River Neva, appreciable numbers of the praecox form were
found in the delta in October and November, and Berg (1948) concluded that the
praecox form began its upstream migration after feeding in the Gulf of Finland for
<6 months. Other small-bodied European river lamprey (mean TL 220 and 240 mm
for males and females, respectively) have been reported in the Narew River in west-
ern Belarus and northeastern Poland (Hardisty 1986a). These individuals were not
identified specifically as the praecox form, but they likely would have had a reduced
marine trophic phase relative to the large-bodied individuals in other tributaries of
the Vistula River.

There are also several reports of small-bodied freshwater-resident European river
lamprey populations, particularly in large lakes. Berg (1948) reported both large (up
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to 362 mm TL) and small (250–330 mm) European river lamprey in Lake Ladoga
(~18,100 km2) and Lake Onega (~9,700 km2), the largest and second largest lakes
in Europe, respectively. Lake Onega is connected to Lake Ladoga via the River
Svir, and both lakes drain into the Gulf of Finland via the Neva River. Therefore,
as with many other freshwater-resident populations, these European river lamprey
were not landlocked; the larger form was presumably anadromous, and the smaller
form was likely a freshwater-resident (lacustrine) form. However, it should be noted
that the specimens examined by Berg (1948) were collected prior to construction
of the first dam on the Svir River (1936), and now two dams present impassable
barriers to anadromous river lamprey migrating upstream from the Baltic Sea and
Lake Ladoga to Lake Onega. Nevertheless, the freshwater form still persists in these
lakes. Tsimbalov et al. (2015) reported spawning-phase male and female lamprey
measuring 202–241mmand 200–247mmTL, respectively, in the Lososinka River in
the Lake Onega basin, and Kuznetsov et al. (2016) observed mature female lamprey
measuring 264–348 mm TL in Lake Ladoga. Both lakes, particularly Lake Ladoga,
have rich fish fauna, including freshwater Atlantic salmon Salmo salar populations
(Ozerov et al. 2010) and other fishes (e.g., European perch, burbot, European cisco,
and roach; Berezina and Strelnikova 2010). Berg (1948) found a large number of
lamprey attached to European cisco. Lake Ladoga even supports a resident ringed
seal population Phoca hispida ladogensis (Kunnasranta et al. 2001).

Small freshwater-resident European river lamprey (mean 200–225 mm TL) have
also been reported in Lake Mjøsa in southern Norway (Berg 1948). Lake Mjøsa is
the largest lake in Norway (365 km2), as well as one of the deepest lakes in Europe,
with at least 20 species of fish, including a fast-growing brown trout morph that can
reach weights of >15 kg, northern pike, European perch, burbot, European smelt
Osmerus eperlanus, European whitefish Coregonus lavaretus, and European cisco
(Sandlund et al. 1987; Taugbol 1994; Mariussen et al. 2008). Freshwater-resident
European river lamprey populations have also been reported in large lakes in the
Vuoksi, Kymijoki, and Kokemaenjoki river drainages in Finland (Tuuainen et al.
1980).

Freshwater residency has also been demonstrated in European river lamprey
inhabiting Lough Neagh in Northern Ireland (Goodwin et al. 2006). With a sur-
face area of 390 km2, it is the largest lake in the British Isles. Fishes within Lough
Neagh have access to the sea, but all information suggests that all or most of the
Lough Neagh river lamprey are non-anadromous. River lamprey are rarely caught
in the River Bann downstream of the Lough Neagh outflow, and actively feeding
lamprey (i.e., attached to pollan Coregonus autumnalis and with full guts) have been
captured in the lough almost year-round (February to October). During this time,
TL increased from 118 mm to a maximum of 391 mm. Scarring on pollan was first
observed (at low incidence) in April and May and increased in late June and early
July, although no fresh scars were evident in September or October. Multiple size
classes were not present during the feeding phase, suggesting that this population
feeds for ≤1 year in fresh water. Nevertheless, the size achieved by the end of the
feeding phase indicates rapid growth during this year,making these individuals (mean
318 mm TL at maturity; Hume 2013) as large or larger than some of the praecox
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or even smaller-bodied typical anadromous European river lamprey that feed at sea
for 1 or 1.5 years. Inger et al. (2010), using stable isotope analysis, subsequently
confirmed that none of the 71 Lough Neagh river lamprey examined had fed in the
marine environment. However, these authors identified brown trout and non-native
bream as the main items in the river lamprey diet, with pollan representing the main
food source only between May and July. This finding and the scarring data from
Goodwin et al. (2006) suggest that river lamprey shift to larger fish species later in
the year (see Chap. 3). Therefore, access to a range of prey sizes may be important
in permitting these lamprey to reach a large size exclusively in fresh water.

The best-studied freshwater-resident European river lamprey is the popula-
tion found in Loch Lomond (71 km2) in Scotland. Loch Lomond contains the
greatest number of fish species of any lake in Scotland. In addition to Euro-
pean river lamprey and European brook lamprey, and the occasional report
of sea lamprey (see Sect. 4.3.4.4), Loch Lomond contains at least 12 other
native fish species, including Atlantic salmon, brown trout, European whitefish
(locally known as powan and sometimes recognized as Coregonus clupeoides),
northern pike, roach, and European perch, and six non-native species (Maitland
1980; Hume et al. 2013a). Maitland (1980) found that brown trout, roach, and espe-
cially powan bore European river lamprey scars (with scars on 6, 5, and 45% of all
individuals captured, respectively) and that 55% of the scarred powan had 2–8 scars
each. Fresh wounds were recorded in May–November and were especially prevalent
in July and August (Morris 1989; Maitland et al. 1994), that is, after they would nor-
mally outmigrate if they were anadromous. Maitland (1980) indicated that feeding
river lampreymust be relatively common inmost parts of the loch, becausewounding
rateswere high on powan in all locations. However, it should be noted thatHume et al.
(2013a) found that scarring on powan has become greatly reduced in recent years.
In 2010, only 6% of powan had river lamprey scars, possibly as a result of declines
in powan numbers following introduction of the ruffe Gymnocephalus cernuus.

The freshwater-resident European river lamprey in Loch Lomond, sometimes
called a dwarf (Morris 1989) or praecox (Maitland et al. 1994) form, is not land-
locked. Anadromous river lamprey can access the loch via the River Leven, which
connects Loch Lomond to the Firth of Clyde via the River Clyde, and both forms
spawn in the River Endrick, which flows into the eastern end of the loch (Morris
1989). The freshwater-resident form measures 155–257 mm TL during its upstream
migration (Adams et al. 2008) and 164–197mm (mean 185mm) at spawning (Morris
1989), compared to 269–338 mm (mean 327 mm) in the anadromous form (Morris
1989; Adams et al. 2008; Hume 2013). Adams et al. (2008) used stable isotope anal-
ysis to show that the small and large lamprey size classes from the River Endrick
corresponded to those feeding in fresh- and saltwater, respectively. Morris (1989)
indicated that the freshwater form appears to feed for a few months compared to
15–18 months at sea for the typical anadromous form.

Morphological differences have been reported between the freshwater-resident
and anadromous European river lamprey in Loch Lomond. The freshwater form has
a bigger oral disc and eye, longer snout, and darker pigmentation (Morris 1989).
Morris (1989) indicated that the freshwater form in Loch Lomond is in some ways
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intermediate between the normal forms of river and brook lampreys and suggested
that it might represent an intermediate stage between these two species (see also
Beamish 1985; Docker 2009; Sect. 4.7.3). However, there is evidence of temporal
separation between forms, and some measurements and counts of the freshwater
parasitic form were more extreme than either the anadromous river lamprey or brook
lamprey; these observations suggest that the freshwater form is not a hybrid (Morris
1989). Furthermore, recent studies show that the freshwater form is more genetically
differentiated from the anadromous and non-parasitic forms than either of these latter
forms are from each other (Bracken et al. 2015; Hume et al. 2018), although there is
evidence for ongoing gene flow among all three forms (Bracken et al. 2015).

4.3.4.3 Arctic Lamprey

Like the Pacific and European river lampreys, size at maturity in anadromous Arc-
tic lamprey varies widely, and there appear to be geographical differences. Maxi-
mum TL during the feeding phase (790 mm) has been reported in the North Pacific
Ocean (Orlov et al. 2014), and the largest size at, or approaching, maturation has
been reported in southeastern Russia. Maximum TL at maturity was 625 mm (mean
505mm) and 566mm (mean 456mm) in the Partizanskaya River (formerly known as
the Suchan River) and the lower reaches of the Amur River, respectively (Bogaevskii
1949). In Japan, Yamazaki et al. (2001) reported maximum TL ranging from 400 to
442 mm at or near spawning, and in western Kamchatka, Russia, maximum TL of
the typical anadromous formwas 350 and 330mm inmales and females (with means
of 293 and 279 mm, respectively; Kucheryavyi et al. 2007). Heard (1966) found that
maximum TL of mature anadromous Arctic lamprey in southwestern Alaska was
311 mmTL (mean 253 mm), and they were even smaller (maximum and mean TL of
200 and 166 mm, respectively) on the southern Kuril Islands in the Western Pacific
Ocean between Japan and the Kamchatka Peninsula (Sidorov and Pichugin 2005).

This latter population from the southern Kuril Islands could likely be described
as a praecox anadromous form, although, given the range of sizes observed, the
distinction between the typical and praecox forms is not entirely clear. Berg (1948)
gave a brief description of a spent dwarf male Arctic lamprey (224 mm TL) from the
mouth of the Kukhtui River, near the Sea of Okhotsk, and Kucheryavyi et al. (2007)
explicitly described a praecox form in western Kamchatka (maximum and mean TL
of 220 and 190 mm, respectively) that occurred alongside the typical anadromous
form and a freshwater-resident non-parasitic form. The praecox form in western
Kamchatka was less common (3% of all individuals) than the typical anadromous
form (14%), and 92% of the praecox individuals were males, lending credence to the
suggestion that life history transitions may occur more readily in males (see Docker
2009).

Duration of the feeding phase in this species can only be extrapolated from body
size (see Chap. 3). However, given the range of sizes observed, there appears to be
more intraspecific variation than in most other parasitic species, with the possible
exception of the Pacific lamprey (see Sect. 4.3.4.1). Orlov et al. (2014) identified
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four size classes (150–320, 330–530, 540–650, and 660–800 mm) in Arctic lamprey
captured in the North Pacific Ocean during the feeding phase, suggesting that indi-
viduals in this population feed at sea for up to 4 years. Presumably, populations with
smaller sizes at maturity feed at sea for shorter periods of time, with those specifically
identified as the praecox form having a marine trophic phase lasting for as little as
several months to 1 year (Kucheryavyi et al. 2007). Nevertheless, given that we know
relatively little about the marine feeding phase of lampreys, we cannot exclude the
possibility that size differences are the result of differences in the quantity or quality
of available host fishes. The anadromous sea lamprey can reach 700–800 mm TL
in ≤2 years of feeding at sea (see Sect. 4.3.4.4); therefore, size at maturity (at least
across species and potentially within species) may not be a reliable indicator of the
duration of the feeding phase.

Freshwater-resident populations of Arctic lamprey have been reported in Asia
and North America, but they are not known from Europe (Holčík 1986), and some
freshwater-resident populations attributed to this species are apparently non-parasitic
forms (Iwata and Hamada 1986; Kucheryavyi et al. 2007; Yamazaki et al. 1998,
2011; see Sect. 4.6.3.2). The best-studied populations where freshwater parasitism
and permanent freshwater residency have been confirmed are in North America. The
Naknek River system on theAlaska Peninsula consists of seven interconnected lakes,
including Naknek Lake, which is the fifth largest lake in Alaska (584 km2). Heard
(1966) reported that both anadromous and freshwater-resident parasitic Arctic lam-
prey occurred in this system and that the freshwater-resident formwasmore common
than the anadromous form. Lampreywere found feeding on sockeye salmon, rainbow
trout, pygmy whitefish Prosopium coulterii, and threespine stickleback Gasteros-
teus aculeatus in July, August, and September. They measured 115–226 mm (mean
167mm) TL during the feeding phase and 117–188mm (mean 155mm) at spawning.
Vladykov and Kott (1978) subsequently re-examined 47 specimens (122–172 mm)
from Heard (1966), as well as specimens obtained from other areas, and described
these lamprey as a new non-parasitic species, the Alaskan brook lamprey Lethen-
teron alaskense. However, Heard (1966) did not find any recently metamorphosed
individuals with maturing gonads and presented clear evidence of feeding in fresh
water throughout the summer and fall. He suggested that individuals within this sys-
tem might exhibit flexibility in feeding, remaining in the lake if there is an adequate
source of prey or, alternatively, starting to feed on salmon smolts in fresh water and
being carried to sea when they outmigrated. Arctic lamprey were observed attached
to upstream-migrating rainbow trout and sockeye salmon congregating at the outlet
to one of the lakes in this system in July and August, and Heard (1966) suggested
that these lamprey had probably started to migrate from the lake but remained at
the outlet upon finding a large concentration of prey. This would suggest that Arctic
lamprey in this system are opportunistically freshwater resident, rather than rep-
resenting a discrete freshwater population, and this population may represent one
of the few cases of partial migration in lampreys. Partial migration refers to the
resident–migratory dimorphism seen in many populations of other fish species and
birds, for example, where some individuals in the population migrate and others
remain resident (Olsson et al. 2006; Chapman et al. 2012). Other freshwater-resident
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lampreys, even those that co-occur with the anadromous form (e.g., European river
lamprey in Loch Lomond; see Sect. 4.3.4.2), appear instead to represent distinct gene
pools rather than belonging to a single polymorphic population.

Unlike Arctic lamprey in the Naknek system, the freshwater-resident Arctic lam-
prey population in Great Slave Lake (27,200 km2) in the Northwest Territories in
Canada is thought to represent a permanent freshwater population.Althoughnot land-
locked, anadromous lamprey in this system would need to migrate up the Mackenzie
River, the longest river in Canada (1,740 km), to reach the lake. Arctic lamprey
in this system have been found to prey on lake whitefish Coregonus clupeaformis,
cisco Coregonus spp., inconnu Stenodus leucichthys, lake trout Salvelinus namay-
cush, longnose sucker Catostomus catostomus, and burbot (Nursall and Buchwald
1972). Specific size informationwas not given for the 112 feeding or spawning-phase
lamprey collected, but body size in this population appears somewhat larger than in
the Naknek River system; feeding phase juveniles collected in the north arm of Great
Slave Lake in late August and September often exceeded 300 mm in TL, and size
at spawning included a spent female measuring ~168 mm and a ripe male measur-
ing 226 mm TL. No juvenile lamprey were collected in the winter fishery, leading
Nursall and Buchwald (1972) to conclude that this population likely fed following
metamorphosis for <6months (i.e., from downstreammigration in the spring to early
fall).

Other freshwater-resident Arctic lamprey have been reported in Tatlmain Lake, a
tributary to the Pelly River in the Yukon Territory, Canada, and in Iliamna Lake in
southwest Alaska (McPhail and Lindsey 1970). Iliamna Lake is the largest lake in
Alaska and the eighth largest lake in theU.S. (2,600 km2) and has abundant salmonids
(e.g., sockeye salmon, Arctic char Salvelinus alpinus, Dolly Varden) and other fishes
presumably capable of supporting Arctic lamprey during the feeding phase (Foote
and Brown 1998; Hauser et al. 2008;May-McNally et al. 2015). This lake drains into
Bristol Bay via the Kvichak River, with no barriers preventing access to the sea, and
the abundant prey base supports even a resident harbor seal population (Hauser et al.
2008). Lamprey remains identified as either Arctic lamprey or Pacific lamprey (the
two species that have been reported in the Kvichak River drainage) were found in
27% of scat samples collected from these seal in July–August 2001, 2005, and 2006
(Hauser et al. 2008), indicating that lamprey were present in the lake after the time at
which they would normally outmigrate. McPhail and Lindsey (1970) reported that
lamprey up to 254 mm TL were recorded in the lake. Hauser et al. (2008) reported
that they did not observe any sockeye salmon in the lake with lamprey attached, but
directed studies targeting Arctic lamprey specifically are needed.

4.3.4.4 Sea Lamprey

The anadromous sea lamprey is the largest of all extant lampreys, and there are no
known anadromous praecox populations. If there is geographic variation in size at
maturity, it is more subtle than what has been observed in Pacific, European river,
and Arctic lampreys. Given that TL has been estimated to shrink by up to 24.3% in
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females and 18.6% in males during the course of the spawning migration (F. W. H.
Beamish 1980a; see Chap. 1), observed differences could be the result of individuals
being measured at different points on their migration. Maximum TL during the
feeding phase is recorded at 1,200 mm (see Chap. 3), and spawning migrants at or
approaching 900 mm TL have been reported in Europe (e.g., Hardisty 1986b; Silva
et al. 2013a; Rooney et al. 2015). Adults entering the Mulkear River in Ireland, for
example, measured 616–913 mm TL (mean 760 mm; Rooney et al. 2015). In North
America, upstreammigrants averaged 743 and 729mmTL in the St. Lawrence River
in Quebec and St. John River in New Brunswick (ranges 666–841 and ~640–840),
respectively (Vladykov 1951; Beamish and Potter 1975), and sea lamprey captured
on the spawning grounds in the Terra Nova River in Newfoundland averaged 601mm
(530–687 mm; Dempson and Porter 1993). It is thought that sea lamprey feed at sea
for 23–28 months (F. W. H. Beamish 1980a). Halliday (1991) found two size classes
during the feeding phase in the northwest Atlantic (120–380 and 560–840 mm TL),
which would likewise be consistent with a marine feeding phase lasting at least
2 years. However, Halliday (1991) could not rule out a 1.5-year juvenile feeding
period, and a recent study conclusively showed that some individuals can reach large
size in considerably less than2years. Silva et al. (2013a) captured a895-mmupstream
migrant in northwestern Spain that had been tagged on its downstream migration a
mere 13.5 months previously, suggesting that it spent as little as 10.5 months feeding
at sea.

Freshwater-resident sea lamprey are well known in the Laurentian Great Lakes,
Lake Champlain, the Finger Lakes (Cayuga and Seneca lakes), and Oneida Lake (see
Chap. 5). These lamprey grow larger than any other freshwater-resident parasitic
lampreys and larger than many anadromous lampreys. MacKay and MacGillivray
(1949) reported that the majority of upstream migrants in the Little Thessalon River
(in theLakeHuron basin) in 1946were ~610mmTL,with amaximumTLof 762mm.
However, mean TL at maturity typically falls within the 395–500 mm range (e.g.,
Applegate 1950; Wigley 1959; Manion 1972; Johnson 1982; O’Connor 2001; Smith
and Marsden 2007), and the maximum TL recorded in recent decades is ~570 mm
(Johnson 1982). Duration of the parasitic feeding phase has been established at
12–20 months (Applegate 1950; Bergstedt and Swink 1995; see Sect. 4.5.3).

Although these sea lamprey populations are frequently referred to as “landlocked,”
until recently there were no physical barriers preventing movement between the
Atlantic Ocean and LakeOntario and the Finger Lakes (i.e., through the St. Lawrence
River), and Lake Champlain likewise remains accessible from the Atlantic Ocean
via the Richelieu River (Marsden and Langdon 2012; Eshenroder 2014). However,
large-bodied sea lamprey of presumably marine origin have not been observed in
Lake Ontario, and, with the strong downstream current, movement into Lake Ontario
is thought to be unlikely (Eshenroder 2014). Construction of the Moses Saunders
Power Dam on the St. Lawrence River in 1954–1958 would now further impede
upstream migration of anadromous sea lamprey. Sea lamprey larvae are absent from
any upper St. Lawrence tributaries (i.e., in the 160-kmdownstreamportion fromLake
Ontario to the Moses Saunders Power Dam), although parasitic-phase sea lamprey
are sometimes attached to fish in the St. LawrenceRiver itself (Pearce et al. 1980). Sea
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lamprey populations in the lower St. Lawrence River are presumably anadromous,
but possibly derive from Lake Champlain (Eshenroder 2014). Sea lamprey in Lake
Erie and the upper Great Lakes are essentially landlocked. Although colonization
past Niagara Falls was initially permitted through theWelland Ship Canal (see Chap.
5), present-day movement through the Niagara River or theWelland Canal is thought
to be very limited, although not impossible (Larson et al. 2003; Kim and Mandrak
2016).

Thus, like the Arctic lamprey in Great Slave Lake, the sea lamprey in the Great
Lakes, Lake Champlain, and Cayuga, Seneca and Oneida lakes represent permanent
freshwater-resident populations. These lakes are also “great” in size and have a
rich prey base (e.g., lake trout, lake whitefish, Pacific salmonids; see Chaps. 3 and
5). Surface area of the Great Lakes ranges from ~19,000 km2 for Lake Ontario to
>82,000 km2 for Lake Superior; the surface area of Lake Champlain is ~1,300 km2,
and Oneida, Cayuga, and Seneca lakes range in area from 172 to 207 km2. There is
debate regarding the origin of sea lamprey in these lakes (i.e., whether they have been
present in Lake Ontario and Lake Champlain since the last glacial retreat or whether
they invaded via canals less than 200 years ago; see Sect. 4.5). Resolution of this
debate will help determine whether colonization of fresh water required adaptation
over timeorwhether access to abundant and large-bodiedprey is themaindeterminant
of whether sea lamprey can survive and indeed flourish entirely in fresh water (see
Sect. 4.4).

Despite their rapid spread from Lake Ontario into Lake Erie and the upper
Great Lakes in the 1920s and 1930s (see Chap. 5), sea lamprey do not appear
to have spread farther into smaller inland lakes. However, a recent study by
Johnson et al. (2016) indicates that, should they gain access, establishment
might be possible if a sufficient prey base is available. These authors present
evidence that a small number (<200) of sea lamprey may complete their life
cycle in the Cheboygan River system, upstream of a dam intended to pre-
vent spawning-phase sea lamprey access from Lake Huron. Despite this dam,
the watershed remains infested with sea lamprey. A navigational lock on the
dam was generally thought to permit escapement past the dam, but Holbrook
et al. (2014) showed little or no escapement through the Cheboygan lock and dam
during the 2011 spawning migration. There are four lakes upstream of the dam,
the two largest of which—Mullet Lake (70 km2) and Burt Lake (69 km2)—contain
fishable populations of northern pike, smallmouth bassMicropterus dolomieu, wall-
eye Sander vitreus, yellow perch Perca flavescens, rainbow and brown trout, and a
threatened population of lake sturgeon. Lamprey wounds on fish have been reported
previously by local fishermen (Applegate 1950), and Johnson et al. (2016) confirmed
the presence of lamprey wounds (the majority of which were classified as sea lam-
prey wounds rather than native silver lamprey wounds) on northern pike and rainbow
trout in these lakes. Parasitic-phase sea lamprey captured in August (a few of which
were attached to rainbow trout) measured 330–440 mm TL, indicating that sea lam-
prey feed substantially in these lakes long after they would normally outmigrate to
Lake Huron. Johnson et al. (2016) also found adult sea lamprey in the upper river
before the first lock opening in the spring, so unless they passed through the dam
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from Lake Huron by an unknown route, these individuals would have overwintered
in the Cheboygan River system. Six unmarked spawning-phase sea lamprey captured
in the upper river (and assumed to be from the inland population) averaged 459 mm
TL, compared to 493 mm in marked sea lamprey of Lake Huron origin captured in
the lower river. The difference in size suggests slightly lower growth rates within
the Cheboygan River system, either due to differences in prey availability—although
Johnson et al. (2016) indicated that these lakes are more productive than Lake Huron
and likely have higher prey density—or due to more rapid cooling of Mullett and
Burt lakes in the fall relative to Lake Huron.

No other freshwater-resident sea lamprey populations are known throughout the
species’ range. There are a growing number of accounts of freshwater feeding by
anadromous sea lamprey, but all appear to represent transitory freshwater feed-
ing prior to or during outmigration. However, these reports are worthy of discus-
sion because at least a few individuals have been shown to reach appreciable sizes
(250–410 mm TL) feeding either in rivers while en route to the sea or in lakes prior
to outmigration. F. W. H. Beamish (1980a), for example, reported newly metamor-
phosed sea lamprey attached to alewife Alosa pseudoharengus, shad A. sapidissima,
and white sucker Catostomus commersonii in the St. John River. These individuals
were still reasonably small (mean 132–136mmTL inmid- to lateMay, respectively),
but condition factor (CF = W/TL3 × 106, where W is weight in g and TL is in mm)
increased during this time (from 1.1 to 1.4 from mid- to late May). Furthermore,
six individuals averaged 211 mm TL by mid-May, and two even larger sea lamprey
(242–292 mm) were caught near the mouth of the river in early June. Feeding sea
lamprey as large as 400 mm TL have been reported in rivers attached to anadro-
mous fishes (e.g., Atlantic salmon, alewife, shad), but their occurrence is assumed
to result from attacks initiated in marine or estuarine waters; sea lamprey juveniles
found attached to the occasional non-anadromous fish species (lake trout, brook trout
Salvelinus fontinalis) were always smaller (100–250 mm TL). Silva et al. (2013b)
confirmed that feeding was initiated in fresh water when they observed outmigrating
sea lamprey in two Spanish rivers attached to an exclusively freshwater cyprinid
(northern straight-mouth nase Pseudochondrostoma duriense); they estimated that
~6% of this shoal-forming cyprinid had lamprey attached, and attachments or scar-
ring were observed up to ~20 km from the upstream tidal limit. Silva et al. (2013c)
suggested that 10–30% of all sea lamprey start feeding in the river, particularly on
large anadromous fish species, and reported one individual attached to an Atlantic
salmon measuring 315 mm TL. The other five sea lamprey that they found attached
to anadromous brown trout or twaite shad Alosa fallux (20–40 km from the river
mouth) measured 149–199 mm TL. Other downstream migrants (i.e., not attached
to fish) measured 132–205 mm TL, suggesting that those at the upper end of the
range had started feeding in fresh water as well. For comparison, newly metamor-
phosed sea lamprey feeding in the estuary measured 145–338 mm (mean 217 mm
TL; Silva et al. 2013c). Recent observations by Baer et al. (2018) suggest a much
lower incidence of in-river feeding by sea lamprey in the Rhine River in Germany,
but indicate that those few individuals that do start feeding during outmigration can
grow large. Only 28 of the 18,610 downstream migrants (0.15%) showed evidence
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of substantial feeding, but they measured 250–370 mm (mean 280 mm TL) com-
pared to 90–190 mm for the remaining outmigrants. Over a dozen other fish species,
including roach, bream, European perch, and zander Sander lucioperca occurred in
this portion of the Rhine River. Unlike the previous studies, however, where most
observations of in-river feeding were made near the river mouth, Baer et al. (2018)
observed evidence of feeding 600 km upstream. These authors suggest that feeding
in the river might increase in incidence as the lamprey move downstream.

Lacustrine feeding by anadromous sea lamprey prior to outmigration has also
been observed. Davis (1967) reported sea lamprey feeding in Love Lake (2.7 km2),
Maine,where at least 17 teleost fish species occur.Virtually all newlymetamorphosed
sea lamprey outmigrated in November and December (98.4% in 1960–1961 when
downstream movement was monitored between September and May), although a
few downstream migrants were captured in February–May. Mean TL of outmigrants
was 160 mm; the majority measured 140–175 mm TL, but 16.3% were larger than
175 mm, and the maximum reported was 234 mm TL. In 1960–1964, 85% of the
landlocked Atlantic salmon captured had been attacked by newly transformed sea
lamprey, and these salmon bore an average of 2.4 and a maximum of 8 wounds per
fish. The incidence of fresh lamprey marks suggested that feeding occurred mainly
in May–June and October–February. Only 5.1% of brook trout were observed with
lamprey marks; marks were also observed on white perchMorone americana, white
sucker, chain pickerel Esox niger, pumpkinseed Lepomis gibbosus, yellow perch,
alewife, rainbow smeltOsmerusmordax, and other sea lamprey, but thesemarkswere
not necessarily indicative of successful feeding. Davis (1967) found no evidence of
freshwater parasitism by sea lamprey in two other lakes in the East Machias River
system downstream of Love Lake (4.8 and 1.2 km2), but only Love Lake had a well-
established population of landlocked Atlantic salmon. In Loch Lomond (71 km2),
Scotland, Atlantic salmon and brown trout occasionally carry lamprey scars that,
based on their size and location, are likely caused by sea lamprey, and there are a few
records of sea lamprey (up to 200 mm TL) attached to Atlantic salmon in this lake
(Maitland 1980; Maitland et al. 1994). Two feeding sea lamprey (350 and 185 mm
TL) were recovered on trout 9 and 18 years after construction of the Llandegefedd
Reservoir in Wales in 1963 (1.7 km2; Maitland et al. 1994). These individuals likely
represented remnants of the original population, and there was no evidence of an
established resident population once the offspring of the last anadromous sea lamprey
died out. Likewise, a limited number of sea lamprey were observed feeding in two
large reservoirs (Lakes Carrigadrohid and Iniscarra, 5.8 and 4.9 km2, respectively)
on the River Lee in Ireland in 1959–1965 following the construction of the reservoirs
in 1957 (Kelly and King 2001). Subsequent monitoring in Iniscarra Reservoir has
failed to show any additional evidence of sea lamprey feeding (King and O’Gorman
2018). Likewise, anadromous sea lamprey accidentally introduced into a reservoir
above the Portodemouros Dam in northwestern Spain have been unable to form a
self-sustaining population in fresh water (Silva et al. 2014). The reservoir, which has
an area of 11 km2, was formed in 1967 when the dam was built. In 2008, brown trout
bearing sea lamprey wounds (including one with a 211-mm juvenile sea lamprey
attached) were captured by anglers. Of 14 locations sampled across six tributaries
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of the reservoir, sea lamprey larvae were collected at only two locations 300 m
downstream of a restaurant where groups of live adult lamprey showing reproductive
behavior were held in nets within the river. There have been no other reports of sea
lamprey in the reservoir, further suggesting that these captive individuals were the
source of the parasites rather than a residual population that had been confined to
fresh water since the building of the dam 40 years earlier.

Persistent freshwater feeding by sea lamprey has been reported in several other
Irish lakes (i.e., year after year and over extended periods of the year). The largest
individual recorded was 410 mm TL, but, again, there is no evidence that any indi-
viduals complete their life cycle in fresh water (King and O’Gorman 2018). Juvenile
sea lamprey were reported feeding in Loughs Corrib (178 km2), Conn (57 km2),
and Leane (19 km2) in 1959–1965 and in Lough Derg (8.9 km2) in 1996, and their
continued presence in these lakes has been confirmed over the past decade. King and
O’Gorman (2018) further reported feeding sea lamprey in two new locations, Muck-
ross Lake (2.7 km2) in 2009–2011 and Lough Gill (12.8 km2) in 2011 and 2018.
The majority of parasitic-phase individuals were collected during the annual brown
trout angling season inMay to early June, particularly in Loughs Derg and Conn, but
juvenile feeding sea lamprey were collected by anglers in many months and a small
number of sea lamprey that attached to open-water swimmers in Muckross Lake
were collected in July–September. Sea lamprey attached to adult Atlantic salmon
were observed in Loughs Conn and Leane, and attachments to pike and bream were
also documented. Although many of the 79 juvenile sea lamprey collected when
attached to fish were similar in size to the downstream migrants captured at the
outflow from Lough Derg in January (~130–180 mm, mode 160 mm TL), 26.6%
were >180 mm (up to ~250–280 mm in May–June), and two of them measured
400 and 410 mm TL (presumably from Muckross Lake later in the summer). King
and O’Gorman (2018) found no evidence of “dwarf” sea lamprey in any tributary
streams, arguing against the existence of self-sustaining freshwater populations.

Nevertheless, although sea lamprey appear not to readily become established
in fresh water, the results of Johnson et al. (2016) suggest that colonization from
the Great Lakes proper into other inland lakes is not impossible. Thus, preventing
secondary spread to other inland lakes is a high priority (see Chap. 5). Johnson et al.
(2016) also demonstrated that barriers to adult migration may not always be able
to extirpate sea lamprey populations from upstream reaches if they have access to a
sufficient prey base above the barriers. Similarly, dam removal on large streams such
as the Black Sturgeon River in Ontario (McLaughlin et al. 2013) could expose large
inland lakes to sea lamprey infestation that could result in parasitic feeding within
these lakes (see Sect. 4.8.3).
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4.4 Factors that Promote or Constrain Freshwater
Residency in Parasitic Lampreys

Freshwater parasitic lampreys are said to have a restricted distribution relative to
anadromous parasitic and freshwater non-parasitic lampreys, and it has been sug-
gested that they represent an evolutionarily unstable and transitory form between
anadromous parasitic and freshwater non-parasitic forms (Beamish 1985; Salewski
2003). Based on the above review, however, it could be argued that the distribution
of freshwater lampreys is not particularly restricted, especially in North America
where several species (e.g., chestnut and silver lampreys, Great Lakes sea lamprey)
are abundant and well established in fresh water (see Sects. 4.3.2.4 and 4.3.4.4). Nev-
ertheless, even if the freshwater parasitic life history type is not inherently unstable,
it is apparent that specific ecological conditions are required for its evolution and
persistence (Taylor et al. 2012). A minimum level of host fish acting as a forage base
is clearly critical for the persistence of parasitic lampreys in fresh water, although the
required minimum level apparently varies considerably among species. The ability
of anadromous lampreys to colonize fresh water appears to be inversely related to
their size (i.e., successful establishment is more likely for small-bodied lampreys)
and directly related to availability of suitable prey (both in terms of abundance and
size). However, different lamprey species may also show different genetic “predis-
positions” (e.g., related to osmoregulatory ability) to successful confinement in fresh
water, and the “incentive” to abandon anadromy (i.e., related to life history trade-offs)
will likely also differ between species and environments. Factors that constrain or
promote freshwater residency in different species are, of course, not mutually exclu-
sive. Body size and life history traits presumably also have a genetic basis (certainly
among, if notwithin, species). The genetic basis of physiological and life history traits
in lampreys is poorly understood, but recent advances in genomics in other fishes are
beginning to identify genomic and transcriptomic differences between anadromous
and freshwater forms (e.g., Czesny et al. 2012; Hale et al. 2013; Hecht et al. 2013)
and will continue to contribute to our understanding of the genetic underpinnings of
life history evolution (see Sect. 4.8.1).

4.4.1 Body Size

As shown by the above accounts (Sect. 4.3), all else being equal, establishment in
fresh water is more common in small-bodied anadromous lamprey species or in
large-bodied species in regions where dwarf or praecox forms have been reported.
For example, at least six freshwater-resident populations of the smaller European
river lamprey are known fromwestern Russia, Norway, Finland, and the British Isles
(see Sect. 4.3.4.2). In contrast, the large anadromous sea lamprey—although it can
be seen feeding in fresh water during or prior to outmigration—appears not to have
established any freshwater-resident populations in Europe (see Sect. 4.3.4.4). In this
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species, colonization of fresh water has only been successful in the Great Lakes and
other large productive lakes in North America. Furthermore, the regions where lacus-
trine populations ofEuropean river lamprey have become established seem to be char-
acterized by particularly small-bodied anadromous forms. Similarly, although some
populations of Arctic lamprey reach appreciable sizes (e.g., in southeastern Russia),
the only known freshwater-resident populations are in regions of Asia and North
America where size at maturity of the anadromous population appears to be smaller
(see Sect. 4.3.4.3). Likewise, the freshwater-resident Entosphenus species assumed
to be post-glacial derivatives of the Pacific lamprey (see Sect. 4.3.2.1) and the
few known non-anadromous Pacific lamprey populations generally occur in regions
where smaller-bodied anadromous Pacific lamprey are known (see Sect. 4.3.4.1).
Praecox Pacific lamprey tend to show more genetic differentiation among locations
(i.e., more limited dispersal) than the larger anadromous form (Spice et al. 2012;
Hess et al. 2013), and there appears to be a genetic basis for body size in this species
(Hess et al. 2013, 2014). Thus, praecox individuals—by virtue of their smaller body
size or other traits—could be genetically “predisposed” for freshwater colonization
(see Sect. 4.4.3).

The only apparent exception to this pattern is the very small-bodied western river
lamprey. Western river lamprey feed parasitically for only a few months, in estuaries
(e.g., the Strait of Georgia) rather than at sea, and it could be argued that all indi-
viduals of this species constitute the praecox form (see Sect. 4.3.3.2). Therefore, we
would predict that western river lamprey would be able to easily abandon anadromy.
Nevertheless, there is only one report of a “healthy” non-anadromous population (in
Lake Washington). However, the western river lamprey or a western river lamprey-
like ancestor has given rise to numerous freshwater-resident non-parasitic lamprey
populations (from Alaska to California), and perhaps this species, given its very
small body size, readily abandons both anadromy and the parasitic feeding phase
(see Sect. 4.7).

4.4.2 Prey Availability and Other Ecological Factors

Access to a sufficient prey base is clearly critical for the evolution and persistence
of freshwater parasitic lampreys, but what qualifies as sufficient varies considerably
among species. Small-bodied species that are exclusively freshwater resident can
inhabit relatively small systems with small-bodied prey (e.g., the Miller Lake lam-
prey; Sect. 4.3.2.1), although others (e.g., silver and chestnut lampreys; Sect. 4.3.2.4)
can grow quite large. Both prey abundance and prey size seem to be important. The
consumption rate of large-bodied lampreys is high, and the host size necessary to
support this consumption rate—particularly as the lampreys increase in size—can
be limiting in fresh water (see Chap. 3). European river lamprey in Lough Neagh are
estimated to feed in fresh water for only 1 year, but individuals in this population
appear to grow as large or larger than some anadromous conspecifics that feed at
sea for 1 or 1.5 years (see Sect. 4.3.4.2). Goodwin et al. (2006) showed that river
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lamprey in this lake shift to larger host species as they grow, and access to a range
of prey sizes (and not just absolute prey biomass) may be important in fresh water.

It is no coincidence, of course, that large anadromous lampreys establish in large
lakes only, generally where at least a dozen species of fish are present. Lough Neagh
is the largest lake in the British Isles, and other lacustrine populations are known from
lakes ranging in area from the size of Loch Lomond (71 km2) to Lakes Onega and
Ladoga (>9,700 km2). The largest anadromous species, sea lamprey, has success-
fully established freshwater-resident populations in only the Laurentian Great Lakes
(~19,000–82,000 km2), Lake Champlain (~1,300 km2), and Oneida, Cayuga, and
Seneca lakes (172–207 km2). It is not known if persistence in the smallest of these
lakes is dependent on recruitment from or feeding opportunities in Lake Ontario.
Likewise, sea lamprey appear to have become established upstream of a barrier in
the Lake Huron basin, where they feed on prey in Mullet Lake (70 km2) and Burt
Lake (69 km2) (Johnson et al. 2016; see Sect. 4.3.4.4). However, it is not known if
the long-term persistence of this population depends on occasional recruitment from
Lake Huron. Arctic lamprey, another relatively large-bodied anadromous species,
has established freshwater-resident populations in large lakes (Great Slave Lake and
Iliamna Lake, 27,200 km2 and 2,600 km2, respectively; see Sect. 4.3.4.3); in con-
trast, the Arctic lamprey in the Naknek River system (with a total lake surface area of
~700 km2) might not be a permanent freshwater-resident population (Heard 1966).
In the Naknek River system, individuals may feed opportunistically in fresh water,
and there may be ongoing recruitment from the anadromous population.

Species for which few or no non-anadromous populations have been reported are
generally those large-bodied species without access to large lakes. This includes the
Pacific lamprey and pouched lamprey, and, to a lesser extent, the smaller-bodied
western river and short-headed lampreys that share the respective ranges of these
species. Compared to the three species discussed above, there are relatively few
large lakes within the range of Pacific and western river lampreys, and the same is
true for the SouthernHemisphere species. The small number of lamprey species in the
SouthernHemisphere has been attributed to the general paucity of freshwater systems
for spawning and larval rearing (Potter et al. 2015), and the shortage of large lakes
in particular will limit freshwater parasitism. In Australia, natural freshwater lakes
are rare due to the general absence of recent glaciation. Lake Wellington (147 km2)
appears to support a non-anadromous population of the smaller short-headed lamprey
(see Sect. 4.3.3.3), but it is apparently not sufficiently large for the pouched lamprey.

There are more, but still relatively few, large lakes on the west coast of North
America within the range of the Pacific lamprey. One of the largest lakes in this
species’ range in the contiguous United States (i.e., excluding Alaska) is Lake Roo-
sevelt, which is a reservoir created in 1941 when the Columbia River was impounded
by the Grand Coulee Dam.With a surface area of ~330 km2, this lake is very small in
comparison to the Laurentian Great Lakes and Great Slave Lake. The reservoir con-
tains rainbow trout, kokanee, walleye, burbot, and smallmouth bass (Baldwin et al.
2003; Polacek et al. 2006), but there are no reports of Pacific lamprey becoming estab-
lished following isolation above the dam. It is thus not surprising that large-bodied
anadromous Pacific lamprey also failed to establish in the much smaller Dworshak
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Reservoir and Elsie Lake (69 and 6.7 km2, respectively; see Sect. 4.3.4.1). Lacustrine
Pacific lamprey-like populations are known from Goose Lake (380 km2) and Upper
Klamath Lake (250 km2), but these populations are likely of post-Pleistocene origin
(see Sect. 4.3.2.1) and it is worth noting that Upper Klamath Lake is a remnant of the
much larger Pluvial Lake Modoc, which at its largest, covered >2,600 km2 (Dicken
and Dicken 1985).

The largest lake within this species’ range in British Columbia is Babine Lake
(~480 km2). Upstream-migrating anadromous Pacific lamprey were first recorded
in this lake’s tributaries in 1963, with the number increasing steadily by 1971, and
the presence of larval Pacific lamprey was confirmed in many of the streams by
the early 1980s (Farlinger and Beamish 1984). Thus, it appears that large-bodied
anadromous Pacific lamprey (~480–690 mm TL; R. J. Beamish 1980) have only
started accessing the system relatively recently, perhaps following removal of amajor
rock slide 65 km downstream of the lake (Farlinger and Beamish 1984). However,
despite an unconfirmed report in 1977 of a lamprey feeding on a fish in Babine Lake
(R. J. Beamish 1980), there are no documented reports of Pacific lamprey parasitizing
freshwater fishes anywhere in the Skeena River drainage (Farlinger and Beamish
1984). The potential prey base in Babine Lake includes sockeye and coho salmon,
rainbow trout and steelhead (i.e., anadromous rainbow trout), lake trout, and lake
whitefish (Shortreed and Morton 2000). Whether a freshwater lamprey population
could become established in this lake is unknown and should be monitored.

The western river lamprey likewise has access to relatively few large lakes within
its range. It might be supposed that, given its very small body size, large lakes are
not required. However, given the relative paucity of large lakes, but the abundance of
spawning and larval rearing habitat in coastal systems, it may be more advantageous
for this small-bodied species to bypass the parasitic feeding phase altogether and
mature as a non-parasitic brook lamprey (see Sect. 4.7).

Although the above argument suggests that large-bodied anadromous lampreys
should generally be capable of establishing non-anadromous populations in large
productive lakes, isolation above dams appears not to have resulted in success-
ful freshwater colonization in Caspian lamprey, even in very large reservoirs
(1,830–3,120 km2; see Sect. 4.3.3.1). Aswith Pacific lamprey, perhaps not all anadro-
mous individuals are equally “prepared” for freshwater residency, and isolation of
a relatively small number of individuals is insufficient for selection of a freshwater-
resident phenotype (see Sect. 4.4.3).

However, feeding mode may also affect the ability of anadromous lampreys, par-
ticularly large-bodied ones, to succeed in fresh water. Potter and Hilliard (1987)
proposed that blood feeding would have a selective advantage in freshwater environ-
ments, where a relatively restricted host population would be less likely to be deci-
mated, especially if hosts are large enough to permit replacement of the blood lost
during feeding. Furthermore, because wounds inflicted by blood-feeding lampreys
are typically smaller than those caused by flesh-feeding species, they are less likely to
be fatal. Therefore, the ability of sea lamprey to becomeestablished in theGreat Lakes
may be permitted in part by their blood-feeding mode. Mortalities are still observed,
even among blood feeders (especially with Great Lakes sea lamprey, which are far
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larger than any other freshwater-resident lamprey), but sea lamprey behave more like
a parasite than a predator (see Chap. 3). Likewise, chestnut and silver lampreys are
blood feeders and have co-existed with their freshwater hosts for long periods of evo-
lutionary time (e.g., Cochran and Lyons 2016). Potter and Hilliard (1987) suggested
that flesh feeding, in contrast, evolved in lamprey populations which had access to
estuarine and marine hosts with large, widespread populations. This would particu-
larly be the case for small-bodied hosts that would provide only a small amount of
blood and require the lamprey to frequently seek out new hosts (i.e., making blood
feeding less efficient), but, given their abundance, they would not be easily depleted.
The western river lamprey is categorized as a flesh feeder (Chap. 3), and, Beamish
and Neville (1995) estimated that this species kills ~40–50 million Pacific salmon
smolts per year and ~150–200 million Pacific herring Clupea pallasii >100 mm TL
during its brief parasitic feeding phase as it enters the Strait of Georgia from the
Fraser River. The Pacific lamprey is classified as a blood and flesh feeder (see Chap.
3). Both western river and Pacific lampreys are thus more likely to deplete their prey
base in fresh water. The combined need for a particularly large prey base, but general
lack of access to large lakes with a large prey base, may therefore explain why these
two species have established few freshwater parasitic populations in contemporary
time. The pouched lamprey is likewise a flesh feeder that travels farther offshore
to feed in very productive waters (Potter and Hilliard 1987). Carrion feeding (e.g.,
by the exclusively freshwater-resident Carpathian lamprey) might also have a selec-
tive advantage in fresh water by reducing the pressure on local teleost populations
(Potter and Hilliard 1987). Nevertheless, it does not appear that this presumed mode
of feeding by the Caspian lamprey (see Chap. 3) helped it survive landlocking. Fur-
thermore, the European river lamprey has successfully established in fresh water
despite being a flesh feeder, and the Vancouver lamprey feeds on blood and flesh.
However, both species are smaller-bodied than most of the blood-feeding freshwater
species. Furthermore, although they probably inflict high mortality on their hosts
(Beamish 1982; Potter and Hilliard 1987), the presence of fishes with healed scars
(Goodwin et al. 2006; COSEWIC 2008) indicates that not all hosts succumb to their
wounds, and a certain amount of host mortality would presumably be tolerated where
prey are abundant.

As a final note regarding ecological constraints, it is also worth noting that, among
other anadromous fishes, there is a greater tendency for populations at lower latitudes
to become freshwater resident because fresh waters are more productive at these
latitudes than ocean waters (Gross et al. 1988). In contrast, anadromous species
tend to predominate in temperate regions, where the reverse is true. In lampreys, the
majority of established freshwater parasitic populations are found at higher latitudes
(i.e., the opposite ofwhatwould be expected).However, to explicitly test for the effect
of latitude, we would need to control for other factors (e.g., the relative availability
of large inland bodies of water and the presence of barrier dams), and we would
also need to include freshwater-resident non-parasitic lampreys. Including brook
lampreys, the expected pattern of fewer anadromous populations at low latitudes
appears to hold (see Sect. 4.6).
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4.4.3 Osmoregulatory Ability and Genetic Factors

Physiological constraints related to osmoregulation may limit the ability of some
anadromous lampreys to colonize fresh water. It has been suggested that estuarine
species such as European river lamprey prefer water of reduced salinity (Bahr 1952),
and this may facilitate the transition of European river lamprey to fresh water. How-
ever, western river lamprey has likewise been thought to inhabit waters of lower
salinity (R. J. Beamish 1980), but only one freshwater parasitic population has been
reported, and this species appears to do poorly in fresh water during its parasitic
feeding phase (see Sect. 4.3.3.2). Similarly, despite apparent adaptation to the very
low salinity of the Caspian Sea (~one-third that of most sea water), Caspian lamprey
do not appear to survive landlocking (see Sect. 4.3.3.1). Nevertheless, the failure
of Pacific lamprey populations to survive above dams that prevent access to the sea
is often attributed to their inability to osmoregulate in fresh water during the para-
sitic feeding phase (Clarke and Beamish 1988; see Sect. 4.3.4.1) and has been used
to suggest that this species is ill-adapted for colonization of fresh water (e.g., Far-
linger and Beamish 1984). By adaptation, we typically mean evolutionary change
in a trait with a heritable basis (i.e., over the course of generations). This is differ-
ent than acclimation or acclimatization, which is the adjustment of physiological
traits (i.e., phenotypic flexibility within a single organism) to ambient environmental
conditions in the laboratory or in nature, respectively (Piersma and Drent 2003).
It is “notoriously difficult” to differentiate between adaptation and environmentally
induced flexibility in wild populations because phenotypic variation could be the
product of either mechanism or a combination of both (Laporte et al. 2016).

Invasion of fresh water by anadromous lampreys likely involves both adapta-
tion and phenotypic flexibility. In populations suddenly isolated above a barrier, the
immediate need to osmoregulate in fresh water during the feeding phase is likely
met through a combination of selection on existing variation within the anadromous
population and phenotypic flexibility within individuals. Existing variation and phe-
notypic flexibility allow initial survival; subsequent adaptation leads to further “im-
provements” and evolution of other traits that increase fitness in freshwater. In Pacific
lamprey, some individuals or populations may be better adapted to freshwater feed-
ing than others (i.e., based on existing genetic variation); in turn, feeding in fresh
water may improve osmoregulatory ability (i.e., conferring phenotypic flexibility).
Clarke and Beamish (1988) found that Pacific lamprey from different populations
throughout British Columbia appeared to have different abilities to feed and survive
in fresh water, and the ability may be inversely related to body size at maturity.
Pacific lamprey from the Chemainus River (mean TL at maturity 270 mm) sur-
vived in fresh water until July, whereas no individuals from the Babine River (mean
TL 480–640 mm) survived beyond mid-February (R. J. Beamish 1980; Clarke and
Beamish 1988). These results are consistent with the suggestion above (Sect. 4.4.1)
that anadromous lampreys from smaller-bodied source populations are the progeni-
tors of freshwater-resident populations and species. However, the Pacific lamprey in
this study fed poorly in fresh water, and plasma sodium concentrations were corre-
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lated with condition factor, suggesting that osmoregulatory failure may have resulted
from, or at least been compounded by, depletion of body energy reserves. Hardisty
et al. (1989) indicated that, because the blood and tissue of the lamprey’s host fishes
are isotonic with the internal milieu of the lamprey, feeding would be expected to
ease the osmotic load. Ferreira-Martins et al. (2016) demonstrated that feeding on
an isomotic meal helped anadromous sea lamprey compensate for ion gains from the
seawater environment, and, in fresh water, feeding would be a source of ions (Wood
and Bucking 2011). Failure of lampreys to feed during the parasitic phase would
therefore compromise their osmoregulatory abilities.

R. J. Beamish and colleagues have suggested that confinement to fresh water
might select for a few Pacific lamprey individuals that are genetically predisposed
to feed and grow to maturity in fresh water, and the probability of this happening
would likely be higher if the size of the population was large (Farlinger and Beamish
1984; Beamish and Northcote 1989). In this respect, Pacific lamprey may be similar
to pink salmon Oncorhynchus gorbuscha and coho salmon. Pink salmon were pre-
viously thought to require salt water for completion of their life cycle, but they have
nevertheless become firmly established in the Great Lakes following an acciden-
tal introduction into Lake Superior in 1956 (Emery 1981; Gharrett and Thomason
1987). Establishment of a freshwater-resident pink salmon population presumably
involved differential survival of those individuals best adapted to fresh water, leading
to strong and rapid selection. Non-anadromous coho salmon are also now common
in the Great Lakes following introduction in the 1960s (Sandercock 1991), and there
is recent evidence of “freshwater residualism” in coho salmon in two small lakes
that drain into the Skeena River basin in British Columbia (Parkinson et al. 2016).
To date, outside of the Great Lakes, only 15 coho salmon (11 of which were male)
have been reported to reach maturity in fresh water (Parkinson et al. 2016). Fresh-
water residency outside of large lake systems is apparently rare for coho salmon, but
rare does not mean impossible. Several authors (e.g., Hardisty 1969; Mathers and
Beamish 1974; Beamish et al. 1978; F. W. H. Beamish 1980b) have suggested that
colonization of the Great Lakes by anadromous sea lamprey involved selection for
small individuals already predisposed for life in fresh water. However, if a relatively
small number of sea lamprey colonized Lake Ontario in historical times via canals,
this would imply that the genetic ability to osmoregulate in fresh water existed at
higher levels within the anadromous population or that the relatively few were either
“pre-adapted” (Briski et al. 2018) or “lucky” (see Sect. 4.5.3). Colonization of fresh
water also may have involved selection for anadromous sea lamprey with acceler-
ated gonadal development and reduced potential fecundity (Hardisty 1969; see Chap.
1), or these characteristics associated with existing freshwater-resident sea lamprey
evolved rapidly following invasion.

Research into the genetic basis of life history traits in lampreys is still in its
infancy. To date, however, loci correlating with body size and run timing have been
identified in Pacific lamprey (Hess et al. 2013, 2014; Parker 2018), and some of the
loci that differ between European river lamprey and European brook lamprey appear
to be related to osmoregulation (i.e., rather than feeding type; see Sect. 4.6.3.3). Hess
et al. (2014) found that body morphology, primarily TL of upstream migrants, was
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strongly associated with genetic variation at three single nucleotide polymorphism
(SNP) loci (identified as Etr_1806, Etr_4281, and Etr_5317; Hess et al. 2013). The
genetic mechanisms associated with these loci are likely complex, but Hess et al.
(2013, 2014) have made some inferences regarding the function of the genes to
which these SNPs were localized (i.e., when mapped to the sea lamprey reference
genome;Smith et al. 2013).Etr_1806 does not appear to localizewithin anydescribed
genes, but Etr_4281 aligns with the human protocadherin related 15 (PCDH15)
gene, which has an essential role in the maintenance of normal retinal and cochlear
function, and Etr_5317 localizes to the dymeclin (DYM) gene, which encodes a
protein necessary for normal skeletal development and brain function in humans
(Hess et al. 2013). Parker (2018) found that there was a strong correlation between
run timing (i.e., whether anadromous Pacific lamprey were of the river-maturing or
ocean-maturing ecotype; see Sect. 4.3.4.1) and two groups of linked loci. Individuals
that were homozygous for the “ocean-maturing” allele at both linkage groups almost
always had well-developed ovaries at the onset of their freshwater migration, but
individuals that had at least one river-maturing allele in either linkage group had small
ovaries. This means that the river-maturing ecotype carries standing genetic variation
capable of producing both ecotypes (i.e., both dominant and recessive alleles), while
the ocean-maturing ecotype carries a single (recessive) allele. The specific genes
associated with these loci (represented by SNP loci Etr_2878 and Etr_2791) have
yet to be determined, but continuing improvements to the assembly and annotation
of the sea lamprey genome (e.g., Smith et al. 2018) and growing genomic resources
for other lamprey species will aid in these efforts.

4.4.4 Life History Trade-Offs

The above discussions largely revolve around factors that limit colonization of fresh
water by anadromous lampreys. However, it is also possible—and, in fact, like-
ly—that, in addition to these factors that constrain establishment in fresh water, there
will also be factors that differentially promote freshwater residency.What constitutes
sufficient “incentive” for lampreys to abandonanadromywill presumablyvary among
species. There has been considerable discussion regarding life history trade-offs in
other anadromous and freshwater-resident fishes (e.g., Gross et al. 1988; Jonsson and
Jonsson 1993, 2006; Fleming 1996; Klemetsen et al. 2003) and in parasitic and non-
parasitic lampreys (e.g., Hardisty 2006; Docker 2009; see Sect. 4.7). Specifically,
the reduction in fecundity in freshwater-resident lampreys (that results from reduced
size at maturity) would require a compensatory reduction inmortality (resulting from
generally shorter feeding and spawning migrations, reduced osmoregulatory costs,
and reduced exposure to predators during a generally shorter feeding phase). Most
non-anadromous lampreys are not actually “landlocked” (see Sect. 4.3); therefore,
most appear not to be making the “best of a bad situation” by enduring fresh water
when they are unable to feed at sea. Presumably, lampreys become parasitic in fresh
water when they fare better in the freshwater system than they would in marine envi-
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ronments. Where the costs of anadromy outweigh its benefits or, conversely, where
the benefits of freshwater residency outweigh its costs (e.g., in terms of lost growth
opportunities at sea), freshwater residency should be favored. Large productive lakes
at a considerable distance from the ocean (e.g., Great Slake Lake, the Great Lakes)
would presumably favor freshwater residency; they offer access to a large, diverse
prey base without the longer spawning migrations (see Moser et al. 2015). How-
ever, for large-bodied anadromous species, it likely becomes increasingly difficult
for freshwater systems to sufficiently compensate for the loss of growth opportunities
at sea. Across all populations and species of lampreys, fecundity increases approxi-
mately with the cubic power of length; thus as TL doubles, the number of eggs will
increase by approximately an order of magnitude (see Chap. 1). Therefore, we would
expect to see abandonment of anadromy only under circumstances where reduction
of mortality and costs associated with migration make this decreased reproductive
outputworthwhile. For example, in sea lamprey,meanTL and fecundity are ~840mm
and 171,600 eggs in the North American anadromous population and ~440 mm and
70,000 in the Great Lakes (see Chap. 1 and references therein). This amounts to a
60% reduction in fecundity; presumably, this is an “acceptable loss” since growth
conditions in the Great Lakes are very good and mortality rates during the shorter
parasitic feeding and migratory stages are assumed to be lower. However, anadromy
would presumably remain advantageous compared to feeding in small lakes or reser-
voirs where growth conditions are poor and reduction in fecundity could be 90–95%
(e.g., if mean TL was reduced to 225–285 mm; see Chap. 1).

In contrast, the smaller-bodied anadromous lampreys have “less to lose” by aban-
doning anadromy. For example, large anadromous European river lamprey (mean TL
~400 mm) have an average fecundity of ~37,200, and freshwater-resident females
(mean TL ~225 mm) produce an average of ~10,135 eggs (see Chap. 1 and ref-
erences therein); this represents a >70% reduction in fecundity. However, there is
virtually no difference in fecundity when comparing anadromous praecox (mean TL
~210 mm and 10,000 eggs) and freshwater-resident European river lamprey. Thus,
for already small-bodied European river lamprey, abandoning anadromy would pre-
sumably reduce the costs and risks associated with the marine feeding phase, without
sacrificing reproductive output. Likewise, for theArctic lamprey,where large anadro-
mous forms (TL451–500mm) produce ~102,000 eggs and freshwater-resident forms
(TL 170–300 mm) produce ~21,400 eggs, colonization of fresh water by the large
forms could result in an almost 80% reduction in fecundity. In contrast, abandon-
ment of anadromy could be “a step up” for anadromous praecox Arctic lamprey
(TL 280 mm and ~13,700 eggs). This is consistent with the general observation that
freshwater forms arise in regions where smaller body sizes have been reported for
anadromous lampreys (see Sect. 4.4.1).

The above argument depends on the relationship between body size and fecundity
in female lampreys; whether or not male reproductive success is also related to size
is not known. Large anadromous males would presumably have higher reproductive
success than small freshwater males if strong size-assortative mating (Hardisty and
Potter 1971b) ensures they mate with large anadromous females. However, sneak
mating tactics have been observed in some lamprey species (e.g., Hume et al. 2013b)
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which would allow small males to fertilize at least some of the eggs of large females.
Kucheryavyi et al. (2007) found that virtually all of the praecox anadromous form
of Arctic lamprey in western Kamschatka were male, and they did not find size-
assortative mating. The praecoxmales were observed to spawn jointly with the larger
anadromous form but also with the even smaller non-parasitic form. In some other
anadromous fishes, the dwarf or resident forms are entirely or predominantly male
(e.g., Dalley et al. 1983; Heath et al. 1991), and Docker (2009) suggested that life
history transitions in lampreys may occur more readily in males. However, with the
exception of the praecox Arctic lamprey in western Kamschatka, male and female
lampreys appear to abandon anadromy more or less equally.

Because lampreys are semelparous, it is relatively easy to quantify their lifetime
reproductive success, at least in females, and the relationship between size at matu-
rity and fecundity is reasonably well studied (see Chap. 1). However, the other life
history variables “in the equation” (e.g., the costs associated with migrating to and
from different environments and those associated with osmoregulating and feeding
in different environments and for different durations) are more difficult to quantify.
Costs of upstream migration in different anadromous and freshwater-resident popu-
lations can be estimated using an energetics approach (e.g., by calculating shrinkage
or change in proximate body composition during migration; Beamish et al. 1979;
R. J. Beamish 1980; Beamish 1982; see Chap. 1) or by comparing the length and
duration of the spawning migration (see Moser et al. 2015). It should be noted, how-
ever, that the length and duration of upstream migration are not always correlated,
and the apparent “paradox of premature migration” seen in anadromous salmonids is
also observed in many lamprey species (Quinn et al. 2016). Some lamprey species,
populations, or individuals (e.g., all pouched lamprey, most Pacific lamprey, some
European river lamprey) enter fresh water 8–16 months prior to spawning, thus
appearing to reduce their growth opportunities at sea, while others (e.g., anadromous
and freshwater sea lamprey, ocean-maturingPacific lamprey, and somepraecoxEuro-
pean lamprey) delay freshwater entry until 1–2 months before spawning. How these
different strategies influence the relative benefits and costs of migration under differ-
ent marine and freshwater conditions is unknown. Likewise, age-specific mortality
rates are also difficult to quantify. Lampreys outmigrating to sea can significantly
contribute to the diet of predatory fishes, birds, and pinnipeds (see Docker et al.
2015), but predation on downstream migrants in fresh water has not been quantified.
Furthermore, although predation on juveniles is thought to be relatively low during
the parasitic feeding phase (because the adults are well dispersed), predation on lam-
preys will often go undetected (Cochran 2009), and nothing is known of the age- or
size-specific mortality rates during this stage (i.e., to balance the costs and benefits of
delaying maturation for another year). More precise estimates of the relative cost and
benefits of anadromy versus freshwater residency in different environments would
be very informative.
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4.5 Origin of Sea Lamprey in Lake Ontario and Lake
Champlain

It is clear that sea lamprey invaded Lake Erie and the upper Great Lakes following
completion of the Welland Canal in 1829 (or, perhaps more likely, following sub-
sequent modifications in the early 1900s that resulted in the current Welland Ship
Canal) which allowed them to bypass Niagara Falls (see Chap. 5). However, whether
they are invasive or native to the Lake Ontario drainage (including the Finger Lakes
and Oneida Lake)—that is, whether they entered in historic times (within the past
200 years throughmanmade canals) or prehistorically (as a result of post-Pleistocene
natural colonization)—is still debated. Investigators have argued both for invasive
(e.g., Aron and Smith 1971; Mandrak and Crossman 1992; Eshenroder 2009) and
native (e.g., Hubbs and Lagler 1947; Wigley 1959; Bailey and Smith 1981; Daniels
2001; Waldman et al. 2004; Bryan et al. 2005) status. The origin of sea lamprey in
Lake Champlain is similarly controversial (see Waldman et al. 2006; D’Aloia et al.
2015). Eshenroder (2009, 2014) thoroughly reviews the evidence for the compet-
ing “invasion-by-canal” and “native-but-rare” hypotheses and, in the 2014 paper in
particular, argues very convincingly for the former hypothesis—or at least that sea
lamprey were not present in Lake Ontario and Lake Champlain much before the
19th and 20th centuries, respectively. Nevertheless, it is also possible that sea lam-
prey adapted to fresh water following glacial retreat somewhere adjacent to these
lake basins and then gained access to the Lake Ontario and Champlain basins in
historical times. At present, support appears strongest for the “invasion-by-canal”
hypothesis, but modern population genomic analyses may be able to conclusively
resolve the issue. Resolution of this long-standing question will help us understand
how quickly anadromous lampreys can become invasive in fresh water (e.g., whether
colonization of fresh water requires gradual genetic change or whether it can happen
almost immediately following access to large productive lakes).

4.5.1 Colonization in Historical Times: Invasion-by-Canal
Hypothesis

The first record of sea lamprey in Lake Ontario is frequently dated to 1835, based
on a diary description by the naturalist Charles Fothergill of a single adult said to
have been collected in a creek just east of Toronto, Ontario (Lark 1973). Eshenroder
(2014) reviewed the fisheries literature related to the earliest records of this species
and concluded that this 1835 record is suspect. Although Fothergill’s morphological
description fits that of the sea lamprey, description of its natural history appears
conflated with that of the American eel Anguilla rostrata, and Fothergill may have
merely recorded information that he received second-hand and supplemented it with
information taken from a textbook (Eshenroder 2014). Eshenroder (2014) concluded
that the first credible report of sea lamprey in Lake Ontario was in 1888 when a
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parasitic-phase sea lamprey was found attached to a boat (Dymond et al. 1929).
Eshenroder (2014) indicated that there were at least 13 instances when experts had
the opportunity to encounter and report sea lamprey in the Lake Ontario drainage
before 1888 but, with the exception of Fothergill’s report 53 years previously, did
not. The rare, smaller silver lamprey was reported twice in Lake Ontario before 1888.
However, Waldman et al. (2009) noted that walleye, burbot, and yellow perch were
not mentioned in earlier accounts despite having been present. Nevertheless, if sea
lamprey were native, they likely would have been conspicuous in shallow tributary
streams during their spawning runs, especially in streams blocked by mill dams, and
scarring on frequently encountered host fishes (e.g., Atlantic salmon, lake trout, and
lake whitefish) would have been noticed and commented upon (Eshenroder 2014).
Thus, it is indeed hard to imagine that sea lamprey could have been present in Lake
Ontario prior to the mid- to late 1800s and not be recorded.

The first credible account of sea lamprey in Cayuga Lake was an adult collected
in 1875. Seven more were reported the following year, and over 1,000 adults were
reported by 1886 (Eshenroder 2014). Zoologists at Cornell University were studying
the fishes of Cayuga Lake at this time (Meek 1889) and presumably would have
noticed and recorded sea lamprey had they been presentmuch before this (Eshenroder
2014). Sea lamprey were apparently abundant in Seneca Lake by 1893 (Gage 1893)
and were in Oneida Lake “near” 1894 (Gage 1928).

Eshenroder (2014) therefore concluded that sea lamprey entered the Lake Ontario
drainage no earlier than the 1860s and quickly reached pest levels of abundance. This
timeline is consistent with the time (~10 years) required for sea lamprey to reach
pest proportions in Lake Ontario and the upper Great Lakes following colonization
(Eshenroder and Amatangelo 2002). Eshenroder (2014) concluded that invasion of
the Lake Ontario drainage was accomplished through the Erie Canal. This canal ran
fromAlbany, NewYork on theHudsonRiver to Buffalo, NewYork onLake Erie, thus
allowing navigation between the Atlantic Ocean and the Great Lakes, and it also had
an extensive network of lateral canals connecting to the Oswego River drainage and
LakeOntario. Anadromous sea lamprey oncemigrated reasonably far upstream in the
Hudson River, probably at least as far as the mouth of the Mohawk River (Bigelow
and Schroeder 1948). Daniels (2001) and Waldman et al. (2004) concluded that
these 19th-century navigation canals would have been inhospitable to sea lamprey
and would have hadmany barriers to passage. However, Eshenroder (2014) reviewed
details of the construction and operation of the canal and suggested that completion
of a dam and sloop lock on the Hudson River in 1823 could have diverted sea
lamprey into the Erie Canal. He reasoned that the eastern section of the canal, with
its high-quality water and directional current provided by feeder canals, would have
facilitated upstream migration by adult lamprey. Even more likely, however, sea
lamprey may have gained access in 1863 when a tributary of the Susquehanna River
was diverted into the Oneida Lake drainage, creating a watershed breach between
the Lake Ontario and Hudson River/Atlantic Ocean drainages (Eshenroder 2014).
Water from the Susquehanna River drainage would have spilled directly into the Erie
Canal or, under high-water conditions, spilled into Limestone Creek and eventually
Oneida Lake. Sea lamprey spawning runs were known from the Susquehanna River
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drainage until it was occluded by construction of Conowingo Dam near its mouth
in 1928 (F. W. H. Beamish 1980a; Waldman et al. 2009), and adults were observed
in the upper reaches of the Susquehanna River “only a few miles south of Cayuga
Lake” (Gage 1893). Larval pheromones in these upper reaches would have been
diverted into the Erie Canal and could have served as an attractant to upstream-
migrating sea lamprey at the canal’s Hudson River entrance (Eshenroder 2014).
Previous discussions regarding possible invasion routes into LakeOntario (e.g., Aron
and Smith 1971; Eshenroder 2009) were unaware of the watershed breach between
the Susquehanna River and Lake Ontario drainages, but this later timing agrees well
with the first reports and subsequent proliferation of sea lamprey in the Lake Ontario
drainage in 1875–1888.

The “invasion-by-canals” hypothesis is consistent with arguments based on zoo-
geography. Mandrak and Crossman (1992), for example, classified sea lamprey
as non-native to Lake Ontario, arguing that this species, if it dispersed into the
St. Lawrence River and Lake Ontario basin during the Champlain Sea inundation
(11,800–9,700 years ago), would have had the opportunity to colonize the Ottawa
River and inland waters of eastern Ontario. Likewise, if it dispersed in the glacial
lakes in theOntario basin through the Susquehanna outlet 13,000–11,800 years ago, it
would have had the opportunity to disperse into all the Great Lakes, because Niagara
Falls was not established as a barrier to dispersal until ~12,500 years ago. Eshen-
roder (2009) briefly discussed two alternative versions of the non-native hypothesis
to explain the belated appearance of sea lamprey in the Lake Ontario drainage. First,
he suggested that extreme weather events could have caused a watershed breach
between the Susquehanna River and Oneida Lake drainages or between the Mohawk
River and Oneida Lake above the impassable falls. The divide, in several locations,
is less than 2 km wide. Unusually heavy rains in 1818 breached the divide between
the Mohawk River and Oneida Lake; due to the presence of two impassable falls,
sea lamprey would not have been able to take advantage of this particular breach, but
a similar breach above the impassable falls could have provided access. A second
alternative to invasion via canals was human transplantation. Smith (1985) stated that
Native Americans were not known to transplant fishes, but European colonists may
have. Although there is no record of transplantation, sea lamprey were a popular food
fish in Europe (see Docker et al. 2015), and larvae were used as bait and sometimes
shipped to anglers at different locations (Daniels 2001).

In Lake Champlain, the first credible report of sea lamprey appears to date to
1929 (Greeley 1930). The literature related to records of sea lamprey in this lake
is “long and convoluted” and is complicated by frequent revisions in taxonomy,
interchangeable common names, and confusion regarding separate classifications for
larval, juvenile, and adult lamprey of the same species (Eshenroder 2014). However,
reviewing the literature, Eshenroder (2014) concluded that previous assumptions that
sea lampreywere present in LakeChamplain since at least 1841 (Bryan et al. 2005) or
1894 (Waldman et al. 2006)were incorrect. The earliest report from 1841 (Thompson
1842) appears to have been a silver lamprey, and, as with the Lake Ontario basin,
it is unlikely that spawning sea lamprey or sea lamprey scarring would have gone
unnoticed had this species been native to Lake Champlain.
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Eshenroder (2014) therefore concluded that anadromous sea lamprey colonized
Lake Champlain via the Champlain Barge Canal, which opened in 1916. The Cham-
plain Canal system connects the south end of Lake Champlain to the Hudson River,
diverging from the Erie Canal just north of West Troy, New York. Eshenroder (2014)
argued that the earlier Champlain Canals (i.e., the original 1825 Champlain Canal
and the improved 1863 Champlain Canal) would not have permitted access to Lake
Champlain. Instead, sea lamprey would have stayed in the Erie Canal, entered the
Champlain Canal and migrated northward in the Mohawk River impoundment, or
they would have continued northward in an artificial cut, remaining in the Hudson
River. However, when the Champlain Barge Canal opened, sea lamprey migrating
upstream in the Hudson River could have entered an artificial cut at Fort Edward,
New York. At Fort Edward, a dam without locks (which has since been removed)
would have blocked sea lamprey from further upstream migration and encouraged
their entry into another artificial cut, allowing them to either swim back to theHudson
River or south to Lake Champlain.

4.5.2 Post-glacial Colonization: Native-but-Rare Hypothesis

Several authors have suggested that sea lamprey colonized the Lake Ontario drainage
sometime after the retreat of the Laurentide ice sheet (e.g., Hubbs and Lagler
1947; Wigley 1959; Bailey and Smith 1981) by one of at least three hypothe-
sized zoogeographic pathways (Waldman et al. 2004). These include coloniza-
tion via Lake Ontario’s present outlet, the St. Lawrence River (which has per-
sisted for ~9,000 years), via temporary glacial outlets such as the Delaware-
Susquehanna drainage (13,000–11,800 years ago), or via the Hudson-Mohawk sys-
tem (12,500–12,000 years ago) (Underhill 1986; Mandrak and Crossman 1992;Wall
and LaFleur 1995; Waldman et al. 2004). Similarly, a post-Pleistocene origin for sea
lamprey in Lake Champlain has been suggested. Modern-day Lake Champlain, as
well as the St. Lawrence and Ottawa River valleys, were once encompassed by
the Champlain Sea, a temporary inlet of the Atlantic Ocean that was created dur-
ing deglaciation ~11,800–9,700 years ago (Mandrak and Crossman 1992). Post-
Pleistocene colonization by other anadromous fishes is known for Lake Ontario
(e.g., Atlantic salmon, American eel, rainbow smelt; Mandrak and Crossman 1992)
and Lake Champlain (e.g., Atlantic salmon, American eel; Marsden and Langdon
2012).

However, post-glacial colonization of Lakes Ontario and Champlain is inconsis-
tent with historical records, and it is hard to imagine that sea lamprey could have
been present much before the late 1800s in Lake Ontario and the early 1900s in
Lake Champlain without having been observed (see Sect. 4.5.1). Nevertheless, some
authors have suggested that sea lamprey went undetected for so long in these lakes
because ecological conditions kept their numbers low; this is the “native, but rare”
hypothesis (Waldman et al. 2009). Sea lamprey distribution and abundance, for exam-
ple, may have been limited by the cooling and low productivity associated with the
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“Little Ice Age” that lasted from the late 1500s to ~1850 (Patterson 1998). Warming
and ecological changes associated with European settlement—for example, loss of
the forest canopy and siltation as land was converted to farming or subsequently, as
mill dams on tributaries were removed or deteriorated, thus opening up sea lamprey
spawning habitat—may have served as a release for the previously small population
(Waldman et al. 2004, 2009). It has likewise been suggested that fishing pressures
(i.e., on Atlantic salmon and lake trout) and similar ecological changes from anthro-
pogenic impacts initially depressed the native sea lamprey in Lake Champlain and
then subsequently allowed it to increase to noticeable levels (Waldman et al. 2006;
D’Aloia et al. 2015). In some cases, however, it appears that the onset of large-scale
agricultural and clear-cutting practices may have suppressed, rather than released,
the population (D’Aloia et al. 2015; see below). Furthermore, Eshenroder (2009)
reasoned that it is unlikely that sea lamprey in Lake Ontario prior to the mid-1880s
were significantly constrained by low temperatures and low productivity, because
three large tributaries discharging into Lake Ontario were fed from lakes that should
have generated nearly ideal temperatures for sea lamprey spawning (or at least com-
parable to, or warmer than, Lake Superior rivers currently infested with sea lamprey).
He also argued that present-day Lake Superior is more oligotrophic and likely less
productive than pre-1800s Lake Ontario (but it clearly still supports a large sea lam-
prey population), and abundant and not-yet-overfished populations of lake trout and
deepwater ciscoes (Coregonus spp.) would have supported a large population of sea
lamprey prior to the mid-1800s.

Genetic studies from the early 2000s have been used as support for post-
Pleistocene colonization in both Lakes Ontario and Champlain. Studies using both
mtDNA sequence data (Waldman et al. 2004, 2006, 2009) and microsatellite loci
(Bryan et al. 2005) showed evidence for long-term vicariance (i.e., separation) of
the freshwater and anadromous populations. These studies will be reviewed here
briefly. Although they used the genetic markers available at the time, they are rel-
atively limited compared to those now available and are generally no longer con-
sidered conclusive evidence of native status. Nevertheless, readers are referred to
these influential papers and the rebuttal by Eshenroder (2009). In brief, these studies
found significant genetic differentiation between sea lamprey in Lake Ontario or
Lake Champlain and the Atlantic Ocean population. For example, Waldman et al.
(2009) indicated that four of six haplotypes in the Lake Ontario population were
rare (e.g., haplotype B) or absent (haplotype P) in the Atlantic population, and they
argued that this was unlikely to have happened by stochastic lineage change in less
than 200 years. A shift in haplotype frequency in rare alleles could have resulted from
a founder effect (i.e., the loss of genetic variation that occurs when a new population
is established from a larger population by a very small number of individuals), but
founder effects normally result in the loss of rare alleles and haplotypes, not common
ones (Waldman et al. 2009). Likewise, Bryan et al. (2005) found an allele that was
exclusive to the Lake Ontario population and one that was represented only in the
Lake Ontario and Lake Champlain populations, again suggesting that sea lamprey in
these lakes have been separate from the Atlantic population for considerably longer
than 200 years (i.e., that these exclusive alleles most likely evolved in the lake over
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thousands of years due to mutations that occurred during isolation since post-glacial
colonization). Bryan et al. (2005) found statistical support for genetic bottlenecks
(i.e., sharp reductions in population size) in Lake Ontario (and Cayuga Lake) sea
lamprey populations, but not in Lake Champlain. These authors, as expected, also
found evidence of sequential population bottlenecks as sea lamprey expanded into
Lakes Erie, Huron, Michigan, and Superior, but they interpreted the bottlenecks seen
in Lake Ontario and Cayuga Lake as possibly having been caused by environmental
degradation during human settlement. Bryan et al. (2005) suggested multiple inva-
sions of Lake Ontario and, using coalescence analysis, showed that colonization via
the St. Lawrence River was more likely than via the Champlain Sea. Eshenroder
(2009) argued that genetic differences between sea lamprey in Lakes Ontario and
Champlain and the Atlantic population were likely the result of a recent genetic
bottleneck at founding (rather than long-term residence followed by a recent bottle-
neck) and that the absence of rare alleles in the Atlantic population was likely due
to a sampling artifact or recent declines in the Atlantic population. Haplotype P, for
example, could have become extinct in the Atlantic since invasion of Lake Ontario in
the late 1800s, or it might be restricted to, or more common in, regions not sampled
byWaldman et al. (2004). Waldman et al. (2009) analyzed an expanded mtDNA data
set that included samples representing most or all of the range of sea lamprey in the
western Atlantic. They discovered three new haplotypes in the Atlantic population
which, according to Eshenroder (2014), indicates that not all alleles existing in the
Atlantic population have been recovered to date, but still failed to find haplotype P.
Nevertheless, Waldman et al. (2009) estimated that the probability of obtaining the
mtDNA results seen among the Lake Ontario specimens in less than 500 years of
separation from the Atlantic population was considerably less than 1%.

Recently, D’Aloia et al. (2015) used additional genetic models to estimate the
historical demography of sea lamprey in Lake Champlain, although with data com-
parable to the previous genetic studies, that is, with independently derived mtDNA
sequence data and the summary statistics (i.e., rather than the complete microsatellite
data set) from Bryan et al. (2005). These authors concluded that their results were
most consistent with a post-Pleistocene origin of Lake Champlain sea lamprey. They
identified an initial decline in effective population size which would have preceded
the proposed invasion-by-canal hypothesis and a subsequent very recent population
expansion (within the last 50 years). However, there was considerable uncertainty
in both the magnitude and timing of these demographic events. For example, they
dated the initial decline to ~400 years ago using BEAST analysis of the mtDNA
data, but coalescent modeling of the microsatellite data suggested that the decline
occurred ~1,230 years ago. D’Aloia et al. (2015) suggested that the initial decline,
if ~400 years ago, could have been associated with land use and fishing pressure
changes following European settlement. The very recent population expansion may
have been associated with implementation of Atlantic salmon and lake trout stocking
in the 1970s, following extirpation of these species in the basin in the mid- to late
1800s. D’Aloia et al. (2015) considered the alternative interpretation that the decline
in effective population size and loss of genetic diversity might be the result of a
founder event in the early 20th century, but, as discussed above, a recent founder
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event should lead to a loss of rare, not dominant, haplotypes. These genetic studies
have provided some new insights into the demographic history of sea lamprey in
Lake Ontario and Lake Champlain; it is hoped that definitive resolution will be pos-
sible with modern genome-level analyses (see Rougemont et al. 2017; Veale et al.
2018; Hohenlohe et al. 2019; see Chap. 7).

4.5.3 Morphological, Physiological, and Life History
Differences

Morphological, physiological, and life history differences have been described
between freshwater-resident sea lamprey and anadromous sea lamprey. For exam-
ple, Gage (1893) reported that sea lamprey from Cayuga and Seneca lakes had a
larger dorsal ridge (i.e., in sexually mature males), closer dorsal fins, a tendency
for a greater number of cusps on the infraoral lamina, and differences in pigmen-
tation relative to the Atlantic population. They are also considerably smaller (see
Sect. 4.3.4.4), and Gage (1893) considered body size to be completely effective for
reproductive isolation (see Sect. 4.6.3). He suggested that they be considered differ-
ent species and thought that sea lamprey in the Finger Lakes had been separated from
the Atlantic population since the end of the Pleistocene. However, it is not known
whether body size has a significant heritable component or whether it is largely a
plastic response to the freshwater environment. The transition to fresh water has
involved a reduction in the duration of the parasitic phase from approximately 23–28
months (F. W. H. Beamish 1980a) to 12–20 months (Applegate 1950; Bergstedt and
Swink 1995), but we do not know whether cessation of the feeding phase is trig-
gered earlier in fresh water by environmental or endogenous cues (e.g., related to
prey availability or growth rate) or whether reduction of the parasitic phase involved
selection at the level of the genome. Bergstedt and Swink (1995) speculated that
the large size of a few sea lamprey (~400–525 mm TL) collected in northern Lake
Huron in April–May indicates that a small proportion of the population may feed
parasitically for 2 years, but there is no proof of this (i.e., rather than representing
unusually fast-growing individuals or those that started feeding earlier). Comparing
mean TL during the parasitic feeding phase in anadromous and Great Lakes sea lam-
prey, Halliday (1991) suggested that the growth patterns are similar in both forms.
Mean TL in Great Lakes sea lamprey in November (i.e., 1 year after metamorphosis
and ~7–8 months prior to spawning) is ~430–475 mm (Applegate 1950; Bergstedt
and Swink 1995), roughly comparable to the TL extrapolated for anadromous sea
lamprey after their first year of feeding; Halliday (1991) estimated that TL increased
from ~450 to 800mmduring their second year in themarine environment. An unpub-
lished study by Roger A. Bergstedt at Hammond Bay Biological Station inMichigan
(see Eshenroder 2009) suggested that Great Lakes sea lamprey showed better growth
than anadromous sea lampreywhen both were held in fresh water.When fed onwhite
sucker in the laboratory, 92% of the Great Lakes sea lamprey grew compared to only
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64% of the anadromous sea lamprey. However, although this might imply that the
Great Lakes sea lamprey is better adapted to feeding in fresh water, the results were
considered inconclusive because the anadromous lamprey may have been suffering
from handling stress associated with the long transport from the Atlantic Ocean.
Their corresponding performance in sea water was not assessed.

Apart from differences in the duration of the feeding phase, and the resulting
differences in size at maturation and fecundity, there appear to be other differences
in life history traits between the Great Lakes and anadromous sea lamprey. The best-
studied differences are those associated with gonadal development during the larval
stage and age and size at metamorphosis. There appears to be an acceleration of
ovarian differentiation in the Great Lakes sea lamprey (i.e., occurring at 2–3 years of
age versus when larvae are ~4–5 years old in the anadromous population; Hardisty
1969; Barker and Beamish 2000) and a concomitant reduction in potential (larval)
fecundity (33,000–165,000 and 182,000–328,000 oocytes, respectively; Hardisty
1964, 1969, 1971; Barker et al. 1998; see Chap. 1). This acceleration of ovarian
differentiation and reduction in potential fecundity is consistent with the shift seen
following the transition from parasitic to non-parasitic lampreys (i.e., also with a
reduction in size at maturity). This change in the phasing of oogenesis is assumed to
have a genetic component because it happens during the larval phase, that is, prior to
the divergent environmental influences experienced in the freshwater versus marine
feeding phases (Hardisty 1964). Thus, if sea lamprey invaded the Great Lakes from
theAtlanticOcean in historical times (e.g., when a tributary of the SusquehannaRiver
was diverted into the Oneida Lake drainage in 1863; see Sect. 4.5.1), it appears that
changes in the timing of gonadogenesis and potential fecundity can evolve quickly
in lampreys. Alternatively, as suggested by Hardisty (1971), differentiation of the
“landlocked race” of sea lamprey may have involved selection for individuals who
already exhibited low potential fecundity, reduced body size, and perhaps reduced
osmoregulatory performance in salt water (see below). A non-parasitic form of Arc-
tic lamprey arose in Japan following construction of a dam ~90 years previously
(Yamazaki et al. 2011; see Sect. 4.6.3.2), but it is not known if there were corre-
sponding changes to potential fecundity and the phasing of gonadogenesis similar
to that observed in Great Lakes sea lamprey.

Differences in the size (and presumably age) at metamorphosis have also been
reported. On average, sea lamprey in the Great Lakes appear to enter metamorphosis
at a larger size than the anadromous form (~140 and 130 mm, respectively; Potter
et al. 1978; Dawson et al. 2015; Manzon et al. 2015). However, there is considerable
variation among and within populations, largely, or at least partially, attributable to
variation in growth conditions (Dawson et al. 2015). Thus, it is not known if there
has been selection (i.e., adaptation with a genetic basis) for a longer larval stage in
the Great Lakes sea lamprey or whether most or all of the observed differences are
the result of environmentally induced plasticity.

Physiological differences, mostly related to the ability of Great Lakes sea lam-
prey to osmoregulate in salt water during the parasitic feeding phase, have also been
reported. Mathers and Beamish (1974) found that sea lamprey juveniles from Lake
Ontario,when exposed to increasing concentrations of salt water (2 ppt per day), were
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able to osmoregulate up to concentrations of 16 ppt (where full-strength sea water
is ~35 ppt). However, within 10 days at 26 ppt, over half of the small sea lamprey
(mean TL 181 mm) had died, but all larger lamprey (mean TL 250 mm) survived for
15 days and were able to maintain their serum osmotic and ionic levels throughout
this period. At 34 ppt, moderately large sea lamprey (mean TL 220–250 mm) were
able to maintain serum osmotic and ionic levels for 4 days, but all had died by the
ninth day. Only the largest category tested (mean TL 289 mm) survived at 34 ppt for
15 days with nomortality. As has been observed in other fishes (Fontaine 1930; Parry
1960), the reduced surface area-to-volume ratio in larger sea lamprey was likely an
important factor in lowering their osmotic stress in salt water, although the relation-
ship between body size and osmoregulatory ability is complicated by the fact that
the surface area of the gill increases allometrically (Jonathan M. Wilson, Wilfrid
Laurier University, Waterloo, ON, personal communication, 2018). Furthermore,
Beamish et al. (1978) did not see a similar size effect in anadromous sea lamprey
in salt water. Anadromous sea lamprey juveniles of all sizes (>135 mm) were able
to osmoregulate between 0 and 35 ppt without mortality. In addition to greater sur-
vival rates, anadromous sea lamprey were better able to regulate serum osmolality
at the higher salinities (26 and 34 ppt) than were small and large Great Lakes sea
lamprey. For example, in the small anadromous individuals, serum osmolality at 34
ppt increased by less than 10% relative to that in fresh water, but it increased by
~25% in small Great Lakes sea lamprey (Beamish et al. 1978). Anadromous sea
lamprey showed lower serum osmolality than landlocked sea lamprey at all salin-
ities and large individuals had lower serum osmolality than small ones (Beamish
et al. 1978). Anadromous sea lamprey juveniles, regardless of size, were able to
regulate serum sodium levels in salt water more precisely than sea lamprey from
Lake Ontario. It should be noted, however, that a more recent study—while also
finding detectable differences in the inherent physiological capacity of landlocked
and anadromous sea lamprey to osmoregulate in salt water—found that these differ-
ences were much more subtle than previously reported. Sea lamprey transformers
from three landlocked populations (from Lakes Superior, Huron, and Champlain)
showed survival rates ranging from ~40 to 100% (compared to ~90% for anadro-
mous sea lamprey transformers) when held at 30 and 35 ppt for 30 days (Jessica L.
Norstog and Stephen D. McCormick, University of Massachusetts, Amherst, MA
and S. O. Conte Anadromous Fish Research Center, U.S. Geological Survey, Turn-
ers Falls,MA, personal communication, 2018). Survival rates between the landlocked
and anadromous populations were not significantly different at 30 ppt, and only the
Lake Champlain population showed significantly lower survival at 35 ppt. Unlike
the studies above, these results suggest that even very small juvenile landlocked sea
lamprey have robust salinity tolerance. Further research is required to clarify the
contrasting results.

However, differences in osmoregulatory abilities between the anadromous and
Great Lakes populations are not sufficient to conclusively resolve whether colo-
nization was in historical or prehistoric times. The Vancouver lamprey, despite its
presumed post-glacial origin, still retains the ability to osmoregulate in salt water
(Beamish 1982). Landlocked sea lamprey still possess chloride cells (SW-MRCs)



4 Life History Evolution in Lampreys: Alternative Migratory … 349

in their gills for osmoregulation in salt water during the feeding phase (Youson and
Freeman 1976; see Sects. 4.3.2.3 and 4.3.2.4), but the retention of these cells does
not distinguish between freshwater colonization that happened a few hundred years
ago and a few thousand years ago (Bartels et al. 2012, 2015). Most salmonid pop-
ulations that have been landlocked for several thousand years (i.e., post-glacially)
do show decreased osmoregulatory ability in salt water (e.g., Staurnes et al. 1992;
Nilsen et al. 2003), but other populations have shown no apparent decrease in this
ability (e.g., McCormick et al. 1985; Nilsen et al. 2007). Conversely, there are exam-
ples where salmonid populations isolated above recently constructed barriers soon
showed reduced ability to osmoregulate in salt water and reduced rates of smolti-
fication (e.g., Thrower and Joyce 2004; Holecek et al. 2012). Moreover, there are
multiple examples of rapid freshwater evolution in other fishes. Several populations
of threespine stickleback, for example, have shown substantial changes in body shape
and lateral plate phenotype within decades of freshwater colonization (e.g., Bell et al.
2004; Vamosi 2006; Gelmond et al. 2009; Aguirre and Bell 2012; Lescak et al. 2015).
In fact, the results of Lescak et al. (2015) support the “intriguing hypothesis that most
stickleback evolution in fresh water occurs within the first few decades after inva-
sion.” In many cases, rapid adaptation to fresh water may be due to selection on
pre-existing variation in the ancestral anadromous population (e.g., Colosimo et al.
2005; Barrett et al. 2008; Lescak et al. 2015; Nelson and Cresko 2018). Similarly in
lampreys, several authors (e.g., Hardisty 1969; Mathers and Beamish 1974; Beamish
et al. 1978; F. W. H. Beamish 1980b) have suggested that sea lamprey colonization
of the Great Lakes might have involved selection for traits advantageous in fresh
water (i.e., smaller body size, lower potential fecundity, and reduced osmoregula-
tory abilities in salt water).

4.5.4 Does It Matter?

The debate regarding the origin of sea lamprey in the Lake Ontario drainage (includ-
ing the Finger Lakes and Oneida Lake) and Lake Champlain is often discussed in
terms of the implications to the sea lamprey control program. For example, Wald-
man et al. (2004) suggested that sea lamprey control policies aimed toward intense
suppression might need re-evaluation if sea lamprey are shown to be native to Lake
Ontario. Determining whether there would be continued “social license” (i.e., accep-
tance within the local community and among stakeholders) for controlling a native
species that is a significant pest would involve public consultation (see Chap. 7).
Regardless, determining if the sea lamprey is native in these lake systems has other
important management implications and will improve our understanding of life his-
tory evolution in lampreys. For example, it is important to understand how quickly
sea lamprey (or other anadromous lampreys) can become invasive in fresh water and
the genetic basis of this adaptation. Does adaptation to fresh water require gradual
genetic change or can it happen rapidly? Clarifying the demographic history of col-
onization (e.g., identifying the initial number of founders) and the genetic changes
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associated with colonization also will be very informative. A review of the factors
that promote and constrain freshwater residency in parasitic lampreys (see Sect. 4.4)
emphasizes the need for a large prey base for establishment of sea lamprey in fresh
water, but virtually nothing is known regarding the genetic basis of freshwater adap-
tation in lampreys. Did successful colonization of the Great Lakes depend on existing
genetic variation within the anadromous population (i.e., “pre-selection” for individ-
uals that already showed traits advantageous to survival in fresh water) or could any
anadromous sea lamprey colonize fresh water if permitted access (see Sect. 4.8.3)?

4.6 Feeding Type Variation: Evolution of Non-parasitism

A non-trophic adult feeding phase is unknown in any group of vertebrates other than
lampreys. Thus, the evolution of non-parasitism in lampreys and the relationship
between closely related parasitic and non-parasitic forms have long interested biolo-
gists. Loman (1912), for example, recognized that European river and brook lampreys
were morphologically similar, but he noted that the brook lamprey exhibited delayed
metamorphosis and accelerated sexual maturation relative to the river lamprey. The
morphological similarity between several other non-parasitic and parasitic lampreys
was likewise recognized by Hubbs (1925), who suggested several cases in which
a particular brook lamprey species had apparently evolved from a form similar to
that of an extant parasitic lamprey. The term “paired species” was later coined by
Zanandrea (1959). Vladykov and Kott (1979b) introduced the more general term
“satellite species,” because there are several cases in which more than one brook
lamprey (satellite) species has apparently been derived from a single parasitic (stem)
species (see Potter 1980; Docker 2009).

In addition to the non-parasitic species that are paired with a parasitic counterpart,
several so-called “relict” species have also been identified. Relict brook lampreys are
non-parasitic species that occur at or near the extreme southern limits of distribution
of the Northern Hemisphere lampreys and are generally those that cannot be unam-
biguously paired with an extant parasitic species (see Hubbs and Potter 1971; Docker
et al. 1999; Potter et al. 2015).Much of the previous ambiguity of “who begat whom”
has largely been removed through molecular phylogenetic studies (e.g., Docker et al.
1999; Lang et al. 2009; see Fig. 4.1), although it is now delineation between paired
and relict species that is somewhat ambiguous. However, a better understanding
of the apparent continuum between recently derived paired species and older relict
species will be very informative. Non-parasitism has arisen independently in seven
of the 10 extant lamprey genera—and often multiple times within each genus—with
different non-parasitic species evolving at different times and in different locations
(Hubbs and Potter 1971; Vladykov and Kott 1979b; Potter 1980; Docker 2009). By
comparing the phenotypic, molecular, and ecological differences in parasitic–non-
parasitic pairs that have only recently diverged (or are still in the process of diverging)
to traits in progressively more differentiated relict species (i.e., those further down
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the pathway to non-parasitism), we can better understand the recurrent elimination
of the adult feeding phase that is unique to lampreys.

4.6.1 Non-trophic Adults Unique Among Vertebrates

The characteristic elimination of the adult feeding phase in non-parasitic lampreys
is unheard of in any other vertebrate. It is rare in animals in general, but it has been
reported in a number of disparate insect and other invertebrate taxa (Hendler and
Dojiri 2009; Benesh et al. 2013). All involve taxa with complex life cycles.

Among insects, non-trophic adults have been reported in eight of the ~120 fami-
lies in the order Lepidoptera (butterflies and moths), two of the ~100 families in the
order Hymenoptera (e.g., wasps, bees, and ants), seven of the ~160 families in the
order Coleoptera (beetles), and seven of the ~150 families in the order Diptera (flies)
(see Hendler and Dojiri 2009; Benesh et al. 2013). In the lepidopteran family Sat-
urniidae (e.g., luna moth Actia luna and polyphemus moth Antheraea polyphemus),
adults have vestigial mouthparts, lack functional digestive tracts, and generally live
for <1 week following emergence from the pupa (Janzen 1984). Some species of
geometer moths (family Geometridae) are similarly non-trophic as adults, and it has
been proposed that loss of adult feeding is correlated with the evolution of flightless-
ness in forest habitats (Snäll et al. 2007). It has been suggested that, under conditions
where female mobility lost its adaptive value (e.g., due to abundance of host plants
for the larvae but scarcity of adult food in late summer), loss of wings—although
preventing adult foraging, growth, and dispersal—allowed females to increase fecun-
dity beyond the point at which egg loads would reduce flight performance. In the
order Hymenoptera, a large number of species are parasitoids as larvae, and some
feed on nectar or pollen as adults while the adults of other species do not feed at all
(Benesh et al. 2013). The best-known insect order with non-trophic adults is likely
Ephemeroptera (mayflies). Aptly named, the adult stage is very short lived (as short
as 37 min in one species; Lancaster and Downes 2013), and its primary function is
reproduction. Non-feeding adults have also been reported in species of the orders
Plectoptera (stoneflies), Megaloptera (e.g., alderflies and fishflies), and Trichoptera
(caddisflies) (Lancaster and Downes 2013). In some insect taxa (e.g., orders Strep-
siptera and Embiidina), only males have evolved to be non-feeding, and, in many
cases, their mouthparts are modified into mating appendages or sensory structures
(Benesh et al. 2013 and references therein).

Non-trophic adults have also been reported in some crustaceans, all of which are
parasitic as larvae: copepod species in the families Thaumatopsyllidae andMonstril-
lidae, isopods in the family Gnathiidae, and species in the subclass Tantulocarida.
Likewise, horsehair or Gordian worms (phylum Nematomorpha), nematodes from
the familyMermithidae, and ticks from the familyArgasidae have non-feeding adults.
In some barnacles and rotifers, only males are non-feeding as adults (Hendler and
Dojiri 2009; Benesh et al. 2013 and references therein).
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It thus appears that non-parasitic lampreys resemble these other species with com-
plex life cycles, where the relatively long-lived larval stage is specialized for feeding
and growth and the adult stage is specialized for reproduction (Hendler and Dojiri
2009; see Sect. 4.2.1). Benesh et al. (2013) proposed that the “no-growth strategy”
should be found where “massive larval size can make adult growth superfluous” and
showed theoretically that this counterintuitive strategy would be favored when the
optimal larval size is greater than or equal to the optimal adult size for reproduction. It
has already been suggested that non-parasitic lampreys evolve under conditions pro-
viding good larval growth opportunities (e.g., Kucheryayvi et al. 2007;Docker 2009).
However, given the increase in fecundity achieved in lampreys with the inclusion of a
parasitic feeding phase, it would be inaccurate to say that adult growth in lampreys is
superfluous, although the trade-off between reduced mortality and reduced fecundity
apparently makes it unnecessary under some conditions (see Sect. 4.7.4). It should be
pointed out, however, that the duration of the non-trophic period in brook lampreys
is appreciably longer (6–10 months) than that of invertebrate taxa with “ephemer-
al” non-feeding adult stages, even accounting for the shorter overall life cycle of
the latter. Nevertheless, similarities and differences between non-parasitic lampreys
and invertebrates with non-feeding adults could shed light on the mechanisms and
selective pressures associated with elimination of the adult feeding phase.

4.6.2 Relict Species

“Relict” brook lampreys have been defined as non-parasitic species which cannot be
obviously paired with extant parasitic forms and which have an extreme southerly
distribution that seems to reflect their status as relicts of groups with a previously
more widespread distribution (Hubbs and Potter 1971). Potter et al. (2015) recog-
nized six relict species: the Po brook lamprey, least brook lamprey, Kern brook lam-
prey Lampetra hubbsi, Western Transcaucasian brook lamprey Lethenteron ninae,
and Macedonia and Epirus brook lampreys. In each case, based on morphology, the
identity of a possible parasitic ancestor has indeed been problematic, as evidenced by
past or current uncertainty regarding generic placement (see Fig. 4.1; Sect. 4.6.2.3).
However, molecular studies are helping to clarify the evolutionary history of many
of these species although, in other cases, they are adding to the confusion. Mito-
chondrial DNA sequencing, for example, suggests that the Macedonia and Epirus
brook lampreys are not closely related to any extant species, certainly nonewithin the
genus Eudontomyzon, while suggesting that other relict species are not as obviously
“unpaired” as previously thought.

4.6.2.1 Older and More Divergent Brook Lamprey Species

With the inclusion of molecular data, the delineation between relict and “paired”
species (i.e., non-parasitic species that aremorphologically similar to a particular par-
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asitic species in all aspects other than body size; Potter et al. 2015) has also become
somewhat “fuzzier.” These studies remind us that non-parasitism in lampreys has
evolved independently at different times and in different locations (Hubbs and Potter
1971; Vladykov and Kott 1979b). Therefore, it is not surprising that there are differ-
ent degrees of morphological and genetic divergence between a presumed parasitic
ancestor and various non-parasitic derivatives (Fig. 4.1), and different brook lam-
prey species presumably represent different stages in the speciation process (Docker
2009).

We have tried to represent the different degrees of divergence between each non-
parasitic species and its presumed ancestor (as best represented in the contemporary
fauna) using a combination of differentiation at themitochondrial cytochrome b gene
(using Kimura’s two-parameter distance, K2P) and reduction in the number of trunk
myomeres (see Sect. 4.6.2.2) as proxies of time since divergence and degree of mor-
phological divergence, respectively (Fig. 4.2). The non-parasitic species examined
included the 23 brook lamprey species recognized by Potter et al. (2015), the three
Portuguese species described by Mateus et al. (2013a), the recently described Lam-
petra soljani (Tutman et al. 2017), and the undescribed Lethenteron sp. N and sp. S
(Yamazaki et al. 2006). Using this approach, non-parasitic species were divided into
three categories:

(1) Species (n = 8) showing little or no genetic divergence (≤0.4% K2P) and no
reduction in number of trunk myomeres (i.e., 0–1.5 more trunk myomeres)
compared to the presumed parasitic ancestors (see Sect. 4.6.3.1).

(2) Species (n = 9) showing intermediate genetic and/or morphological divergence
(i.e., 0.2–2.9% K2P and 1–8.5 fewer myomeres) compared to the presumed
parasitic ancestors (see Sect. 4.6.3.1).

(3) Species (n= 11) showing both higher genetic (≥2.9%K2P) and morphological
(2.5–13 fewermyomeres) divergencewhen compared to themost closely related
extant parasitic species. This category includes the six relict species identified
by Potter et al. (2015) plus the Turkish brook lamprey Lampetra lanceolata, the
Pacific brook lamprey, Lampetra soljani, and Lethenteron sp. N and sp. S.

This third category therefore loosely corresponds with the relict species, but it
is somewhat more inclusive. Potter et al. (2015) omitted Turkish brook lamprey
from their list of relict species because, based on morphology (and confirmed with
sequence data), it is probably derived from European river lamprey or a European
river lamprey-like ancestor. However,molecular evidence suggests that this species is
closely related to (or even conspecific) with theWestern Transcausian brook lamprey
(Li 2014; Tuniyev et al. 2016). Whether the two species are conspecific is not within
the purview of this chapter, but, given the close relationship between the two, we
decided to consider both (or neither) as relict species.

Likewise, Pacific brook lamprey was not considered a relict species by Potter
et al. (2015), and its placement on Fig. 4.2 was somewhat intermediate between
categories 1 and 2. Based on morphology, the Pacific brook lamprey is clearly a
derivative of the western river lamprey or a western river lamprey-like ancestor. It is
characterized by a low myomere count relative to western river lamprey, and, until
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recently, there was debate regarding whether it was distinct from or synonymous
with western brook lamprey (see Reid et al. 2011; Potter et al. 2015). It is not
found at the extreme southern distribution of Northern Hemisphere lampreys, but
it appears restricted to the Columbia River basin, presumably south of the glacial
margin during the Pleistocene (Reid et al. 2011). Furthermore, because Pacific brook
lamprey showed sequence divergence fromwestern river lamprey comparable to that
of other relict species and their presumed ancestors, we include it here as an older
non-parasitic derivative. It may not be a relict species by the definition of Hubbs and
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Fig. 4.2 Relationship between cytochrome b sequence divergence (Kimura’s two-parameter dis-
tance, K2P) between non-parasitic lamprey species and their presumed parasitic ancestor and the
extent to which the number of trunk myomeres has been reduced in the non-parasitic species. For
sequence divergence, the mid-point in the known range is given (see Fig. 4.1); likewise, reduction
in myomeres was calculated by subtracting the midpoint in the known myomere range for each
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ersmith (1953), Vladykov (1955), Vladykov and Kott (1976a, b, 1984), Yamazaki et al. (2006),
Docker (2009), Naseka et al. (2009), Renaud and Economidis (2010), Reid et al. (2011), Renaud
(2011), Mateus et al. (2013a), Renaud and Naseka (2015), Renaud et al. (2016), and Tutman et al.
(2017); counts from larvae were used whenever possible. Numbers given as data labels apply to
the non-parasitic lamprey species listed in Fig. 4.1; species recognized by Potter et al. (2015) are
shown in black; other taxa or tentative species that have not been formally described are given in
gray.Closed circles are those species considered here to be “paired” with their parasitic counterpart
and open circles are considered “relict” species, although the distinction is not always clear (see
Sect. 4.6.2.1). Species 1 and 2 (Macedonia and Epirus brook lampreys, Eudontomyzon hellenicus
and Eu. graecus, respectively) are compared with both the Caspian lamprey Caspiomyzon wagneri
withwhich they aremost genetically similar and theCarpathian lampreyEu. danfordi (asterisk)with
which they are most similar morphologically
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Potter (1971), but we feel that placing it in this category facilitates discussion related
to the different stages in the evolution of non-parasitism. Boguski et al. (2012) found
Lampetra sp. populations in Oregon and California that, based on cytochrome b gene
sequence divergence from western river lamprey (or any known lamprey species),
may also represent relict species. However, myomere counts (or other morphological
characters) are not available for these populations.

Lethenteron sp. S has never been formally described (see Yamazaki et al. 2006),
but its genetic distinctiveness and extreme reduction in number of trunk myomeres
(relative to Arctic lamprey) suggest that it would also be considered a relict species.
Yamazaki et al. (2006) suggested that it may be a descendent of the co-ancestor
of Lethenteron, Lampetra, and Entosphenus. Based on its uncertain phylogenetic
placement, we refer to it here as an “orphan” relict species to emphasize that it
truly cannot be paired with an extant parasitic species. We likewise refer to the
Macedonia and Epirus brook lampreys as “orphan” species because their putative
parasitic ancestor cannot be identified (see Sect. 4.6.2.3).

Thus,whetherweuse the term“relict species”more loosely thanoriginally defined
orwhetherwemerely refer to these as “older, more divergent brook lamprey species,”
category 3 includes brook lampreys with a relatively long separation from their para-
sitic ancestor. We recognize that this categorization is imperfect, since we are trying
to divide a speciation continuum into discrete categories using only one gene and
one morphological character as proxies of time since divergence. Caution needs to
be exercised when relative divergence times are estimated from mtDNA sequence
data alone, because genetic drift between isolated populations can obscure infer-
ences (Galtier et al. 2009). Likewise, we also need to be aware that some species
may show more rapid rates of morphological divergence due to drift or selection
relative to morphologically conserved, but genetically divergent, populations. Fur-
thermore, those species that are morphologically and/or genetically divergent from
any known parasitic species may appear so due to extinction of their recent parasitic
ancestor. However, these categories are useful for the purpose of trying to understand
the sequence of changes involved in the evolution of non-parasitism. In particular,
there appears to be a number of brook lamprey species within both North American
and Eurasian Lampetra that show different degrees of genetic and morphological
differentiation from the two (or a few closely related) parasitic ancestors (Fig. 4.1).
In these two clades alone, different stages in the speciation process are represented
within the contemporary fauna, and replication is provided among taxa.

4.6.2.2 Morphological Degeneracy in Relict Species

Despite their placement in different genera, relict brook lamprey species look rather
similar. Over time, reduction in traits associated with parasitic feeding has occurred
in the different species independently, allowing them to converge on a similar pheno-
type. Reduction in number of trunkmyomeres (correspondingwith smaller body size
at maturity) is the easiest trait to quantify across taxa (hence its use in Fig. 4.2), but
relict species are also characterized by more degenerate dentition and fewer velar



356 M. F. Docker and I. C. Potter

tentacles (Hubbs and Potter 1971; Vladykov and Kott 1979b; Potter et al. 2015).
Although Bond and Kan (Kan 1975; Bond and Kan 1986) suggested a latitudinal
cline in trunk myomere counts, Goodman et al. (2009) and Reid et al. (2011) found
no such pattern and concluded that any observed differences were taxonomic rather
than latitudinal. The number of myomeres appears to remain unchanged or increase
at speciation (i.e., in closely related non-parasitic species that are sympatric with their
parasitic ancestor) but appears to decrease with time since divergence (Vladykov and
Kott 1979b). Similarly, dentition in non-parasitic species appears to be more variable
(e.g., in terms of number of teeth and cusps) in the initial stages of divergence but
then becomes reduced over time (Hubbs and Potter 1971). The dentition of several
of the relict species, most notably the least brook lamprey, is highly degenerate and
contains only a few small, blunt teeth (Hubbs and Potter 1971; Potter et al. 2015).
Thus, the long-standing difficulty in trying to pair the various relict species with
extant parasitic forms based on morphology is not surprising.

The number, arrangement, and structure of papillae along the posterior margin
of the gill pore in mature lampreys have recently been described as useful morpho-
logical characters for taxonomic discrimination in lampreys (Beamish 2010, 2016).
There seems to be a general trend showing reduction in the number of marginal
papillae in freshwater parasitic and non-parasitic species derived from an anadro-
mous ancestor, and, as with number of myomeres and dentition, the extent of the loss
appears correlated with presumed time since divergence. The trend is less obvious
in the genus Entosphenus, where all derivative species are relatively recent, but is
quite pronounced inNorthAmericanLampetra. InLampetra, the number ofmarginal
papillae decreased from 24–34 in western river lamprey to 27–29 in western brook
lamprey, 8–12 in Pacific brook lamprey, and 6–13 in Kern brook lamprey (Beamish
2010). The function of these papillae is not known, but, because they increase in
size at maturity, Beamish (2016) inferred that they may have some sensory function
related to reproduction.

There may also be a progressive reduction in potential fecundity in non-parasitic
species as they diverge from their parasitic ancestor. It has been suggested that
recently derived non-parasitic species may still “atavistically” produce a large num-
ber of oocytes during the larval stage (i.e., in line with the high potential fecundity of
their parasitic ancestor) and then reduce the number of oocytes prior to maturation
(i.e., through atresia), so that fecundity at maturity is in line with their now-smaller
adult body size (see Chap. 1). For example, Hardisty (1964) estimated that up to
90% of the larval oocytes in the recently derived European brook lamprey are lost
to atresia. In contrast, the least brook lamprey is thought to experience little or no
atresia, leading to the suggestion that natural selection in this relict species has had
sufficient time to reduce the number of oocytes elaborated during the larval stage to a
level that could reasonably be brought to maturity in the adult (Docker and Beamish
1991). However, there is debate whether extent of atresia is indeed correlated with
time since divergence (see Docker 2009), likely due to the difficulties associated with
accurately estimating potential fecundity and the relative dearth of such estimates
(see Chap. 1).
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Recent studies have started examining genome-level differences between the
closely related European brook and river lampreys (Mateus et al. 2013b; Rougemont
et al. 2017; Hume et al. 2018; see Sect. 4.6.3.3), but none have examined genomic
differences between parasitic or recently derived non-parasitic species and the relict
species. Such studies would help elucidate the genomic basis for the changes in mor-
phological and life history characters observed at different stages in the transition
from parasitism to non-parasitism.

4.6.2.3 Taxonomic Uncertainties in Relict Species

As indicated above, all the traditional relict species have presented— and sometimes
continue to present—taxonomic uncertainties.Given their degenerate dentition, there
has been uncertainty regarding generic placement as well as some confusion regard-
ing species delimitation. For example, based on dentition, past authorities have some-
times placed the Po brook lamprey in the genus Lethenteron (see Potter et al. 2015);
the least brook lampreywas once placed in the “provisional and noncommittal” genus
Okkelbergia (Hubbs and Potter 1971), and the Kern brook lamprey was originally
and until recently referred to the genus Entosphenus (see Docker et al. 1999; Potter
et al. 2015).Molecular data have helped resolvemany of these conflicts, identifying a
putative parasitic ancestor, although it is interesting that the degree of divergence seen
in the morphological characters is not always consistent with molecular distance. For
example, the least brook lamprey is often seen as the “poster child” for degenerate
dentition, but its genetic divergence from European river lamprey (4.3–4.8% K2P at
the cytochrome b gene) is only moderately higher than that observed between the
Turkish brook lamprey and European river lamprey (3.2–4.2%) and is considerably
less than that inferred for the three “orphan” species (Figs. 4.1 and 4.2). Likewise,
the Kern brook lamprey, despite its morphological distinctness from other Lampetra
brook lampreys, particularly in terms of its dentition, was only moderately more
divergent genetically from western river lamprey (2.3–4.0%) compared to the more
morphologically conserved Pacific brook lamprey (2.3–3.5%).

The Western Transcaucasian brook lamprey, although originally and currently
referred to the genus Lethenteron, likely belongs in the genus Lampetra. Based on
re-examination of morphological characters, Tuniyev et al. (2016) concluded that
features such as a tricuspid middle endolateral, low number of trunk myomeres, and
absence of velar wings suggest that this species should be assigned to Lampetra. The
Western Transcaucasian brook lamprey possesses a row of posterial teeth, which
is typical for the genus Lethenteron, but Tuniyev et al. (2016) acknowledge that
this characteristic may have evolved independently in Lethenteron and Lampetra.
Mitochondrial DNA sequence data also place the Western Transcaucasian brook
lamprey into the European Lampetra clade (Li 2014). However, we concur with
the decision of Tuniyev et al. (2016) that reclassification should be delayed until
a total evidence cladistic analysis (integrating both morphological and molecular
characters) has been completed (see Chap. 7).
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Cytochrome b gene sequences also show that the Western Transcaucasian brook
lamprey is very closely related to the Turkish brook lamprey (Li 2014; 0.2–0.9%
K2P). The two species are found in close geographic proximity to each other (the
south and east Black Sea basins, respectively), and they are both no longer sym-
patric with European river lamprey (Naseka et al. 2009). We do not attempt to decide
here whether these two species should be synonymized. What is relevant (i.e., what
should be kept in mind when considering the recurrent evolution of non-parasitism
in lampreys) is that these two brook lampreys may not represent independent non-
parasitic derivatives of the European river lamprey or a European river lamprey-like
ancestor. No satellite species is recognized as the ancestor of another satellite species
(Vladykov and Kott 1979b), but, in cases like these, vicariance (i.e., geographical
separation) following divergence from the common parasitic ancestor may be more
likely than independent derivation from this ancestor. In a similar manner, Lampetra
soljani from the southern Adriatic Sea basin appears closely related to the Po brook
lamprey in terms ofmorphology (e.g., number of velar tentacles and trunkmyomeres)
and DNA sequence (0.7–3.5% K2P; Tutman et al. 2017). Several genetically diver-
gent populations of Lampetra brook lampreys have been identified in Oregon and
California (Boguski et al. 2012), but they have not been formally described. Again,
we do not try to resolve here the taxonomic status of these species or populations, but
we remind the reader that some now-distinct species or populations likely represent
independent transitions to non-parasitism at different times and different locations
but caution against assuming that all do without further study (see Sect. 4.6.3.4).

Vicariance leading to pronounced phylogeographic structure has been inferred
in the least brook lamprey using mtDNA sequence data (i.e., suggesting evolu-
tion of non-parasitism followed by vicariance and not separate transitions to non-
parasitism). Martin and White (2008) examined control region and NADH dehydro-
genase subunit 3 (ND3) gene sequences in least brook lamprey from 21 populations
in Maryland, Ohio, Missouri, North Carolina, Tennessee, Kentucky, Mississippi,
and Alabama. They detected as many as 12 highly differentiated clades, differing
in sequence by an average of 4.5% (range 2.5–9.0%), and their distribution corre-
sponded to different drainages or parts of drainages. They detected distinct Atlantic
coastal, Ohio River, and Obion-Mississippi drainage clades, but these three clades
were embedded within the very diverse Gulf drainage clade. Given the lack of fur-
ther resolution among the clades, Martin andWhite (2008) suggested that vicariance
occurred over a relatively short time (e.g., as the result of rising sea levels during the
Pliocene, 5.3–2.6 Ma). These authors suggested that the Obion-Mississippi drainage
populations in Tennessee and Kentucky may represent an undescribed taxon, but
this clade was not necessarily any more distinct than other clades. There has been
debate over the years whether the least brook lamprey consists of a single or multiple
species. Hubbs and Potter (1971) indicated that dentition in populations from the
Atlantic Coastal Plain may be less degenerate than that from populations in the Gulf
Coastal Plain. Vladykov et al. (1975) described some individuals from the Tennessee,
Alabama, and Tombigbee river systems as a distinct species, Lampetra meridionale
(separable from least brook lamprey within the same watersheds), although this
species has since been synonymized with Lampetra aepyptera (Nelson et al. 2004).
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Nevertheless, as many of the formerly ambiguous species (Kern brook lamprey,
Po brook lamprey, Western Transcaucasian brook lamprey) are assigned to Lampe-
tra, it is becoming increasing clear that the majority of brook lampreys appear to
have originated from European and western river lampreys or now-extinct ancestors
resembling these parasitic species. Characteristics of parasitic species that appear to
promote evolution of non-parasitism are discussed in Sect. 4.7.

However, perhaps the most intriguing findings frommolecular phylogenetic stud-
ies indicate that the Macedonia and Epirus brook lampreys are not closely related
to any extant species within the genus Eudontomyzon and that the most closely
related species is the Caspian lamprey (Lang et al. 2009). However, we agree with
the conclusion of Renaud and Economidis (2010) that considering these two Greek
non-parasitic species as sister to the Caspian lamprey is premature without a cladistic
analysis that integrates multiple morphological and molecular characters. Further-
more, it is important to note that themolecular analysis suggests only that the Caspian
lamprey is the closest living relative of these two species, not that it is a close relative
and certainly not that it is the parasitic ancestor. The level of sequence divergence
(10.5–10.7%) observed between these brook lampreys and the Caspian lamprey is
substantial and comparable to some genus-level differences. For example, European
river and Arctic lampreys (Lampetra and Lethenteron) differ at the cytochrome b
gene by 8.2–9.7%, and Pacific and Arctic lampreys (Entosphenus and Lethenteron)
differ by 9.9%. Note, however, that the Macedonia and Epirus brook lampreys are
even more genetically divergent from other species within the genus Eudontomy-
zon (e.g., 19.4–20.3% divergent from the Carpathian lamprey). As with the Western
Transcaucasian and Turkish brook lampreys, the Macedonia and Epirus brook lam-
preys are genetically similar to one another but exhibit morphological differences
and have disjunct distributions, and it is unknown if they were derived independently
from a recently extinct parasitic ancestor or if recent vicariant speciation followed
divergence from a common ancestor.

4.6.3 Paired Species: Update on the Update

The concept of paired lamprey species has been discussed and reviewed by numer-
ous authors over the years, including Hubbs (1925), Zanandrea (1959), Hardisty and
Potter (1971a), Potter (1980), Salewski (2003), Hardisty (2006), and Docker (2009).
In this section, we continue these discussions, in particular, providing an update on
Docker (2009)’s “update on the paired species concept,” and we attempt to clarify
previous uncertainties or misconceptions resulting from earlier molecular phylo-
genetic studies. The lack of fixed differences in mtDNA sequence in many paired
species, although rare among “good” vertebrate species (e.g., Johns and Avise 1998),
is not in itself evidence for phenotypic plasticity (i.e., where the different feeding
types are produced from a single genotype under the induction of an environmental
cue). Conversely, demonstration of fixed genetic differences in some pairs does not
indicate that these differences are species-level differences, nor can these findings
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be extrapolated to conclude that all paired species are distinct species. We review
and update the “speciation continuum” discussed by Docker (2009), with a partic-
ular focus on the better-studied species pairs where recent population genetic and
genomic studies both confirm that there are genome-level differences between the
feeding types (and thus refute the hypothesis of phenotypic plasticity; Mateus et al.
2013b; Rougemont et al. 2017) and show significant gene flow between them where
they co-occur (i.e., refuting suggestions of immediate reproductive isolation between
feeding types; Rougemont et al. 2015, 2016, 2017). We do not try to answer conclu-
sively the long-standing question “are paired species ‘real’ species?” (e.g., Salewski
2003; Docker 2009). Rather, we try to show the complexity of the issue and empha-
size that there is not a universal “one size fits all” answer to this question (see Chap.
7). By appreciating that different species and populations represent different stages
in the evolution of non-parasitism, we will better understand the process by which
the parasitic feeding phase has been eliminated in different lamprey taxa. Taxonomic
changes should only be made, if warranted, based on a more complete understanding
of the process and its outcome in different pairs.

4.6.3.1 Not All Paired Species are Equivalent

Paired non-parasitic species are generally defined as those that are morphologically
similar to a particular parasitic species in all aspects other than body size and that are
assumed to have evolved from that parasitic species (Potter et al. 2015). However, it
is becoming apparent that there are different degrees of morphological and genetic
divergence between parasitic lampreys and their presumed non-parasitic derivatives
(Fig. 4.1) with the distinction between paired and relict species sometimes unclear
(see Sect. 4.6.2.1), and variation within each category becoming evident. Potter et al.
(2015) considered 15 of the 23 recognized non-parasitic species as being paired
with a congeneric parasitic species. An additional two species (Northern California
brook lampreyEntosphenus folletti and Pit-Klamath brook lampreyEn. lethophagus)
also appear to be recent non-parasitic derivatives, but it is not clear whether Pacific
lamprey or one of its freshwater parasitic derivatives (e.g., the Klamath lamprey) is
the ancestor (Potter et al. 2015). Docker (2009) included 14 non-parasitic species as
paired species. Three species considered paired species by Potter et al. (2015) were
omitted from her list: Northern California and Pacific brook lampreys because they
were, at the time, considered to be synonymous with Pit-Klamath and western brook
lampreys, respectively, and Turkish brook lamprey, which Docker (2009) considered
a relict species.

As outlined inSect. 4.6.2.1,wehaveusedhere a combination of genetic divergence
from the presumed parasitic ancestor and reduction in the number of trunkmyomeres
as proxies of time since divergence and degree of morphological divergence, respec-
tively (Fig. 4.2 and references therein). To focus on the evolutionary processes rather
than the taxonomy, we included the three Portuguese species described by Mateus
et al. (2013a), the recently described Lampetra soljani (Tutman et al. 2017), and the
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undescribed Lethenteron sp. N and sp. S (Yamazaki et al. 2006). We found that these
characters divided the extant non-parasitic “species” into three categories:

(1) Species (n = 8) showing little or no genetic divergence (≤0.4% K2P) and no
reduction in number of trunkmyomeres (i.e., 0–1.5more trunkmyomeres) com-
pared to the presumed parasitic ancestors. This category includes non-parasitic
species whose distributions are largely sympatric with that of their parasitic
ancestor and who appear to have either diverged recently or still experience
gene flow:

• the three Ichthyomyzon brook lamprey species (northern brook, southern
brook, andmountain brook lampreys I. fossor, I. gagei, and I. greeleyi, respec-
tively) which show no species-specific differences in mtDNA gene sequence
compared to their respective parasitic ancestors (silver, chestnut, and Ohio
lampreys; Docker et al. 2012: Ren et al. 2016) or even haplotype or allele
frequency differences where they occur sympatrically (Docker et al. 2012),
have virtually identical myomere counts (Hubbs and Trautman 1937), and
appear to show considerably less reduction in dentition (in terms of num-
ber and sharpness of cusps or teeth) relative to more divergent non-parasitic
species;

• the three non-parasitic derivatives of Arctic lamprey that occur within the
range of the ancestor (Alaskan brook lamprey, Far Eastern brook lamprey
Lethenteron reissneri, and Siberian brook lamprey Le. kessleri; Yamazaki
et al. 2006; Renaud and Naseka 2015; Yamazaki and Goto 2016; Sutton
2017);

• European brook lampreywhich, where it occurs sympatricallywith the ances-
tral European river lamprey, usually shows evidence of contemporary gene
flow (e.g., Rougemont et al. 2015, 2016, 2017; see Sect. 4.6.3.2);

• Australian brook lamprey.

(2) Species (n= 9) showing intermediate genetic divergence and/or trunkmyomere
reduction (i.e., 0.2–2.9%K2P and 1–8.5 fewer myomeres) compared to the pre-
sumed parasitic ancestors. This category includes non-parasitic species whose
range no longer overlaps with that of their parasitic ancestor or where the para-
sitic ancestor appears to have a more restricted distribution within the range of
the non-parasitic derivative:

• American brook lamprey, which is now allopatric with its Arctic lamprey
ancestor and shows slightly more differentiation than the other descendants
of this species (Li 2014);

• the three Portuguese brook lamprey species described by Mateus et al.
(2013a), which likewise are no longer sympatric with the European river
lamprey, and which show slight but species-specific differences in mtDNA
sequence and slightly lower but overlapping trunk myomere counts (57–63
in the three brook lamprey species versus 58–67 in European river lamprey);

• Pit-Klamath and Northern California brook lampreys, which are genetically
similar to, or indistinguishable from, the Pacific lamprey (assumed here, for
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simplicity, to be the ancestor) but which have a reduced number of myomeres
(i.e., 63–68 and 56–65, respectively) compared to Pacific lamprey (61–77;
Vladykov and Kott 1976a; Docker 2009). However, if compared to the Kla-
math lamprey with 58–65myomeres (Renaud 2011), these two species would
be placed in category 1;

• Ukrainian brook lamprey andDrin brook lampreyEudontomyzon stankokara-
mani, which show only a moderate reduction in number of myomeres (58–68
and 56–65, respectively) relative to the Carpathian lamprey (61–67; see
Docker 2009), but >2% sequence divergence at the cytochrome b gene.
These two species are more genetically distinct from their presumed ancestor
than other paired species (Lang et al. 2009), although the widely distributed
Ukrainian brook lamprey and Carpathian lamprey are still not reciprocally
monophyletic (Levin et al. 2016);

• western brook lamprey, in which some populations (e.g., those in Alaska
and British Columbia) are genetically indistinguishable from western river
lamprey where their ranges overlap, but other populations (even excluding
the four highly divergent populations from Oregon and California; Fig. 4.1)
show increasingly greater divergence (up to 2.3%) fromwestern river lamprey
(Boguski et al. 2012). Number of trunk myomeres in this species also appears
to differ among populations (Reid et al. 2011), although there are consistently
fewer in western brook lamprey (57–67) relative to western river lamprey
(63–71; Docker 2009; Reid et al. 2011).

(3) Species (n= 11) showing both higher genetic (≥2.9%K2P) and morphological
(2.5–13 fewermyomeres) divergencewhen compared to themost closely related
extant parasitic species (see Sect. 4.6.2.1).

We recognize that this categorization is imperfect because we are trying to divide
a speciation continuum into discrete categories using only one gene and onemorpho-
logical character. However, the first two categories include most or all of the recog-
nized paired brook lamprey species, and the third category roughly corresponds with
the relict species (see Sect. 4.6.2.1). The Mexican brook lamprey would presumably
fall into category 1 or 2; it was excluded from analysis here because cytochrome b
gene sequence is not available for the parasitic Mexican lamprey (Lang et al. 2009),
and myomere counts are not available for each species individually (Renaud 2011).
Thus, by this approach, 18 brook lamprey species would be considered as paired
(or recently derived) species, including 15 of the 17 species recognized by Potter
et al. (2015)—all but the Turkish and Pacific brook lampreys which were placed into
category 3—and the three Portuguese brook lamprey species. It is not our intention
here to redefine the terms “paired” and “relict” species per se, but merely to facilitate
discussion regarding steps in the evolution of non-parasitism.

A continuum is evident within the categories as well. In addition to variation
in the degree to which different brook lamprey species have diverged from their
parasitic ancestor, there are likely also differences among populations within species.
Some apparent intraspecific differences may be the result of unrecognized diversity
within nominal species. Some brook lampreys currently considered a single widely
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(3) Paired brook lampreys without fixed mtDNA
differences (e.g., “barcode indistinguishable”)

(5) Relict non-parasitic species

(1) Parasitic species with consistently large body size: 
no non-parasitic counterparts

(a) Panmictic population producing 
both phenotypes

(4) Paired brook lamprey with fixed differences

(2) Small-bodied parasitic species or those with small 
freshwater-resident or praecox forms

(b) Partially reproductively 
isolated ecotypes

(c) Reproductively isolated 
ecotypes or species

Fig. 4.3 Representation of speciation continuum seen in lampreys, ranging from (1) parasitic
species with no non-parasitic counterparts to (5) relict non-parasitic species that have long diverged
from a parasitic counterpart. Updated from Docker (2009) to more accurately show that (3) paired
species lacking fixed differences inmitochondrial DNA (mtDNA) sequencemay also include differ-
ent species and populations at different stages of speciation; resolution among these subcategories
are possible only with higher-resolution markers

distributed speciesmayconsist of different populations that evolved from theparasitic
ancestor at different times (i.e., are polyphyletic; seeDocker 2009) or that diverged as
the result of vicariance following the evolution of non-parasitism (see Sect. 4.6.2.3).
Spatially disjunct non-parasitic derivatives of the Arctic lamprey are traditionally
recognized as four distinct species (or three, with Far Eastern and Siberian brook
lampreys perhaps being synonymous; see Renaud and Naseka 2015; Yamazaki and
Goto 2016), but different populations of other widespread species are often “lumped”
together. Mateus et al. (2013a) described three evolutionarily distinct units within
the European brook lamprey as distinct species, and more such populations (whether
or not they are considered distinct Linnean species) may also exist (e.g., Pereira
et al. 2014; see Chap. 7). Similar “splitting” might also be warranted in the widely
distributedwestern brook lamprey (Boguski et al. 2012) andUkrainian brook lamprey
(Levin et al. 2016).Agenetically divergent brook lamprey from theAegeanSea basin,
for example, may represent a tentative new species (Levin et al. 2016), and, as with
other widespread non-parasitic species, the Eudontomyzon species complex requires
further taxonomic examination.

In other cases, however, it is not merely a matter of phylogenetically distinct
populations having escaped taxonomic notice to date. Different populations may be
at different stages of divergence as the result of different demographic histories and
different levels of contemporary gene flow. Within category 1, for example, further
subdivision appears to exist that is not evident with mtDNA sequence data alone
(Fig. 4.3):
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(a) Panmictic populations producing both phenotypes: There have been reports of
parasitic individuals arising within otherwise non-parasitic populations, most
notably, the “giant” American brook lamprey in the Great Lakes (Manion and
Purvis 1971; Cochran 2008) and the Morrison Creek lamprey on Vancouver
Island (Beamish 1985, 1987; Beamish et al. 2016), as well as parasitic popu-
lations which apparently produce non-parasitic individuals (e.g., Kucheryavyi
et al. 2007; Yamazaki et al. 2011; see Docker 2009). However, we do not yet
know whether these polymorphic populations result from phenotypic plasticity
or whether feeding type represents a genetically based polymorphism within a
population with no barriers to interbreeding (see Sect. 4.6.3.3).

(b) Partially reproductively isolated ecotypes, where there is evidence of contem-
porary gene flow between sympatric parasitic and non-parasitic lampreys (e.g.,
at microsatellite loci), but genomic regions that consistently differ between the
forms suggest a genetic basis to feeding type (e.g., Rougemont et al. 2015,
2017; see Sect. 4.6.3.2). Distinctly different phenotypes are maintained, even
with extensive gene flow. These cases may represent the early stages of (incip-
ient) speciation if there is selection against intermediate phenotypes, although
it is not a foregone conclusion that full reproductive isolation would eventually
result, nor is this evidence for divergence in sympatry (see Sect. 4.6.3.4).

(c) Reproductively isolated ecotypes (e.g., in parapatric populations), where there
is a genetic basis to feeding type (Mateus et al. 2013b; Rougemont et al. 2017)
and significant differentiation atmicrosatellite loci (e.g., Rougemont et al. 2015;
Mateus et al. 2016) that indicates a lack of gene flow and separate evolutionary
trajectories, but insufficient time has elapsed for morphological or genetic dif-
ferences to become fixed.

The use of higher-resolution markers, especially non-neutral genome-wide mark-
ers, and modern population genetic and genomic analyses are allowing better reso-
lution of these sub-categories. The remainder of this section will focus on reviewing
these studies and their implications to our understanding of the evolution of non-
parasitism in lampreys.

4.6.3.2 Incomplete Reproductive Isolation and Contemporary Gene
Flow in Some Pairs

It has generally been thought that size-assortative mating would result in immediate
reproductive isolation in most paired species (Hardisty and Potter 1971a; Beamish
and Neville 1992) and that temporal, spatial, or behavioral isolation may further
reduce or prevent gene flow (seeDocker 2009). However, there is increasing evidence
that size-assortative mating is an insufficient pre-zygotic barrier to hybridization
and that reproductive isolation between paired species is not complete in sympatry.
Previous reports of mixed-species spawning aggregations (Huggins and Thompson
1970; Kucheryavyi et al. 2007; Cochran et al. 2008) have been supported by further
observations of paired species spawning together in the wild (Lasne et al. 2010).
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Size-assortative mating may provide less of a barrier where size differences between
species are relatively small (see Docker 2009; Rougemont et al. 2016), and, even
with larger-bodied parasitic species, evidence of sneak (or satellite) male mating
tactics may permit non-parasitic males to fertilize the eggs of large parasitic females.
Satellite male mating behavior was reported previously within European and Ameri-
can brook lampreys (Malmqvist 1983; Cochran et al. 2008), and it has recently been
demonstrated in mixed-species aggregations of European river and brook lampreys
(Hume et al. 2013b). Lack of hybrid inviability in the early developmental stages
(e.g., Piavis et al. 1970; Beamish and Neville 1992; see Docker 2009) has like-
wise been confirmed in recent studies (Hume et al. 2013c; Rougemont et al. 2015),
showing lack of immediate and obvious post-zygotic reproductive isolation in paired
species.

The study by Rougemont et al. (2015) was particularly interesting, because it used
genetic parentage analysis to evaluate fertilization success when European river lam-
prey females (n = 2) were provided with simultaneous access to European brook (n
= 4) and European river (n = 2) lamprey males. Reproductive success of the Euro-
pean brook lamprey males with European river lamprey females was relatively low,
but it was not negligible. Of the 73 offspring assigned without ambiguity, 81% were
sired by European river lamprey, and 19% were sired by European brook lamprey.
Granted, without the presence of brook lamprey females, the proportion of interspe-
cific matings may have been over-estimated if brook lamprey males were “forced”
to mate with heterospecific females, and it is possible that some gamete mixing
occurred during strict size-assortative mating. Nevertheless, the potential for sub-
stantial contemporary gene flow in sympatry was demonstrated. It is also interesting
to speculate that, even with reduced fertilization success relative to European river
lamprey males, siring 19% of the offspring from more fecund European river lam-
prey females (~20,000–35,000 eggs) could equate to higher reproductive success
for European brook lamprey males (~3,800–6,650 offspring)—barring any selec-
tion against hybrids—than siring 100% of the offspring from less fecund European
brook lamprey females (~1,500–2,000 eggs; see Chap. 1). However, we do not know
if brook lamprey males could fertilize even close to all the eggs from a river lam-
prey female (i.e., whether sperm would be limited, whether they would be driven off
by river lamprey males, or whether they would fail to induce female river lamprey
to release their eggs). The relative testis size (the gonadosomatic index) of brook
lamprey males is higher than that of parasitic species (10 and 4%, respectively), but,
given the differences in body size, absolute testis size is still much greater in parasitic
species (1.3 and 0.5 g in European river and brook lampreys, respectively; see Chap.
1).

Furthermore, “barring any selection against hybrids” is an important caveat.Many
studies havedemonstrated that the survival of hybrids between lampreypaired species
is equivalent to that of pure individuals for the first few weeks following fertiliza-
tion (e.g., Enequist 1937; Piavis et al. 1970), but there is virtually nothing known
regarding possible selection against hybrids later in development. Only one study to
date is known where hybrids between paired species were reared for more than a few
weeks after hatch. Beamish and Neville (1992) reared hybrids between western river
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and western brook lampreys for 2.5 years, but, unfortunately, the experiment was
terminated prior to metamorphosis. We therefore do not know what would happen
in hybrids at metamorphosis (when the developmental trajectories of the parental
species diverge so dramatically) or at spawning (e.g., in terms of mating behavior
and viability). Furthermore, hybrid incompatibilities are best revealed in subsequent
(F2) generations or in backcrosses (i.e., when the first generation, F1, hybrid is mated
with one of parental species; Bierne et al. 2002, 2006). Therefore, it is clearly prema-
ture to suggest that there is no post-zygotic reproductive isolation in paired lamprey
species. Evaluating the fitness of experimentally generated hybrids over at least two
generations would be very difficult to accomplish entirely in the laboratory (see
Chap. 2). However, Rougemont et al. (2017), using Restriction site Associated DNA
Sequencing (RAD-Seq) to identify a small set of loci that were highly differentiated
between European river and brook lampreys (40 of 8,962 SNPs; see Sect. 4.6.3.3),
were able to identify putative hybrids among wild-caught individuals. Among 338
individuals genotyped, these authors found evidence of 22 hybrids (6.5%), 20–21
of which were F1 hybrids. The virtual absence of later-generation hybrids suggests
some form of hybrid breakdown (e.g., reduced survival or fertility of the hybrids),
and this warrants further study.

Nevertheless, behavioral studies showing the potential for interbreeding in paired
species is consistent with recent population genetic studies that show contemporary
gene flow in sympatry (e.g., Docker et al. 2012; Bracken et al. 2015; Rougemont
et al. 2015). However, it is very important in such studies to distinguish between true
sympatry, where the two species come into contact, and situations where they are
found in the same basin or river systems but with no opportunity for contemporary
gene flow (i.e., where they are parapatric). Using microsatellite loci, Docker et al.
(2012) demonstrated a lack of significant genetic differentiation (FST 0) between
silver and northern brook lampreys where they were collected from the same rivers
in the Lake Huron basin, but the two species were significantly differentiated (FST
0.067) in the Lake Michigan basin where northern brook lamprey were collected
almost exclusively from the eastern shores of the basin and silver lamprey were col-
lected from the western arm of the lake. Similar patterns have been seen in recent
studies investigating the level of gene flow between European river and brook lam-
preys from multiple locations in the British Isles and northern France that varied in
their level of connectivity. Bracken et al. (2015) found evidence of ongoing gene
flow between European river and brook lampreys where they occurred sympatrically
(in the Loch Lomond basin, FST 0.019), but five parapatric populations (where brook
lampreys were isolated above barriers to migration) showed higher levels of genetic
differentiation (mean FST 0.073). Rougemont et al. (2015) sampled five sympatric
and five parapatric European river and brook lamprey population pairs and likewise
found little or no genetic differentiation where they occurred sympatrically (i.e., no
significant genetic differentiation in one population, FST 0.008, and significant but
low levels of differentiation in four populations, mean FST 0.055) and higher lev-
els of differentiation (mean FST 0.113) in parapatry. The significant differentiation
observed in all but one sympatric population argues against phenotypic plasticity
in a completely panmictic population, but evidence of contemporary gene flow in
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sympatry shows that reproductive isolation is incomplete. Interestingly, in the one
sympatric population in France (the Oir River population) where there was no sig-
nificant genetic differentiation between the two forms, European river lamprey were
much smaller (mean TL 225 mm) than at other sites (mean TL 303 mm). Rougemont
et al. (2016) suggested that the smaller size difference between European river and
brook lampreys in this river may have facilitated interbreeding of the two species.

Beamish et al. (2016) also presented evidence for gene flow in sympatry between
the two forms of the western brook lamprey in Morrison Creek on Vancouver Island,
where the normally non-parasitic population also produces a potentially parasitic
“silver” form (Beamish 1985, 1987; see Docker 2009). Beamish et al. (2016) found
no significant genetic differentiation between the forms (i.e., no evidence of even
partial reproductive isolation).

Microsatellite loci provide much higher resolution than mtDNA loci (Selkoe and
Toonen 2006). Even non-parasitic populations that appear to have been derived very
recently showevidence of genetic differentiation atmicrosatellite lociwhen no longer
in sympatry. Yamazaki et al. (2011) present evidence that non-parasitic lamprey pop-
ulations have evolved from the anadromousArctic lamprey in two rivers in theAgano
River system in Japan when dam construction ~90 years ago isolated them from the
anadromous population. These newly founded populations show strong genetic dif-
ferentiation (FST 0.433–0.635) when compared to the parapatric Arctic lamprey, but
a non-parasitic population that is not isolated above dams (i.e., is sympatric with the
Arctic lamprey) was not significantly differentiated from Arctic lamprey.

Few examples exist of closely related parasitic and non-parasitic lampreys that
show substantial barriers to gene flow in sympatry. One such example is the European
river and brook lamprey pair in the Sorraia River in the Tagus River basin in southern
Portugal (Mateus et al. 2016). Like all of the examples discussed in this section, this
pair does not show species-specific differences in mtDNA sequence (Mateus et al.
2011), but significant and high levels of genetic differentiation (FST 0.317) have
been demonstrated with the use of microsatellite loci (Mateus et al. 2016). This pair
appears to be truly sympatric (i.e., collected from a common spawning site; Mateus
et al. 2013b) but appears not to experience ongoing gene flow. The Tagus River basin
is near the southern limit of distribution for European river and brook lampreys, and
the climate here has been stable over longer periods of time than in theBritish Isles and
northern France (Bracken et al. 2015; Rougemont et al. 2015). In northern Europe,
recolonization following glacial retreat may have brought these species into contact
before reproductive isolating mechanisms were fully established, enabling gene flow
in sympatry (see Sect. 4.6.3.4). In contrast, reproductive isolating mechanisms may
have had time to evolve in the Portuguese population. Evolutionary theory predicts
that there will be selection for pre-zygotic reproductive isolating mechanisms when
hybridization is maladaptive (Ortiz-Barrientos et al. 2009). Pre-zygotic reproductive
isolation appears complete between Lethenteron sp. N and sp. S that occur sympatri-
cally in the Gakko River in Japan (Yamazaki and Goto 2000, 2016). Although both
species are non-parasitic (i.e., they are not paired species), they are genetically very
divergent, and hybridization would presumably be maladaptive. Yamazaki and Goto
(2016) observed no temporal isolation or size differences that would prevent inter-
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breeding between these two non-parasitic species, but no mixed-species nests were
observed (although communal single-species spawning was observed). The extent
to which hybridization between closely related paired species might be maladaptive
is unknown (see above).

Despite growing evidence for contemporary gene flow when paired parasitic and
non-parasitic species occur sympatrically, at least in the more northerly parts of their
range, it is important to recognize that they still maintain highly distinct phenotypes.
Recent studies are showing that introgression at neutral markers (e.g., microsatellite
loci) does not preclude differentiation at a restricted number of loci related to feeding
type (see Sect. 4.6.3.3).

4.6.3.3 Genetic Basis of Feeding Type

Multiple phenotypes within a single species are common in a wide range of organ-
isms. In some organisms, these do indeed represent phenotypic plasticity (i.e.,
polyphenisms) where the different phenotypes are produced from a single geno-
type under the induction of an environmental cue (e.g., Greene 1999; Hoffman and
Pfenning 1999; Shine 2004; Podjasek et al. 2005).However, inmany other cases (e.g.,
populations of rainbow trout where individuals adopt either a freshwater-resident or
anadromous life history type), they appear to be (at least partially) genetically based
polymorphisms (Hale et al. 2013; Hecht et al. 2013).

Phenotypic plasticity with respect to feeding type has been suggested in lampreys.
For example, Kucheryavyi et al. (2007) suggested that larval growth conditions deter-
mine whether individuals in an Arctic lamprey population become parasitic or non-
parasitic at metamorphosis. These authors proposed that individuals that accumulate
a sufficient quantity of energy resources during the larval stage are able to mature
without post-metamorphic feeding and become non-parasitic. A lack of species-
specific differences in mtDNA gene sequence, although rare in vertebrates, is not
evidence of phenotypic plasticity (see Docker 2009). Even the existence of polymor-
phic populations that appear panmictic (i.e., freely interbreeding, with no apparent
barriers to gene flow) usingmicrosatellite loci does not necessarily indicate that feed-
ing type lacks a genetic basis.Mitochondrial andmicrosatellite markers are generally
considered neutral markers (i.e., indicators of historical and recent or contemporary
gene flow, respectively; Avise 2000; Selkoe and Toonen 2006), and introgression
at neutral markers does not preclude differentiation at “genomic islands” related to
feeding type (see below).

The western brook lamprey population in Morrison Creek on Vancouver Island
produces both a potentially parasitic “silver” form and the typical non-parasitic form
and appears to be panmictic (Beamish et al. 2016; see Sect. 4.6.3.2). However, we
are not yet able to distinguish between phenotypic plasticity and a genetically based
polymorphismwithin a freely interbreeding population. Interestingly, the abundance
of the parasitic form has greatly diminished since the 1980s (i.e., comprising ~65%
of the total catch in 1981 and 1987, but only 8% in 2011–2012). Over this time, the
average length of the silver form has stayed the same (125 mm TL), but mean TL
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of the non-parasitic form has increased from 116 to 131 mm. Although we could
argue that better growth during the larval stage permitted more individuals to mature
without feeding, whether this shift in the proportion of the two phenotypes might be
due to changes in the environmental cues inducing phenotype or selection on geneti-
cally based phenotypes is not resolvable at this point. Potentially parasitic individuals
may “spontaneously” appear in otherwestern brook lamprey populations. Jolley et al.
(2016) reported capturing a western river lamprey outmigrant above the John Day
Dam, the third upriver mainstem dam on the Columbia River located 348 rkm from
the ocean, and a few transformed western river lamprey are collected each year in
the lower Yakima River >530 km from the ocean (Ralph Lampman, Yakama Nation,
Fisheries Resources Management Program, Toppenish, WA, personal communica-
tion, 2018). No freshwater-resident parasitic river lamprey have been observed in
these areas, and the return of anadromous western river lamprey adults would be
highly unlikely. However, we cannot distinguish between phenotypic plasticity and
expression of an otherwise recessive genetic trait. Likewise, the appearance of a
self-sustaining, non-migratory, non-parasitic population when anadromous Arctic
lamprey are isolated above dams (Yamazaki et al. 2011) is not evidence of pheno-
typic plasticity, because existing genetic variation within the population cannot be
excluded (see Sect. 4.6.3.4).

A few recent studies have found putative functional loci that differ between paired
parasitic and non-parasitic species, providing evidence for a genetic basis for life
history type. Yamazaki and Nagai (2013) found a significant signature of directional
selection in a non-parasitic lamprey population that has been recently derived from
the anadromous Arctic lamprey (see Sect. 4.6.3.2); onemicrosatellite locus exhibited
a much higher degree of differentiation (FST 0.701–0.914) between life history types
than the other six loci tested. This locus was estimated to be ~5,800 nucleotides
from the vasotocin precursor gene, which plays an important role in osmoregulation.
Yamazaki and Nagai (2013) thus suggested that there has been recent and strong
natural selection related to the transition from anadromy to freshwater residency (i.e.,
that this particular difference was related to migratory rather than feeding type), and
that selection was detected at the microsatellite locus due to a “hitchhiking effect”
of the selective forces around the gene region.

In a groundbreaking study, Mateus et al. (2013b) used RAD-Seq to survey for
genome-wide differences in European river and brook lampreys from the Sorraia
River in Portugal. RAD-Seq is a reduced-representation genome sequencing strategy
(i.e., rather than whole genome sequencing) designed to interrogate ~0.1–10% of the
genome. Mateus et al. (2013b) recovered >8,000 polymorphic RAD loci and almost
14,700 SNPs. Of these, they found 166 loci fixed for different alleles between Euro-
pean river and brook lampreys (i.e., 166 species-specific differences in the genomes
of these two species). This was the first study to show species-specific differences
between European river and brook lampreys, at a time when the observation that
most lamprey species pairs were “barcode indistinguishable” was sometimes inter-
preted as meaning that there were no genetic differences between paired species (see
Docker 2009;Artamonova et al. 2011). However, a subsequent study by these authors
showed that European river and brook lampreys from this population could also be
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differentiated at neutral microsatellite loci (FST 0.317; Mateus et al. 2016), suggest-
ing that not all of the 166 fixed loci were necessarily correlated with life history type.
With barriers to gene flow, genetic differentiation due to drift or selection on other
traits would also be expected. Nevertheless, Mateus et al. (2013b) were able to link
12 of the 166 loci to genes that had been annotated in the sea lamprey genome (Smith
et al. 2013): the vasotocin gene, the same gene implicated in migratory type adapta-
tion by Yamazaki and Nagai (2013); gonadotrophin-releasing hormone 2 (GnRH2)
precursor; four genes related to immune function; three genes related to axial pat-
terning; a pineal gland-specific opsin; a voltage-gated sodium channel gene; and a
tyrosine phosphate gene. Evidence of a species-specific SNP in the GnRH2 precur-
sor was interesting, because GnRH is found at the top of the hypothalamic-pituitary
axis in all vertebrates and is a key regulator of gonadal development and differenti-
ation (Sower 2015), the timing of which differs between parasitic and non-parasitic
lampreys (see Docker 2009; Chap. 1). Differences in genes related to axial pattern-
ing could potentially be related to differences in the number of trunk myomeres in
parasitic and non-parasitic lampreys or other aspects of development related to the
ultimate differences in adult body size (see Irvine et al. 2002; Childs 2013). The
pineal gland-specific opsin gene may be an important regulator of the photosensitive
pineal gland which is involved in the photoperiodic control of sexual maturation in
adult lampreys (Joss 1973; Yokoyama and Zhang 1997) and which might play a role
in metamorphosis (Cole and Youson 1981; see Manzon et al. 2015). Most of the 166
species-specific loci still remain to be annotated, but this preliminary list of candi-
dates serves as a very important first step in identifying genes involved in evolution of
the non-parasitic European brook lamprey from the parasitic anadromous European
river lamprey.

In a subsequent study, Rougemont et al. (2017) likewise used RAD-Seq data
from European river and brook lampreys, but they performed population genomic
analyses using nine replicated pairs experiencing different degrees of gene flow
(FST 0.008–0.189; Rougemont et al. 2015). This approach allowed these authors to
disentangle the effects of selection from those of genetic drift. In sympatric pairs
showing high genetic connectivity, most of the genome would be expected to show
strong introgression (i.e., with little or no differentiation at neutral loci), and only
regions of the genome involved in reproductive isolation and local adaptation would
be expected to show strong differentiation. Rougemont et al. (2017) identified 40
SNPs that were highly differentiated between European river and brook lampreys
(i.e., a small number of highly differentiated “genomic islands”) amid a background
or “sea” of less differentiated loci. Furthermore, 28 outlier loci (i.e., those most
highly differentiated between life history types) were shared in the four population
pairs showing high genetic connectivity, and this amount of sharing was higher than
expected by chance alone. Homology searches for these outlier loci identified some
of the same candidate genes as those found by Mateus et al. (2013b), that is, the
GnRH2 precursor gene, the pineal gland-specific opsin gene, and genes involved in
immunity and axial patterning. However, that these genes were correlated with the
brook lamprey phenotype in multiple pairs is not necessarily the result of parallel
and independent evolution in each pair. Rather, the apparent genetic parallelism is
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likely the result of a common history of divergence initiated in allopatry followed
by secondary contact in the different populations. Secondary gene flow would have
eroded past divergence at variable rates across the genome, but those loci associated
with life history type appear to have resisted introgression (see Sect. 4.6.3.4).

In the above studies, feeding type and migratory type were always confounded,
because the evolution of non-parasitism also involved a switch from anadromy to
freshwater residency. In contrast, Hume et al. (2018) recently used RAD-Seq data to
infer the demographic history of three life history types inLochLomond: anadromous
European river lamprey, freshwater-resident European river lamprey, and European
brook lamprey. In this manner, it might be possible to disentangle the effects of the
anadromous to freshwater transition from the parasitic to non-parasitic transition.
Outlier genes associated with the migratory type transition included those related to
immune function (nckap-1; Zhou et al. 2017) and growth (cd109; Hockla et al. 2010),
and genes broadly associatedwith embryonic development (e.g., reck, scn4aa, rev31;
Wittschieben et al. 2000; Yamamoto et al. 2012) were implicated in the transition
from parasitism to non-parasitism. This does not mean, of course, that the SNPs
identified in these outlier genes are the causal mechanisms for the transition from an
anadromous or freshwater-resident parasitic lamprey to a non-parasitic lamprey, but
these three RAD-Seq studies serve as important first steps in elucidating the genetic
mechanism of life history evolution in lampreys.

Although the above studies have refuted the hypothesis of phenotypic plasticity,
at least in the European river and brook lampreys populations examined, the results
of a 10-year study designed to test the heritability of feeding type in silver and north-
ern brook lampreys deserves mention here (Neave et al. 2019). These authors tested
for feeding type plasticity using two approaches. The first approach used a common
garden experiment to determine if raising offspring from each species under common
laboratory conditions would produce the parental phenotype regardless of conditions
(suggesting a genetic component to feeding type) or induce the alternative feeding
type (indicating phenotypic plasticity). The second approach used a transplant exper-
iment to determine whether placing larvae of known parentage into streams which
appear conducive to the development of the alternative feeding type (as determined
by comparison of abiotic and biotic characteristics in streams inhabited by the two
species) would result in production of the alternative feeding type. In short, 100%
larval mortality by 3 months post-hatch in each of 3 years necessitated termination
of the common garden experiment. In the transplant experiments, >12,000 larvae
were stocked into 10 stream reaches in the Lake Huron basin, and post-metamorphic
individuals of the alternative feeding type were recaptured 4–5 years later in two
streams. However, transplantation was only permitted in streams already containing
Ichthyomyzon larvae, and genetic parentage analysis indicated that the recovered
individuals were not offspring of the original known-phenotype parents. Thus, phe-
notypic plasticity was not demonstrated. This was the first known study to attempt a
common garden experiment or transplant study through metamorphosis. Even with
improvements to artificial propagation procedures (see Chap. 2), a direct repeat of
this study is likely not warranted, given the recent studies indicating a genetic basis
to feeding type. However, rearing studies combined with a genomic approach could
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be powerful. For example, with the identification of specific loci associated with life
history type, we could more easily study the phenotype and fate of hybrids. Of the
22 hybrids detected by Rougemont et al. (2017), 64% displayed the river lamprey
phenotype, but whether this is due to inheritance patterns or selection against hybrids
with the brook lamprey phenotype is unknown. Whether parasitic lamprey parents
could produce non-parasitic offspring (e.g., if both parents possessed recessive genes
for “non-parasitism”) is likewise unknown.

Furthermore, although the emphasis to date has largely been on themorphological
and developmental “parting of the ways” observed at metamorphosis, parasitic and
non-parasitic lampreys show different developmental trajectories related to ovar-
ian development, and these differences precede metamorphosis by several years
(see Docker 2009). In most species studied to date, ovarian differentiation occurs
at ~1 year of age in non-parasitic species and at 2–3+ years of age in parasitic
species; the larger size at the onset of oogenesis in parasitic species is presumably
responsible for the greater number of oocytes elaborated in these ultimately larger-
bodied species (see Chap. 1). Thus, as suggested by Hardisty (1964) and Beamish
and Thomas (1983), fecundity differences among species are very likely genetically
based and largely determined at or before sex differentiation. Rearing offspring from
paired species and hybrids through ovarian differentiation would shed light on the
earliest point at which the developmental trajectories of paired species diverge, the
genes involved in this process, and possible genetic incompatibilities in hybrids (see
Mavarez et al. 2009; Renaut and Bernatchez 2011).

In addition, in recently diverged pairs or those experiencing gene flow, there
may be a gradual (rather than immediate) acquisition of traits associated with non-
parasitism. Despite the general observation that non-parasitic species initiate oogen-
esis earlier than their parasitic counterpart, a recent study by Spice andDocker (2014)
suggested that some species are polymorphic with respect to timing of oogenesis and
the resulting number of oocytes produced. In northern brook and chestnut lampreys,
ovarian differentiation occurred in age classes I and II in both species (with no sig-
nificant differences in the timing between species), and northern brook and chestnut
lampreys had similar minimum oocyte counts. Granted, maximum oocyte counts
were higher in chestnut lamprey larvae, a similar pattern observed by Neave et al.
(2007) when comparing presumptive northern brook and silver lampreys, but these
results suggest that all of the changes associated with the evolution of non-parasitism
may not occur simultaneously. Changes in the phasing of gonadogenesis might not
always coincide with the elimination of the parasitic feeding phase. Parasitic lam-
prey populations may already be polymorphic for this trait (i.e., with evolution of
non-parasitism drawing on existing genetic variation within the population), or, con-
versely, selection for earlier ovarian differentiation and lower potential fecundity
may follow the elimination of the parasitic feeding phase. The sequence of changes
associated with the evolution of non-parasitism—and a better understanding of the
mechanisms of life history evolution in lampreys—can be better resolved now with
our improved understanding of where different species and populations fit on the
continuum.
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4.6.3.4 Demographic History of Divergence and Origin of Genetic
Parallelism

Given the morphological similarity and lack of mtDNA sequence differentiation
generally observed between lamprey species pairs in sympatry, particularly those
in recently deglaciated regions, it is often assumed that divergence happened very
recently (e.g., Hubbs and Potter 1971; Salewski 2003; Docker 2009). Although
molecular phylogenetic studies that fail to find species-specific genetic differences
and lack of reciprocal monophyly in sympatric pairs often add the caveat that genetic
similaritymay also result from introgression following secondary contact after diver-
gence in allopatry (see Taylor 1999; Espanhol et al. 2007), this caveat is sometimes
forgotten. Thus, it is often thought that most paired brook lamprey species have
evolved from their parasitic ancestor in post-glacial times (e.g., Beamish and With-
ler 1986; Docker 2009), with the two distinct phenotypes rapidly differentiating in
sympatry as a result of disruptive selection (Salewski 2003).

Previous studies have lacked the resolution to distinguish between primary, but
recent or ongoing, divergence in sympatry and secondary gene flow following initial
divergence in allopatry. However, recent studies by Rougemont et al. (2016, 2017)
have used population genetic and genomic analyses to reconstruct the demographic
history of divergence between European river and brook lampreys, and their results
make us question past hypotheses regarding modes of speciation in lampreys. Using
13 microsatellite loci and an approximate Bayesian computational (ABC) approach
combined with a random forest model, Rougemont et al. (2016) tested different sce-
narios of divergence in six replicated populations of European river and brook lam-
preys from northern France. These six pairs were all highly connected by gene flow:
five populations were either truly sympatric or the two species were found in close
proximity and not separated by permanent barriers to migration, and one population
was parapatric but showed gene flow comparable to that of the sympatric popula-
tions. These authors statistically compared five alternative models for the divergence
between each pair of species: (1) amodel of panmixia (PAN) inwhich European river
and brook lampreys within a population constitute a single gene pool; (2) a strict iso-
lation model (SI) in which European river and brook lampreys diverged TDIV years
ago with no subsequent gene flow; (3) an ancient migration model (AM) in which
European river and brook lampreys diverged TDIV years ago but continued to experi-
ence gene flow up until TISOL years ago; (4) an isolation with migration model (IM)
in which European river and brook lampreys diverged TDIV years ago but continue to
experience contemporary gene flow; and (5) a model of secondary contact (SC) after
past isolation, where European river and brook lampreys diverged in allopatry TDIV

years ago and then started experiencing gene flow following secondary contact TSC

years ago (Fig. 4.4). The strict isolation (SI) and ancientmigration (AM)modelswere
both rejected for all six populations. Rejection of the SI model refutes the hypothesis
that reproductive isolation between parasitic and non-parasitic lampreys would be
immediate and complete as soon as elimination of the adult feeding phase produced
differences in body size at maturity. Rejection of the AMmodel is consistent with the
results showing that these populations are experiencing ongoing (contemporary) gene
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Fig. 4.4 Models of divergence between European river lamprey Lampetra fluviatlis (Lf ) and Euro-
pean brook lamprey La. planeri (Lp) tested by Rougemont et al. (2016). TDIV is number of gener-
ations since divergence; TISOL is generations since the two life history types stopped exchanging
genes; TSC is generations since the life history types entered into secondary contact following a
period of isolation. PAN was the best-supported model for one of population (asterisk), and IM and
SC were both well-supported models for five populations (star); SI and AM were rejected for all
six populations (X). Estimates of TDIV (expressed in years, assuming generation time of 5 years)
and TSC under the IM and SC models (median for the five populations) are given

flow; in fact, these populations were chosen because they were highly connected by
gene flow. Of the remaining models, panmixia (PAN) was the best-supported model
for one population; this was the Oir River population, where no significant genetic
differentiation was previously found between the forms (Rougemont et al. 2015; see
Sect. 4.6.3.2). Isolation with migration (IM) and secondary contact (SC) were the
best-supportedmodels in the remaining five populations, although it was not possible
to distinguish between them. These two models could also not be ruled out in the
Oir River population (at least not with neutral markers; see below).

The divergence time estimates generated by Rougemont et al. (2016) provided
exciting insights into the tempo and mode of evolution in paired lamprey species.
Assuming a generation time of 5 years for these species, these authors estimated
that European river and brook lampreys in the five populations best characterized by
the IM and SC models diverged on average 201,760 and 257,040 years ago, respec-
tively (or 282,464 and 359,856 years ago, respectively, assuming a generation time
of 7 years). This is completely inconsistent with recent and rapid divergence follow-
ing the recent glacial retreats ~10,000–15,000 years ago. Even the bottom end of
the 95% confidence interval from each of the individual populations (24,200 years
ago) shows TDIV higher than predicted if divergence occurred in post-glacial times.
Also surprisingly, in the SC model, the median time at which gene flow resumed
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following secondary contact (TSC) was 92,960 years ago. This suggests that not even
secondary contact occurred in post-glacial times. The ancient secondary contact sug-
gested by the TSC estimate implies that the genetic signature of historical geographic
isolation carried by neutral markers has been lost, which would explain the difficulty
these authors experienced distinguishing between the SC and IM models (Rouge-
mont et al. 2016). It also suggests that the period of isolation (i.e., between TDIV

~200,000–250,000 years ago and TSC ~90,000 years ago) was too short to allow
genetic incompatibilities to accumulate and strong barriers to gene flow to develop.

However, with neutral markers, it can be difficult to distinguish between primary
divergence (i.e., the SI, IM, or AM models) and secondary contact (SC), because
both scenarios tend to converge to the same equilibrium (Bierne et al. 2013). Thus,
Rougemont et al. (2017) subsequently used RAD-Seq data and a diffusion approxi-
mation approach to infer the demographic history of each of four sympatric and five
parapatric European river–brook lamprey pairs. In all of the sympatric pairs, their
analyses supported a model of secondary contact (SC) after initial divergence in
allopatry (including the Oir River pair where their 2016 study suggested panmixia).
In contrast, parapatric pairs have retained a signal of ancient migration (AM). The
AM model was rejected in Rougemont et al. (2016) where only sympatric popu-
lations were included, but Rougemont et al. (2017) indicate that sympatric versus
parapatric populations do not necessarily have radically different divergence histo-
ries; the signal of past secondary contact may have been lost or obscured in parapatric
populations as result of recent drift.

In all nine pairs examined by Rougemont et al. (2017), models accounting for dif-
ferential introgression among loci (i.e., incorporating heterogeneity in divergence
along the genome) outperformed homogeneous migration models. As discussed
above (see Sect. 4.6.3.3), there does not appear to be uniform gene flow across
the genome; rather, regions of the genome involved in reproductive isolation and
local adaptation appear to resist the homogenizing effect of introgression. Rouge-
mont et al. (2017) found that 6–12% of loci in the most genetically connected pairs
displayed a reduced effective migration rate between the life history types; during
secondary contact, erosion of past genetic differentiation outside the direct vicinity
of these “barrier loci” would result in low levels of genetic differentiation elsewhere
in the genome. Only European river and brook lampreys have been studied to date
using this approach, but the demographic histories of divergence should be tested in
other paired species using this approach. Interestingly, Hubbs and Trautman (1937)
suggested that the Ichthyomyzon brook lamprey species originated before the last
glacial advance in North America, although Hubbs and Potter (1971) subsequently
considered that a more recent origin was equally possible.

An extension of the “recent divergence in sympatry” hypothesis (although less
explicit) is the assumption that widely distributed brook lamprey species evolved
through this mechanism independently and repeatedly in disjunct locations (e.g.,
Beamish andWithler 1986; Docker 2009). Molecular phylogenetic analyses suggest
that many widespread brook lamprey species are polyphyletic (i.e., derived from
two or more ancestral sources), and their distribution in disjunct drainages separated
by salt water argued against dispersal (at least via current connections) following
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a single brook lamprey origin. However, it is important to recognize that current
connections between drainages do not reflect past connections. For example, stream
capture can transfer some portion of an aquatic fauna into a new drainage, and rivers
isolated from each other by marine or estuarine conditions can join farther out on
the continental shelf if sea levels are lowered (Hughes et al. 2009). Furthermore, the
current geographic distribution of contemporary species may not reflect the initial
conditions of divergence (Bierne et al. 2011), and the results of Rougemont et al.
(2016, 2017) remind us that repeated and independent evolution of non-parasitism
in each location (i.e., in sympatry) or a single origin of each non-parasitic species
in allopatry followed by subsequent brook lamprey dispersal are not the only two
options. Their demographic models support divergence in allopatry, but with sub-
sequent gene flow following secondary contact. Gene flow between the life history
types in sympatry gives the erroneous appearance of divergence in sympatry and
multiple independent and parallel origins of each brook lamprey species.

This point is worth emphasizing as we begin to explore the genetic basis of feed-
ing type in lampreys, particularly with respect to understanding the extent to which
the genetic changes are parallel among different species pairs and populations (e.g.,
whether they involve the same mutations in the same gene). There was considerable
overlap in the list of genes that were highly differentiated between European river and
brook lampreys in northern France and in southern Portugal (see Sect. 4.6.3.3). Is the
apparent parallelism the result of parallel selection on standing genetic variation in the
ancestral European river lamprey population, the result of a single speciation event
in allopatry followed by dispersal, or the result of mutations occurring in these genes
independently in disjunct locations? Rougemont et al. (2017) evaluated the extent
of genetic parallelism among replicate European river and brook lamprey pairs in
northern France, and they suggested that ancestral variation related to life history
type arose in allopatry so that the “brook lamprey background” existed before the
recent colonization of rivers. The brook lamprey phenotype may have arisen either
through hybrid genotypes colonizing fresh water or through transport of alleles bro-
ken up by recombination and at low frequency in the river lamprey background into
the freshwater populations. There would presumably be selection for the brook lam-
prey alleles in fresh water, and these rare alleles would be driven to high frequencies
in multiple different rivers. This would be similar to the “transporter hypothesis”
proposed by Schluter and Conte (2009) to explain the rapid and repeated evolution
of multiple freshwater-resident threespine stickleback populations from the anadro-
mous or marine form. Schluter and Conte (2009) proposed that ecological speciation
has occurred multiple times in parallel when selection in freshwater environments
repeatedly acts on standing genetic variation that is maintained in the marine popula-
tion when freshwater-adapted alleles from elsewhere in the range are exported back
into the marine population. In a similar manner, brook lamprey alleles are likely
transported among disjunct rivers, mediated by the river lamprey which shows few
barriers to gene flow among locations, at least within a region (Bracken et al. 2015;
Rougemont et al. 2015; Mateus et al. 2016; see Sect. 4.7.5). Selection within each
river on existing genetic variation would help account for the apparent rapidity of
speciation (e.g., following northward range expansion and post-glacial colonization).
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Further study is clearly required, but the results to date emphasize the need to
avoid overly simple explanations or broad generalizations when trying to understand
the evolution of non-parasitism in different lamprey species and throughout the range
of each. It is unknown if all populations of a particular brook lamprey species share
the same “brook lamprey background” derived from a single ancestral population,
and the extent of genetic parallelism in different species pairs and different genera is
likewise unknown. Even distantly related brook lampreys show obvious phenotypic
parallelism, but whether their independent evolution has involved, for example, dif-
ferent mutations in the same genes or different genes in same developmental pathway
(see Arendt and Reznick 2008), has yet to be explored.

4.7 Factors that Promote or Constrain Evolution
of Non-parasitism

The conditions under which brook lampreys evolve have been reviewed previously
by several authors (e.g., Salewski 2003; Hardisty 2006; Docker 2009). Two scenarios
have generally been proposed: (1) that parasitic lampreys become non-parasitic in
habitats where there is an insufficient prey base, perhaps as the result of barriers
to migration that prevent access to the ocean or large lakes (e.g., as the result of
glaciation and deglaciation events during the past 10,000–15,000 years); or (2) that
parasitic lampreys become non-parasitic as the result of events that alter the relative
benefits and costs of migration (e.g., Zanandrea 1959; Espanhol et al. 2007). The
two options are not entirely mutually exclusive, although the first implies that non-
parasitism evolved to “make the best of a bad situation” when post-metamorphic
feeding was poor or not possible, and the second suggests that non-parasitism is
a valid “choice” that, under certain conditions, confers greater (rather than merely
adequate) fitness as a result of the trade-off between reduced fecundity and reduced
mortality. Our intention in this section is not to repeat past reviews but, rather, to
continue the discussion introduced in Sect. 4.4 regarding factors that promote and
constrain freshwater residency in lampreys. Loss of anadromyalmost invariably leads
to a reduction in the duration of the parasitic feedingphase and size atmaturity, andwe
contend that the complete elimination of the parasitic feeding phase is an extension of
this process. The emphasis in this sectionwill be less on the environmental conditions
that might have promoted elimination of the parasitic feeding phase, and more on
characteristics of parasitic lampreys that permitted or constrained evolution of brook
lamprey derivatives. Some parasitic species are clearly much more prolific in terms
of producing non-parasitic offshoots than others. Although there is not universal
agreement on the “true” number of brook lamprey species, and there may never be
an exact, objectively definable number (see Sect. 4.6.3; Chap. 7), it is apparent that
the two anadromous parasitic Lampetra species are the “mothers” of many brook
lampreys. At minimum, 35% of the 23 brook lamprey species recognized by Potter
et al. (2015) are thought to be derived from the European and western river lampreys
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or European and western river lamprey-like ancestors (Fig. 4.1). At the other end
of the spectrum, there is a conspicuous absence of brook lamprey derivatives from
the large-bodied sea, pouched, and Caspian lampreys. The following discussion will
largely try to address why there are no brook lamprey derivatives from this latter
group, and we will speculate as to whether freshwater-resident sea lamprey might
represent a “jumping-off point” for the evolution of non-parasitism.

4.7.1 Phylogenetic Constraints

Sea lamprey, pouched lamprey, andCaspian lamprey are each the sole species in their
respective genera. Thus, the lack of brook lamprey derivatives from these species is
potentially different from that of other parasitic species for which no non-parasitic
derivatives have been described. No brook lamprey derivatives have been attributed
to the Chilean lamprey, Korean lamprey, Vancouver lamprey, and perhaps the Kla-
math lamprey (depending on whether it or the Pacific lamprey is the ancestor to the
two Entosphenus brook lamprey species; Sect. 4.6.3.1), but non-parasitic lampreys
are foundwithin each of these genera (see Fig. 4.1). Thus, “phylogenetic constraints”
could potentially be used to explain the absence of non-parasitic lampreys inPetromy-
zon, Geotria, and Caspiomyzon—that is, that these lineages simply do not have the
“wherewithal” to develop brook lampreys. However, Petromyzon, Geotria, and Cas-
piomyzon are well-distributed throughout the lamprey phylogenetic tree (based on
bothmorphological andmolecular characters) and are intermixedwith the seven gen-
era containing brook lamprey species (Potter et al. 2015). Brook lampreys are found
in two of the three families of extant lampreys and, within the Petromyzontidae, in
both or all three of the proposed subfamilies (Vladykov 1972; see Potter et al. 2015).
In subfamily Petromyzontinae, all three parasitic species of Ichthyomyzon have given
rise to brook lamprey derivatives, even if Petromyzon and Caspiomyzon have not.
Phylogenetic constraint has been invoked in a variety of contexts, but as yet there is
no consensus on its definition, and it was described by Alexander (1989) as “an argu-
ment of last resort.” McKitrick (1993) defined phylogenetic constraint as “any result
or component of the phylogenetic history of a lineage that prevents an anticipated
course of evolution in that lineage.” Of course, we cannot rule out such a constraint.
However, we argue below that, given their consistently large body size, evolution
of non-parasitism would not be anticipated in these species (see Sect. 4.7.4). Thus,
although there may be genetic constraints within each of the large-bodied species
(see Sect. 4.7.5), we argue against phylogenetic constraints.

4.7.2 Ecological Constraints

Although the discussion of the factors that promote or constrain the evolution of
non-parasitic lampreys often focuses on the ecological conditions under which non-
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parasitism arises, the dearth of non-parasitic species in some taxa appears not to
be caused by lack of the appropriate ecological conditions. We recognize that the
conditions under which even recent non-parasitic derivatives arose are not identi-
cal to conditions under which they are currently found, particularly if, as suggested
by recent demographic analyses in European river and brook lampreys in north-
ern France, divergence occurred in allopatry at least 202,000–257,000 years ago
(Rougemont et al. 2016; see Sect. 4.6.3.4). However, those species that have no or
few non-parasitic derivatives frequently overlap in their distribution with species that
have given rise to non-parasitic derivatives. On either side of the Atlantic, anadro-
mous sea lamprey co-occur in drainages with American brook lamprey (e.g., Aman
et al. 2017; Evans 2017) and European river and brook lampreys (e.g., Maitland
1980; Taverny et al. 2012), and the Great Lakes sea lamprey overlaps in distribu-
tion with silver and chestnut lampreys, as well as northern brook and American
brook lampreys (Renaud et al. 2009). The pouched lamprey co-occurs in Australian
waters with short-headed lamprey which has given rise to a non-parasitic deriva-
tive. The Caspian lamprey has a more restricted distribution than the widespread sea
and pouched lampreys but, nonetheless, overlaps somewhat in its distribution with
Eudontomyzon brook lampreys (Levin and Holčík 2006; Potter et al. 2015; Levin
et al. 2016).

There are clear ecological constraints related to the loss of anadromy in parasitic
lampreys (see Sect. 4.4.2). Access to a sufficient prey base is obviously critical for the
evolution and persistence of freshwater parasitic lampreys, and what constitutes suf-
ficient varies considerably among species. The relative scarcity of large lakes within
the range of the pouched lamprey, for example, may have prevented this species
from establishing any freshwater-resident parasitic populations, but such constraints
would not apply to the evolution of non-parasitism. Conversely, one could argue that
non-parasitic species need to have a more productive larval environment to com-
pensate for the lack of further growth following metamorphosis (Kucheryavyi et al.
2007). There is certainly a general trend showing that non-parasitic species typi-
cally have a longer larval stage and greater size at metamorphosis relative to their
parasitic counterparts (Potter 1980; Hardisty 2006; Docker 2009), but duration of
the larval stage and size at metamorphosis varies considerably among and within
species. Large size at metamorphosis does not seem to be an absolute requirement
for non-parasitic lampreys, nor is small size at metamorphosis the rule among para-
sitic species. Metamorphosing American brook lamprey as small as 100–109mmTL
have been reported (Hoff 1988), and sea lamprey average 130–140 mm TL at meta-
morphosis (Potter 1980). In contrast, pouched lamprey metamorphoses at relatively
small sizes (~90–100 mm; Neira 1984; Potter and Hilliard 1986). Presumably, there
is a lower size limit below which non-parasitic species would be unable to undergo
both non-trophic metamorphosis and non-trophic sexual maturation. However, lar-
val lampreys and post-metamorphic brook lampreys appear to be extremely energy
efficient (Sutton and Bowen 1994; Beamish and Medland 1988; see Dawson et al.
2015), and it may be that the minimum size requirements for metamorphosis and
sexualmaturation in brook lampreys is not thatmuch different than theminimum size
requirements for metamorphosis and downstreammigration in parasitic species. Dif-
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ferences may be apparent between the sexes (e.g., with larger size at metamorphosis
being more important for female brook lampreys than for female parasitic lampreys;
Docker 2009) and among some species or environments (e.g., where downstream
migration is more arduous or the delay prior to parasitic feeding is longer), but it
appears that brook lampreys should be able to persist anywhere that there is suitable
spawning and rearing habitat for any lampreys. Even at high latitudes, brook lamprey
larvae are able to grow well; Alaskan brook lamprey larvae as large as 144 mm TL
were reported in the Martin River, Northwest Territories (61.924 °N; Renaud et al.
2016), and they were even larger (up to 214–215mmTL) in the Chatanika and Chena
rivers, Alaska (65.281 °N; Sutton 2017).

This is not to say that ecological conditions will not influence the relative costs
and benefits of parasitism versus non-parasitism, but rather that evolution of non-
parasitism does not appear to require particular ecological conditions. Certainly non-
parasitic lampreys will be favored above barriers to migration that prevent access to
a sufficient prey base, but the co-occurrence of parasitic and non-parasitic lampreys
downstreamof barriers in countless streams and rivers indicate that this is not the only
factor to consider. Rather, it appears that non-parasitism represents an evolutionarily
stable strategy in situationswhere the relative costs ofmigration and feedingoutweigh
their benefits. The balance of this trade-off will depend on ecological conditions,
but it appears to vary considerably among species and even among populations or
individuals (see Sect. 4.7.4).

4.7.3 Osmoregulatory Ability and the Importance
of Freshwater Intermediates

It has been suggested that freshwater parasitic lampreys may be important inter-
mediaries in the transition from anadromous parasitic to freshwater non-parasitic
lampreys (Hubbs and Potter 1971; Beamish 1985; Salewski 2003; Hardisty 2006).
Beamish (1985) reasoned that the many changes that must occur in this transition
are too major to occur in a single step. Instead, he proposed that the first step in
this evolutionary pathway was the ability to osmoregulate in fresh water during the
parasitic feeding phase, possibly acquired as the result of gradual changes in salinity.
By extension, one could argue that those parasitic species that are poorly adapted for
feeding in a freshwater environment during the parasitic phase would be less likely to
give rise to non-parasitic derivatives. However, an inability to osmoregulate during
the juvenile feeding phase is not likely relevant once the juvenile feeding phase has
been eliminated. Even anadromous lampreys exhibit a breakdown of their saltwa-
ter osmoregulatory mechanisms during upstream migration and sexual maturation
(e.g., Pickering and Morris 1970; Beamish et al. 1978; Ferreira-Martins et al. 2016).
Hence, elimination of the parasitic feeding phase should not require an intermedi-
ate freshwater form as means of adapting to fresh water during sexual maturation.
Moreover, even though there is a general correlation between those parasitic species
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with freshwater forms and those that have given rise to non-parasitic derivatives, it
is not absolute (Fig. 4.1). Most notably, freshwater-resident populations of western
river lamprey are rare at best. Only one viable population has been reported (in Lake
Washington; see Sect. 4.3.3.2), and yet this species has given rise to western brook
lamprey in innumerable Pacific drainages from Alaska to California, and at least two
older brook lamprey derivatives in Oregon and California.

Recent demographic reconstructions, using genome-wide markers in the three
lamprey life history types from Loch Lomond (anadromous and freshwater-resident
European river lamprey and European brook lamprey; see Sect. 4.3.4.2), compared
12 hypothetical evolutionary scenarios for divergence of the three forms, and the two
models that were best supported both suggested a common ancestry for the two fresh-
water forms (Hume et al. 2018). These models suggested either a hybrid speciation
scenario, by which hybridization between the freshwater and anadromous parasitic
forms gave rise to the non-parasitic form, or a scenario by which the anadromous
ancestor gave rise to both freshwater parasitic and non-parasitic forms. However, it is
important to recognize that a linear progression was not supported (i.e., anadromous
parasitic → freshwater parasitic → freshwater non-parasitic), and there was clear
evidence of subsequent gene flow between the non-parasitic and anadromous para-
sitic forms (see Sect. 4.6.3.2). Interestingly, the freshwater parasitic form was more
genetically differentiated from the anadromous and non-parasitic forms than either
of these latter forms were from each other (Bracken et al. 2015; Hume et al. 2018),
despite the two parasitic (river lamprey) forms being considered a single species
distinct from the non-parasitic European brook lamprey.

4.7.4 Life History Trade-Offs

Life history theory seeks to explain the major demographic traits in an organism’s
life cycle (e.g., growth rate, age and size at maturity, number and size of offspring,
age- and size-specific mortality rates) and understand the trade-offs and fitness con-
sequences associatedwith the different traits. Lampreys are excellentmodels to study
life history evolution; they show a highly conserved body plan but a diversity of life
history types, and, because they are semelparous, lifetime reproductive success is
easily quantifiable. As articulated by Hubbs and Potter (1971), brook lampreys and
the largest anadromous forms represent two extreme forms of adaptation, exhibiting
the range of life history trade-offs seen in lampreys. It has long been suggested that
the viability of non-parasitic populations depends on low mortality resulting from
the elimination of parasitic feeding and migration balancing the reduction in fecun-
dity caused by the resulting decrease in size at maturity (Hubbs and Potter 1971;
Potter 1980; Hardisty 2006; Docker 2009). At the other end of the spectrum, the
large anadromous species combine maximum body size, wide-ranging migration,
extended adult life (and presumably relatively high total mortality) with exception-
ally high egg numbers. In the middle are the majority of parasitic species, those
that are intermediate in body size (or, at least, with segments of their populations
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that are smaller bodied) and with more restricted migrations. Significantly, it is from
this latter group that the vast majority of brook lampreys have been derived (Hubbs
and Potter 1971). Thus, as suggested previously, it appears that selective constraints
related to life history trade-offs have limited evolution of non-parasitism in the largest
anadromous species and promoted their evolution in small-bodied parasitic species.

The latter group of parasitic species includes freshwater parasitic lampreys and the
smaller anadromous lampreys. The smaller anadromous lampreys, given their need
for a less extensive preybase than the very large anadromous lampreys, havegenerally
been successful at colonizing fresh water (see Sects. 4.4.1 and 4.4.2). This gives the
appearance of a correlation between the ability to feed parasitically in fresh water
and the ability to give rise to non-parasitic forms, but the key appears to be reduced
duration of the feeding phase and body size at maturity and not osmoregulatory
ability. The anadromous sea lamprey is the largest extant lamprey (up to 800–900mm
TL at maturity) and has produced highly successful freshwater-resident populations
(Sect. 4.3.4.4), but it has yieldednobrook lampreys. In contrast,western river lamprey
is the smallest anadromous lamprey (~200 mm TL at maturity); few or no parasitic
populations havebecomeestablished in freshwater (seeSect. 4.3.3.2), but this species
has given rise to an abundance of brook lamprey populations.

The other two species with a conspicuous absence of brook lamprey derivatives
or relatives are likewise those that are consistently large bodied (Fig. 4.5). In Aus-
tralia, for example, pouched lamprey measure 530–740 mm TL at maturity, and no
small-bodied forms are known (Potter et al. 1983). Small-bodied (praecox) anadro-
mous Caspian lamprey have been reported, but they are apparently rare. Likewise,
although there are reports of landlocked Caspian lamprey following dam construc-
tion, there is no evidence that they have become established in fresh water (see
Sect. 4.3.3.1). Anadromous sea and pouched lampreys also tend to show more wide-
ranging offshore feeding relative to smaller-bodied species (Potter et al. 2015). This
suggests little limitation in terms of prey availability, so they would not have been
under selection to reduce the duration of their parasitic feeding phase. For these
large, ocean-going lampreys, the decrease in mortality rates that would accompany
the shift to non-parasitism could not possibly offset the very drastic reduction in
fecundity (Hardisty 2006). As discussed in Sect. 4.4.4, fecundity increases approx-
imately with the cubic power of length, and reducing size at maturity from, for
example, 600–800 mm TL to 120 mm TL would result in a reduction of fecundity
from 149,240–342,690 to 1,430 eggs (Fig. 4.5; see Chap. 1), a reduction of more
than 99%. The Caspian lamprey differs in having a more restricted distribution and
more confined food resource than these other two large-bodied lampreys. However,
its possible mode of carrion feeding (see Chap. 3) might have helped reduce the pres-
sure on local host populations, so there was likewise little pressure for this species to
reduce the duration of its feeding phase. The shift from a large-bodied parasitic form
directly to a non-parasitic form would represent a significant reduction in fecundity.

In contrast, although Pacific and Arctic lampreys are also known to reach large
sizes as the result of extended feeding at sea, both species show considerable intraspe-
cific variation in size at maturity and duration of the parasitic feeding phase, and
Pacific and Arctic lampreys are each recognized as having given rise to two or
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Fig. 4.5 Body size (total length, TL) at maturity for eight anadromous and six freshwater parasitic
lamprey species and the number of extant non-parasitic lamprey species to which they are thought
to have given rise (in parentheses, see Fig. 4.1). Size range at maturity is from Sect. 4.3, Docker
(2009), and Chap. 1 (Table 1.11 and references therein); black dotted lines indicate size of well-
characterized anadromous praecox or freshwater-resident individuals; gray dotted line indicates less
well-known praecox populations. The relationship betweenmean fecundity andmean TL calculated
across species and populations (see Chap. 1) was used to estimate total number of eggs produced by
parasitic lampreys across this size range;mean fecundity for non-parasitic lampreys averages ~1,770
eggs. It appears that only parasitic species with at least some individuals smaller than ~300 mm TL
at maturity (red dotted line) have given rise to non-parasitic species, resulting in a 10–12× reduction
in fecundity

more non-parasitic species (Fig. 4.5). Hubbs and Potter (1971) described the Pacific
lamprey as a “vast complex of very small to large forms.” Praecox or dwarf anadro-
mous populations are known in both Pacific and Arctic lampreys, and smaller-bodied
freshwater-resident Arctic lamprey populations are also known (see Sects. 4.3.4.1
and 4.3.4.3). Compared to sea and pouched lampreys, these species feed more in
coastal waters and at shallower depths, and they appear to show more limited disper-
sal at sea (Spice et al. 2012). Consequently, these species would be more vulnerable
to declines in local fish stocks with a concomitant selection for the praecox form (see
Sect. 4.4.2). These smaller-bodied individuals would then have been better poised to
abandon parasitic feeding altogether than sea or pouched lampreys, with much more
modest reductions in fecundity (Fig. 4.5).

Among the smaller anadromous species, the European river andwestern river lam-
preys have been particularly prolific, giving rise to at least five and three recognized
brook lamprey species, respectively, and potentially many more (Fig. 4.1). European
river lamprey, in addition to its typical anadromous form, also exists as even smaller-
bodied praecox anadromous and freshwater forms (Sect. 4.3.4.2), and it could be



384 M. F. Docker and I. C. Potter

argued that all western river lamprey correspond to an anadromous praecox form
(Sect. 4.3.3.2). Freshwater parasitic species (with the exception of the landlocked
sea lamprey) are likewise relatively small-bodied. The three parasitic Ichthyomyzon
species, Carpathian lamprey, and Mexican lamprey generally feed parasitically for
≤1 year, and all have given rise to non-parasitic forms (Fig. 4.5). In these species,
the reduction in fecundity resulting from elimination of the parasitic feeding phase
will be limited. In the western river lamprey, for example, bypassing the brief par-
asitic feeding phase and the associated down- and upstream migrations results in a
considerable reduction in exposure to predators (e.g., R. J. Beamish 1980; Roffe and
Mate 1984; see Docker et al. 2015) with only a modest reduction in size at matu-
rity and fecundity (Fig. 4.5). We thus suggest that western river lamprey rarely, if
ever, establish viable freshwater parasitic populations, not because of osmoregulatory
constraints, but rather as the result of selective constraints. Western river lamprey,
even as anadromous parasites, are already so small at maturity that “skipping” right
to a non-parasitic life history type represents a more profitable trade-off between
mortality and fecundity than freshwater parasitism would.

Our comparisons indicate that all parasitic species that have given rise to non-
parasitic derivatives have at least some individuals measuring≤300 mm TL at matu-
rity, and that thosewhere large segments of the species are below this cut-off aremore
likely to have producedmore brook lamprey derivatives. Not all parasitic species that
are≤300mmTLhave non-parasitic derivatives, but all that have non-parasitic deriva-
tives are ≤300 mm TL. All parasitic lampreys that are≤300 mm TL at maturity, and
do not have known non-parasitic derivatives, belong to genera in which non-parasitic
species are found. Chilean, Korean, Vancouver, and Klamath lampreys do not have
known brook lamprey derivatives, but they belong to genera in which non-parasitic
species are found, and our analysis suggests that they could give rise to non-parasitic
derivatives. Hubbs and Potter (1971) indicated that Mordacia in Chile may have
produced a brook lamprey in parallel to that observed in Australia, although there
is no evidence that the Chilean lamprey has given rise to such a species (Potter and
Strahan 1968).

Hardisty (2006) predicted that, in smaller parasitic species with lower levels of
fecundity, the balance would be “more delicately poised” such that unstable envi-
ronments that reduced feeding opportunities or increased mortality during the adult
phase could tip the balance towards non-parasitism. The point at which the balance
between reduced mortality and reduced fecundity tips in favor of non-parasitism is
presumably subject to some variation, based on the relative costs and benefits of feed-
ing and migration under different circumstances, but our comparison suggests that
300 mm TL (with a 10–12× reduction in fecundity) is the cut-off above which shifts
to non-parasitism would not be beneficial. Mortality during the migratory and juve-
nile feeding stages in parasitic species has not been quantified, but we would predict
that it is no more than 10–12× higher than that observed following metamorphosis
in non-parasitic species.

Based on these comparisons,we predict thatGreat Lakes sea lamprey are not likely
to give rise to a non-parasitic derivative, despite the occurrence of an “intermediate”
freshwater parasitic form. Despite the consistently large size of anadromous sea
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lamprey, this species was apparently able to colonize fresh water because of the
abundant prey resources and large size of the Great Lakes. Even in fresh water,
size at maturity (mean TL ~395–500 mm) and fecundity (mean ~70,000 eggs; see
Chap. 1) is still very high. Complete elimination of the parasitic feeding phase would
represent too large (~40×) a reduction in fecundity.

4.7.5 Genetic Factors

Selective and genetic constraints on the evolution of non-parasitism are not mutu-
ally exclusive. Although it makes intuitive sense that the transition to non-parasitism
would be disadvantageous to large-bodied, highly fecund species, we do not know
if their presumably genetic propensity for consistently large size and a long, wide-
ranging feeding phase would preclude evolution of non-parasitism. We know virtu-
ally nothing regarding the genetic factors governing differences in size at maturity
among species or what factors regulate length of the feeding phase (see Moser et al.
2015). However, the above discussion suggests that the ranges in body size of fully
grown anadromous sea and pouched lampreys (and perhaps Caspian lamprey, to a
lesser extent) are genetically fixed, while species such as Pacific, Arctic, and Euro-
pean river lampreys show more intraspecific genetic variation in these traits. Recent
genomic studies in Pacific lamprey have identified loci associated with intraspe-
cific differences in size at maturity, and they appear to show regional heterogeneity
associated with this trait (Hess et al. 2013, 2014). Population genetic studies suggest
that sea lamprey on each side of the Atlantic constitute largely panmictic populations
(Bryan et al. 2005),while evidence is accruing that Pacific,Arctic, andEuropean river
lampreys represent more heterogeneous gene pools. Lampreys do not home to their
natal streams (see Moser et al. 2015), so there is no evidence of local adaptation to
specific stream or river basins, but it appears that dispersal distance is related to body
size and smaller-bodied anadromous lamprey typically show evidence of isolation
by distance. This is the case in Pacific lamprey (Spice et al. 2012), and Rougemont
et al. (2015) andMateus et al. (2016) likewise found some genetic structuring among
European river lamprey populations, at least among regions. In the Arctic lamprey
from Japan and eastern Russia, significant genetic differences were found between
three populations located in the northern part of the study area and the remaining
nine more southerly populations; however, there was no significant isolation by dis-
tance, and there was evidence of gene flow among the populations (Yamazaki et al.
2014). Overall, it seems reasonable to infer that the regional differences in size at
maturity that have been reported in Pacific, Arctic, and European river lampreys
(Sect. 4.3.3) have some genetic basis and that evolution of non-parasitism involves
further selection on individuals already predisposed to small size at maturity.

However, the additional genetic changes required for the complete elimination
of the parasitic feeding phase are unknown. We do not know what factors prompt
parasitic species to stop feeding and initiate sexual maturation (or vice versa, i.e.,
to initiate sexual maturation and thus stop feeding), and we certainly do not know
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what factors initiate sexual maturation without any parasitic feeding whatsoever.
Whether the evolution of non-parasitismdrewon existing (standing) genetic variation
within these small-bodied parasitic lamprey populations or whether it depended on
de novo mutations is unknown. With the new genomic technologies available, it
is now possible to address some of these questions. Some candidate genes have
been identified (see Sect. 4.6.3.3), but there is still considerable work required to
understand the genetic and developmental changes associated with the evolution of
non-parasitism.

Furthermore, whether other life history features associated with non-parasitism
(e.g., earlier onset of gonadogenesis and lower potential fecundity) are also poly-
morphic in the ancestral parasitic population is unknown. The results from Spice and
Docker (2014) suggest that some parasitic species are polymorphicwith respect to the
timing of oogenesis and the resulting number of oocytes produced (see Sect. 4.6.3.3;
Chap. 1), and Hardisty (1964) suggested that non-parasitic forms may have evolved
from an ancestral parasitic population whose fecundity was comparatively low.
However, the more dramatic changes evident in non-parasitic species presumably
evolved after establishment of fully non-parasitic populations, as the result of relax-
ation on selection for morphological (e.g., dentition, number of trunk myomeres;
see Sect. 4.6.2.2) and developmental characters. The genetic basis of these traits is
entirely unknown at present but will no doubt be elucidated in the future.

4.8 Conclusions

Early lampreys appear to have been small direct developers (i.e., with only grad-
ual ontogenetic change occurring during development), with the characteristic larval
“ammocoetes” stage and dramatic metamorphosis evolving later. The prolonged lar-
val stage is now conserved among all extant lampreys, but there has been considerable
diversification of life history types on two main axes related to post-metamorphic
feeding and migration. The parasitic species delay sexual maturation until after
the juvenile feeding phase, while the non-parasitic species initiate sexual matu-
ration during metamorphosis and eliminate the parasitic feeding phase. All non-
parasitic species are freshwater resident with the same post-metamorphic life span
(~6–8 months) and similar body sizes (~110–150 mm TL) and fecundities (mean
1,770). In contrast, parasitic species are either anadromous or freshwater resident and
vary widely in all three of these traits, presenting a continuum of trade-offs related
to post-metamorphic growth opportunities that will increase an individual’s repro-
ductive output and the costs incurred while taking advantage of these opportunities.
Duration of the parasitic feeding phase ranges from a single summer (3–4 months) to
perhaps as much as 4 years, giving a post-metamorphic life span estimated to range
from~1.5–1.8 years to asmuch as ~4.5–5.8 years (i.e., accounting for the non-trophic
periods of downstream and upstream migration). Body size at maturity ranges from
~125 mm in the freshwater Miller Lake lamprey to 800–900 mm in anadromous sea
lamprey, and fecundity (which varies with the cubic power of TL) ranges from a
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few thousand to 150,000–300,000 eggs. The life history trade-offs associated with
anadromy and freshwater residency have long been discussed in other fishes (e.g.
Gross et al. 1988; Jonsson and Jonsson 1993, 2006; Fleming 1996), and those asso-
ciated with the evolution of non-parasitism have been discussed in lampreys (e.g.,
Hubbs and Potter 1971; Potter 1980; Hardisty 2006). Nevertheless, there is much
that we still do not know. Many of these knowledge gaps have been identified in the
sections above. Here, we briefly highlight three of the overarching questions related
to life history evolution in lampreys that remain to be answered; perhaps some of
these questions will be answered by the next “update.” Lampreys are becoming an
important model for “evo-devo” research, helping to reconstruct some of the major
events in the evolution of vertebrates (see Docker et al. 2015; McCauley et al. 2015;
Chap. 6). With their conserved body form, but rich diversity of feeding and migra-
tory types in replicate taxa, they are also an excellent model system for examining
microevolutionary processes.

4.8.1 What are the Proximate Mechanisms Determining
the Duration of the Parasitic Feeding Phase?

We do not yet know what factors prompt parasitic species to stop feeding and ini-
tiate sexual maturation or, conversely, to initiate sexual maturation and thus stop
feeding. The relatively strict adherence to fixed maturation schedules in many lam-
prey species (e.g., anadromous sea lamprey and western river lamprey, most or all
freshwater species) suggests that differences among species are “hardwired.” How-
ever, intraspecific differences have been observed or inferred in other species (i.e.,
based on differences in size at maturation), and whether these differences have a
genetic basis or whether cessation of the feeding phase is triggered by environmen-
tal or endogenous (e.g., body condition, growth rate) cues is unknown. In Pacific
lamprey, the correlation between certain loci and body size (Hess et al. 2013, 2014)
suggests at least some genetic component to size at maturity, but whether this is tied
to differences in duration of the feeding phase or to other factors (e.g., metabolic
efficiency, effectiveness in finding prey, habitat selection) is unknown. In sea lam-
prey, the transition to fresh water has involved a 1-year reduction in the duration of
the parasitic phase (Bergstedt and Swink 1995), but whether this involved rapid evo-
lution following colonization of large-bodied anadromous lamprey via canals, more
gradual evolution following post-Pleistocene colonization, colonization via canals
of smaller-bodied individuals already pre-adapted for feeding in a more confined
environment, or phenotypic plasticity has yet to be resolved.

Factors controlling the onset of maturation have been studied in salmonids (e.g.,
to understand alternative male life history tactics and to reduce the incidence of
precocious maturation in aquaculture settings; Paéz et al. 2011; Good and Davidson
2016). They are far from being fully understood, but it is clearly a complex situation.
In Atlantic salmon, for example, the onset of maturation is governed by a variety of
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heritable, physiological, biochemical, and environmental cues and their interactions
(Good andDavidson 2016). In one recent and exciting study, a single locuswas found
to have a highly significant role in age at maturation in Atlantic salmon (Ayllon et al.
2015). Four SNPs, including two mutations in the Vestigial Like Family Member 3
(vgll3) gene, explained 33–36% of the variation in age at maturation. Interestingly,
a SNP in proximity to this gene in humans has been linked to age at puberty. Prince
et al. (2017) found that premature migration in both Chinook salmon Oncorhynchus
tshawytscha and steelhead was associated with mutations in the GREB1L locus, a
paralog (i.e., arising during gene duplication) of the GREB1 (Growth Regulating
Estrogen Receptor Binding 1) gene. In a recent study in mice, GREB1L was found
to be differentially regulated in neurons of the hypothalamic arcuate nucleus as a
result of feeding versus fasting (Henry et al. 2015). Prince et al. (2017) suggested
that the premature migration alleles arose from a single evolutionary event within
each species and subsequently spread to other populations through straying and
positive selection. Additional genomics studies are sure to further contribute to our
understanding of the factors that control the onset of maturation in lampreys and
other anadromous fishes.

4.8.2 What are the Proximate Mechanisms Underlying
Non-parasitism?

When trying to unravel the genetic and developmental basis of non-parasitism in lam-
preys, it is harder to draw inspiration fromgenetic and genomic studies in other fishes.
Since no other vertebrates are known to have a non-feeding adult stage, there would
appear to be no obvious parallels to the evolution of non-parasitism. However, many
other anadromous fishes (most conspicuously, semelparous Pacific salmon) cease
feeding at sexual maturation. Because acceleration of sexual maturation at meta-
morphosis in brook lampreys results in the merging of metamorphosis with sexual
maturation without an intervening feeding phase, non-parasitism may simply repre-
sent an extreme trade-off between size at maturity and mortality. Thus, the genetic
mechanisms underlying this acceleration of sexual maturation may not be unique,
and different life history trajectories (e.g., related to the phasing of gonadogenesis
and differences in potential fecundity) may indeed be initiated well in advance of
metamorphosis (Docker 2009; see Chap. 1). Pioneering genomic studies on different
European river and brook lamprey populations have identified loci that differ between
life history types (Mateus et al. 2013b; Rougemont et al. 2017; Hume et al. 2018),
but interpretation of the results have been hampered by the difficulty in assigning a
definitive function to these loci. Continuing improvements to the assembly and anno-
tation of the sea lamprey genome (e.g., Smith et al. 2018) and developing genomic
resources for other lamprey species will help these efforts. Furthermore, similar
research in other species pairs will help determine the extent to which the genetic
changes associated with non-parasitism are parallel among different independently
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derived species, and whether “brook lamprey alleles” exist (i.e., as standing genetic
variation) within most parasitic lamprey populations. We predict that such alleles
would be more common in those species or populations that most readily give rise
to non-parasitic derivatives.

The “paired species problem” is definitely not unique to lampreys. A number
of other postglacial fish species exhibit alternative migratory types or resource use
polymorphisms that have arisen in parallel (within and among taxa) and fail to show
reciprocal monophyly (see Taylor 1999; Docker 2009). Although taxonomic distinc-
tions have been made between many of them in the past, most are now considered
ecotypes of a single Linnaean species. This does not mean, of course, that ecotypes
do not represent “evolutionarily significant units” (see Fraser and Bernatchez 2001)
and certainly not that they are merely the product of phenotypic plasticity. There
is now compelling evidence that European river and brook lampreys are partially
reproductively isolated ecotypes (to variable degrees in different river systems) that
nevertheless maintain distinct phenotypes in sympatry. However, we cannot assume
that all paired species (or populations) will be the same, and it is important to avoid
overly simplistic explanations. Major taxonomic revisions in lampreys at this point
would be premature (see Chap. 7).

4.8.3 Can We Predict the Potential for Anadromous
Lampreys to Become Invasive in Fresh Water?

In addition to its evolutionary significance, understanding the ease with which
anadromous lampreys can become freshwater resident has important conservation
and management implications. For example, large-bodied species of conservation
concern (e.g., Pacific lamprey, anadromous sea lamprey, Caspian lamprey) are gen-
erally extirpated when dams prevent movement between upstream spawning habitats
and the sea (see Maitland et al. 2015). This means that lamprey passage (e.g., Moser
et al. 2015) or dam removal (e.g., Hogg et al. 2013) will be necessary when conser-
vation is a priority. Alternatively, if a population is able to establish above the dams,
selection will almost certainly lead to smaller-bodied, less fecund lampreys. Loss of
anadromy is also detrimental where large-bodied anadromous forms are exploited
for human harvest (e.g., Pacific lamprey by Native Americans) and through loss of
marine-derived nutrients in freshwater systems (see Docker et al. 2015).

Conversely, successful establishment of anadromous lampreys in new inlandwater
bodies could lead to serious management concerns, and it is important to be able to
predict the potential for anadromous lampreys to become invasive in fresh water (i.e.,
which ones and where?). A non-anadromous Pacific lamprey-like form is already
known to feed on an endangered sockeye salmon stock in Sakinaw Lake in British
Columbia (COSEWIC 2016), and Farlinger and Beamish (1984) raised concerns
regarding the possibility that Pacific lamprey could become freshwater resident in
Babine Lake. If so, a major impact on salmon in this lake would likely result (see
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Sect. 4.3.4.1). Establishment of both pink and coho salmon in the Great Lakes,
despite previous views that these species require salt water for completion of their
life cycle, makes it clear that we should “never say never” (see Sect. 4.4.3). Our
discussions above and studies in other species suggest that standing genetic variation
in the source population is important for rapid colonization of new environments and
that the number of individuals that gain access to a new region will thus increase
the chance of survival and establishment (e.g., Blackburn et al. 2015). Williamson
(1996) coined the term “propagule pressure” (which incorporates estimates of the
absolute number of individuals involved in any one invasion event and the number of
such events) to predict species invasiveness. Although this suggests that a few large-
bodied anadromous lampreys that undergo longmigrations in manmade canals or are
inadvertently transferred to fresh water would be unlikely to establish (i.e., if relying
on freshwater alleles at relatively low frequency in the anadromous population),
chances would increase if pre-adapted individuals show increased survival rates or
preferential colonization (Briskie et al. 2017). Many anadromous lampreys appear
capable of some parasitism in fresh water en route to sea (see Sect. 4.3.4.4), and some
researchers have hypothesized that this feeding behavior can lead to adaptation to
freshwater environments (Potter and Beamish 1977). Sea lamprey rapidly spread and
soon reached pest proportions in the upper Great Lakes once access was permitted,
and there is evidence of a secondary “landlocking” event in the upper Cheboygan
River system (Johnson et al. 2016). Predicting the potential for further spread is
important. Although sea lamprey depend on large productive lakes for establishment,
there are several large inland lakes (e.g., Lake Nipigon in Ontario, 4,850 km2) that
could support sea lamprey if they were to gain access. Spread to Lakes Simcoe
(745 km2) and Winnebago (560 km2), in Ontario and Wisconsin, respectively, is of
particular concern. Two locks and a boat lift are the only obstacles on theTrent-Severn
Canal between Lake Simcoe and Lake Huron, although they are maintained and
operated to prevent movement of sea lamprey into Lake Simcoe. Lake Winnebago
was connected to Lake Michigan via a chain of locks on the Fox River, but the
lock system was closed in 1983 and a barrier was installed in 1988 (see Chap. 5).
It is also important to ask if the likelihood of establishment in fresh water would
increase with climate change or other ecosystem alterations (e.g., salmonid stocking
or colonization by other invasive species). Expected climate-driven changes to the
relative productivity of marine and freshwater systems, for example, are expected
to alter the prevalence and distribution of anadromy in salmonids (Finstad and Hein
2012) and could similarly alter the relative benefits and costs of freshwater residency
in lampreys.
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Renaud CB, Holčík J (1986) Eudontomyzon danfordi Regan, 1911. In: Holčík J (ed) The freshwater
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Chapter 5
Control of Invasive Sea Lamprey
in the Great Lakes, Lake Champlain,
and Finger Lakes of New York

J. Ellen Marsden and Michael J. Siefkes

Abstract Sea lamprey invaded the Laurentian Great Lakes above Lake Ontario in
the 1900s, and were a factor in the collapse of several major fish stocks. Whether
the species is native to Lake Ontario, Lake Champlain, and the Finger Lakes of New
York is debated; nevertheless, it is considered to be a nuisance species in thesewaters.
Early control of sea lamprey included use of barriers in streams to prevent upstream
spawning, and use of lampricides to kill larvae; these methods are the mainstay of
the current control program. Sterile males were used to reduce spawning success for
several years in the St. Marys River, but this practice has been discontinued due to
challenges with evaluating its success and the availability of improved lampricide
options. Success of the control program is measured as reduction in number of
spawning adults that ascend streams, and reduction in lake trout wounding. Both
metrics have been substantially reduced and eithermeet or are close to targets for each
of theGreat Lakes; targets for the Finger Lakes and LakeChamplain are considerably
higher than in the Great Lakes, and have not yet been met. Concerns about the effect
of lampricides and barriers on non-target species and on ecosystem integrity have
prompted a search for additional control methods. Research has focused on the use
of pheromones and repellants, genetic strategies, and improving the specificity and
efficacy of existing control methods. Prevention of the spread of sea lamprey into
new bodies of water is also a priority. Over 60 years of sea lamprey control efforts
have considerably advanced our understanding of sea lamprey behavior, physiology,
genomics, and chemical communication.
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…from every economical standpoint it would appear to be advantageous to rid the world
entirely of the lampreys…. Naturally, however, the student of biology must mourn the loss
of a form so interesting and so instructive.

Gage (1893)

5.1 Introduction

Sea lamprey Petromyzon marinus control in the Laurentian Great Lakes was imple-
mented over 60 years ago, and is one of the largest andmost intensive efforts to control
a vertebrate predator ever attempted. The history, status, and future of this control
program have been reviewed elsewhere (e.g., Christie and Goddard 2003; Siefkes
et al. 2013). In this chapter, in addition to outlining the progress of the control pro-
gram since those publications, we focus on additional methods of control, possible
compensatory changes in sea lamprey populations as the result of management, and
ways in which research on control strategies has advanced our understanding of lam-
prey biology, particularly behavior and chemical communication. We begin with a
brief review of sea lamprey biology, the history of the invasion of the Great Lakes,
and the debate concerning their endemicity in LakeOntario, LakeChamplain, and the
Finger Lakes of New York. We then review the current control techniques and their
application in each of the Great Lakes, and compare and contrast the more recent sea
lamprey control programs in LakeChamplain and the Finger Lakes of NewYorkwith
that in the Great Lakes. Emerging control techniques are then reviewed, including
efforts to reduce further spread of sea lamprey into additional inland waters.

5.1.1 Sea Lamprey Biology and Life History

The native range of sea lamprey in North America extends along the Atlantic coast
from theGulf of St. Lawrence to northern Florida; in Europe, they range from Iceland
and the Faroe Islands to northwestern Africa, and are found on the west coast of
Greenland and in the Baltic, Mediterranean, and Adriatic seas and occasionally in
the western Barents Sea (Scott and Crossman 1973; Potter et al. 2015; Novikov and
Kharlamova 2018). Introduced populations have been present in the upper four Great
Lakes since at least 1921; the endemicity of landlocked populations in Lake Ontario,
the Finger Lakes of NewYork, and Lake Champlain is debated (see Chap. 4). The sea
lamprey is a species of conservation concern throughout most of its European range
(seeMaitland et al. 2015), and is considered a nuisance species in its landlocked range
in North America due to its parasitism on commercial and recreationally harvested
fishes, and ecological impacts.

Sea lamprey hatch in streams, and spend the majority of their lives as blind,
burrowing larvae (Fig. 5.1). They prefer silt-sand habitats with particle sizes <0.5mm
in diameter (Manion and McLain 1971; Potter 1980), and feed on organic detritus
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and algae, particularly diatoms (Manion 1967; Moore and Mallatt 1980; Sutton
and Bowen 1994; see Dawson et al. 2015). Metamorphosis into the juvenile stage
generally begins when larvae reach 120 mm, or 3.0 g, with a condition factor >1.50
(Holmes and Youson 1994; Henson et al. 2003; Dawson et al. 2015), but its onset is
also influenced by factors such as latitude and stream temperature (Treble et al. 2008;
Manzon et al. 2015). Inmost streams,metamorphosis occurs at 4–6years, but can take
as long as 12 years (Manion and Smith 1978) and as few as 2 years (Morkert et al.
1998). Metamorphosis commences in mid-summer, and is completed by October
(Youson 1980). Recently metamorphosed juveniles begin outmigration to the lake
or ocean in fall, but may remain in streams until spring (Applegate and Brynildson
1952). The adaptive function of this split strategy is unknown, as differences in
survival andgrowthof fall and springoutmigrants havenot beendemonstrated (Swink
and Johnson 2014; see Manzon et al. 2015). Landlocked sea lamprey generally
do not feed in streams after metamorphosis, though a population of sea lamprey
appear to complete their life cycle within the Cheboygan River (Michigan) system
of Lake Huron (Johnson et al. 2016a; see Chap. 4). In contrast, newly metamophosed
anadromous sea lamprey do feed prior to or during their downstream migration in
fresh water (e.g., Silva et al. 2013) and at least a few individuals appear to reach
300–400 mm total length (TL) before entering the sea (see Chap. 4).

Juvenile sea lamprey are parasitic (Fig. 5.1); in freshwater systems their preferred
prey are small-scaled salmonids, primarily lake trout Salvelinus namaycush and
Atlantic salmon Salmo salar, which share their preferred temperature range (15–20
°C; Farmer 1980). However, they have been known to parasitize a wide range of
species in fresh water, including burbot Lota lota, lake whitefish Coregonus clu-
peaformis and other coregonines, walleye Sander vitreus, lake sturgeon Acipenser
fulvescens, freshwater drum Aplodinotus grunniens, ictalurid catfishes, catostomids,
esocids, and (rarely) rainbow smelt Osmerus mordax (Surface 1898; Marsden et al.
2003; see Chap. 3). Choice of some of these species has been presumed to be a
consequence of scarcity of preferred prey species, but may also be related to the
availability of hosts in the vicinity of the natal stream (Young et al. 2003). However,
lake trout in particular have been caught with several sea lamprey attached to them, so
the role of competition for hosts is not understood. Sea lamprey remained attached to
their hosts in tank experiments for 1–13 days, after which they detached voluntarily
and sought another host; this behavior reduces the mortality of host fish by allowing
recovery from a short-term feeding bout (Farmer 1980). During their lifetime, sea
lamprey can kill an estimated 19 kg of fish, though this estimate may be biased high
because it was derived from experiments in tanks (Swink 2003). Sea lamprey are
more likely to attach to larger hosts, and survival of the host fish is related to their
size (Farmer and Beamish 1973; see Chap. 3). Estimates from laboratory experi-
ments with captive lake trout yielded an estimated probability of survival of 0.55
(Swink 1990, 2003). Madenjian et al. (2008) re-estimated this probability for wild
fish to be 0.66, using estimates of annual survival, fishing mortality, and sea lam-
prey wounding rates on adult lake trout in Lake Champlain. Landlocked sea lamprey
are considerably smaller than the anadromous form. Mean size at maturity in the
Great Lakes, Lake Champlain, and Finger Lakes ranges from ~395 to 500 mm (e.g.,
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Fig. 5.1 The life cycle of sea lamprey in the Great Lakes (Image © GLFC)

Applegate 1950; Wigley 1959; Johnson 1982; Smith and Marsden 2007; see Chap.
4). The maximum size reported for the landlocked form in recent years is ~570 mm
(Johnson 1982), althoughMacKay andMacGillivray (1949) reported that the major-
ity of upstream migrants in the Little Thessalon River (Lake Huron) in 1946 were
~610 mm in length, with a maximum length of 762 mm. Anadromous individuals
average 743 mm and can reach 800–900 mm at maturity (Vladykov 1949; Rooney
et al. 2015; see Chap. 4).

In the spring after their first full year as a juvenile (18 months after metamor-
phosis), landlocked sea lamprey stop feeding and ascend streams for spawning as
migrating sub-adults (Fig. 5.1). Streams are selected in part by detection of lar-
val pheromones; the presence of larvae infers availability of suitable spawning and
nursery habitat (see Moser et al. 2015; Sect. 5.5.1). Migrating adults will generally
move upstream until blocked by natural or man-made barriers, seeking spawning
substrates comprised of gravel and small rocks 0.9–5.2 cm in diameter with water
velocities 0.5–1.5m/s (Manion andHanson 1980).Males begin construction of a nest
comprised of a semi-circular ridge of rocks encircling a depression, with the open
side facing upstream (see Johnson et al. 2015a). Sexual maturation occurs during
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migration (see Chap. 1), and fully mature males begin to release a sex pheromone
that speeds maturation of conspecifics and attracts mature females (Chung-Davidson
et al. 2013a, b). Once a mature female finds a male, or more than one male, they
engage in sequences of nest building and spawning, lasting for 2–3 days (Manion and
Hanson 1980). During spawning, the female attaches to a rock placed in the center of
the nest, the male attaches himself to the back of her head, and their bodies become
entwined. Spawning is accompanied by vigorous movements of both bodies, result-
ing in roiling of the substrate, water, sperm, and eggs; this serves to bury many of the
eggs, but a large proportion, estimated as high as 85%, are dislodged from the nest
and drift downstream (Manion and Hanson 1980). The majority of eggs that are not
retained in the nest are consumed by crayfish and fishes, or are suffocated if they land
on silt substrate (Applegate 1950; Smith andMarsden 2009). Spawning is most often
between a pair, but multiple females and, in some cases, multiple males have been
observed in a single nest and contribute to the resulting progeny (Applegate 1950;
Hanson and Manion 1980; Kelso et al. 2001; see Johnson et al. 2015a). Spawning
occurs in short bursts, 2–3 s long, every 4–5 min. Fecundity ranges from 45,000 to
100,000 eggs per female, and varies among lakes (Applegate 1950; Heinrich et al.
1980; Manion and Hanson 1980; Smith and Marsden 2007; Gambicki and Steinhart
2017; see Chap. 1). Larvae hatch in 7–13 days (Piavis 1971), and the prolarvae reside
in the spawning gravel for 17–33 days, until they are 9–10 mm long (see Chap. 2).
At this point, they have developed a functional mouth and begin to burrow into soft
substrate (Piavis 1971). Survival to this burrowing stage is highly variable, with esti-
mates ranging from 0.7 to 80% (Applegate 1950; Manion and Hanson 1980; Manion
and McLain 1971; Jones et al. 2009; Dawson et al. 2015).

5.1.2 Sea Lamprey Invasion and Fisheries Collapse

Sea lamprey gained access to the upper Great Lakes with the opening of the Welland
Canal in 1829 (Fig. 5.2). They were first noted in Lake Ontario in 1835 (Lark 1973),
although Eshenroder (2014) argued that the 1835 record is suspect and that the
first credible report of sea lamprey in Lake Ontario was in 1888 (see Chap. 4).
Sea lamprey were not seen in Lake Erie until 1921 (Applegate 1950). Poor water
quality, blockage by locks, and winter dewatering of the locks likely inhibited sea
lamprey passage in the early canal system. However, the building of the second
WellandCanal in 1914–1932mayhave facilitated theirmigration into the upper lakes.
Thereafter, the invasion progressed steadily upstream, with sea lamprey appearing
in Lake St. Clair in 1934, Lake Michigan in 1936, Lake Huron in 1937, and Lake
Superior in 1938 (Dymond 1922; Trautman 1949; Applegate 1950; Lawrie 1970;
Smith 1971; Pearce et al. 1980; Smith andTibbles 1980).Rapid geographic expansion
was presumably facilitated by the absence of natal homing (Bergstedt and Seelye
1995; Howe et al. 2006; Waldman et al. 2008; Moser et al. 2015). Sea lamprey
actively seek spawning tributaries that are already occupied by larvae, as determined
by detecting the presence of larval pheromones (Moser et al. 2015; Johnson et al.
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Table 5.1 Numbers of tributaries to the Laurentian Great Lakes, Finger Lakes (Cayuga and
Seneca), and Lake Champlain, including the number of tributaries that have been infested with
sea lamprey, have been treated at least once with lampricides, and have sea lamprey barriers and
traps. Wounding targets for each lake are shown

Lake Total
tributaries

Tributaries
with sea
lamprey

Lampricide
used at
least once

Tributaries
with
barriers

Tributaries
with traps

Wounding
target
(A1–A3
wounds
per 100
lake trout)

Superior
Huron
Michigan
Erie
Ontario
Cayuga
Seneca
Champlain

1,566
1,761
511
842
659
12
2
35

165
127
128
29
66
6
2
26

113
83
90
13
38
1
2
14

18
17
15
6
16
1
2
3

22
15
17
6
11
1
0
12

5
5
5
5
2a

20
150b

25

aTarget for Lake Ontario includes only A1 wounds
bTarget for Seneca Lake includes A1–A4 wounds

2015a), and successful spawning is facilitated by evidence of prior spawning (Vrieze
et al. 2010; Meckley et al. 2012, 2014). Although the attraction to pre-existing larval
populations would seem to be contrary to rapid invasiveness, migrating sea lamprey
are also attracted to river water (Vrieze and Sorensen 2001) and to odors released
by native lampreys (Fine et al. 2004), both of which would facilitate rapid invasion
of streams with suitable habitat. Sea lamprey have been found in 516 (9.7%) of the
5,339 tributaries in the Great Lakes basin, 26 (74%) of 35 tributaries surveyed in
the Lake Champlain basin, both principal tributaries in Seneca Lake, and six of 12
tributaries (50%) in Cayuga Lake (Table 5.1).

Whether the sea lamprey is endemic in the lakes below the Welland Canal is
unresolved. Lake Ontario is directly accessible to sea lamprey from the Atlantic
Ocean via the St. Lawrence River, so there is no clear rationale for why they would
have invaded in the 1800s and not earlier. Similarly, sea lamprey had direct access to
the former Champlain Sea while it was an embayment of the Atlantic Ocean between
13,000 and 10,000 years ago (Cronin et al. 2008), and Lake Champlain (Fig. 5.3)
remains accessible from the Atlantic Ocean via the St. Lawrence and Richelieu
rivers (Marsden and Langdon 2012). From Lake Ontario, sea lamprey would have
had access to Seneca andCayuga lakes inNewYork via theOswego andSeneca rivers
(Fig. 5.4). Native lake trout in Seneca Lake have been shown to have a behavioral
resistance to sea lamprey attacks, suggesting that this population may have evolved
in the presence of sea lamprey (Schneider et al. 1983; Swink and Hanson 1986).
Early genetic work identified similarities between sea lamprey in the Finger Lakes
of New York and the Atlantic populations (Brussard et al. 1981). More recently,
genetic studies using different portions of the genome suggested that sea lamprey
were native to both Lake Ontario and Lake Champlain (Bryan et al. 2005; Waldman
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et al. 2004, 2006). This conclusion was based on large genetic distance between
Lake Ontario and Lake Champlain populations and sea lamprey from the Atlantic
Ocean, and the presence in these populations of two alleles and two mitochondrial
haplotypes thatwere not found inAtlanticOcean sea lamprey. Subsequently, D’Aloia
et al. (2015) used population geneticmodeling to infer endemicity, although they note
that the model results are also consistent with a recent invasion (see Chap. 4).

The primary argument against native status in Lake Ontario rests on the lack
of historic observations of sea lamprey or wounding on salmonids before the mid-
to late 1800s—1835 according to Lark (1973) or 1888 according to Eshenroder
(2014)—and there were similarly no historic records in the Finger Lakes prior to
the late 1800s. The first credible account of sea lamprey in Cayuga Lake was in
1875 and they were abundant by 1886 (Eshenroder 2014). Surface (1898) reported
wounds on a number of species in Cayuga Lake (e.g., lake trout, lake sturgeon, brown
bullhead Ameiurus nebulosus, lake whitefish, muskellunge Esox masquinongy, pike
E. lucius, white suckerCatostomus commersonii, and yellowperchPerca flavescens),
including fatal wounding of brown bullhead and a reported case of a lake sturgeon
with 21 sea lamprey attached; this level of wounding seems unlikely to have gone
unremarked if sea lamprey were historically present in these lakes. The timing of
these observations support the hypothesis that sea lamprey are non-native to Lake
Ontario and the Finger Lakes and invaded the watershed through a diversion linking
Lake Ontario with the Susquehanna River (Atlantic drainage) where sea lamprey
larvae were known to be present (Eshenroder 2014; see Chap. 4). Adult sea lamprey
could have also entered the Lake Ontario watershed from the Hudson River via the
Erie Canal, opened in 1825. Likewise, there are no reports of sea lamprey or sea
lamprey wounding in Lake Champlain prior to opening of the Champlain Barge
Canal in 1916, which offered access to Lake Champlain via the Hudson River in the
Atlantic drainage (Eshenroder 2009, 2014). The first confirmed observation of sea
lamprey in Lake Champlain was in 1929, and is consistent with the time required
for sea lamprey to reach detectable levels following colonization of the upper Great
Lakes.

While sea lamprey were undoubtedly a factor in the collapse of major fish stocks
in the Great Lakes, the extent of their role is debated. Lake trout, lake whitefish, and
burbotwere already depleted by commercial fishing prior to the arrival of sea lamprey
into the upper Great Lakes. Christie (1973) argued that the fishery, by targeting the
largest individuals in a population, left populations vulnerable to sea lamprey attacks
on smaller individuals that were more likely to die prior to reaching sexual maturity.
In addition to the salmonids and burbot, high wounding rates were seen on walleye
and catostomids (Catostomus spp. and Moxostoma spp.; Smith and Tibbles 1980).
Coregonines, including cisco Coregonus artedi, bloater C. hoyi, kiyi C. kiyi, and
shortnose ciscoC. reighardi, became the target of sea lamprey after the preferred prey,
lake trout, lake whitefish, and burbot, were depleted or extirpated. Native species,
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Fig. 5.3 Map of Lake Champlain (Image © GLFC)
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Fig. 5.4 Map of the Finger Lakes (Image © GLFC)
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particularly the planktivores, were also challenged by the invasion of rainbow smelt
in 1912 and alewife Alosa pseudoharengus in the 1930s. By 1960, lake trout were
extirpated from Lakes Michigan, Ontario, and Erie, and lake whitefish populations
were severely depressed (Eshenroder 1992; Cornelius et al. 1995; Elrod et al. 1995;
Hansen et al. 1995; Muir et al. 2013). Commercial fishing for lake trout was closed
in most areas of the lakes, but attempts to restore lake trout by stocking, prior to
sea lamprey control, failed; mortality of stocked fish was extremely high once they
reached a size at which they became vulnerable to sea lamprey (e.g., Elrod et al.
1995; Eshenroder et al. 1995).

5.2 Sea Lamprey Control in the Laurentian Great Lakes

5.2.1 Development of the Control Program

The sea lamprey invasion precipitated the formation of international entities to man-
age and regulate fisheries (Fetterolf 1980; Gaden et al. 2013), activities that were pre-
viously the responsibility of theGreat Lakes states and province of Ontario (Dochoda
and Koonce 1994). The first of these entities, the Great Lakes Sea Lamprey Commit-
tee, was established in 1946 and focused primarily on determining the life history
and ecosystem effects of the sea lamprey in the Great Lakes (Smith et al. 1974). The
Convention on Great Lakes Fisheries was signed by Canada and the United States
on 10 September 1954, establishing the Great Lakes Fishery Commission (GLFC;
GLFC 1955), which is still in existence today. The primary responsibilities of the
GLFC are “to formulate and implement a comprehensive program for the purpose of
eradicating or minimizing the sea lamprey populations” in the Great Lakes, and to
coordinate research on economically and ecologically important fish stocks (GLFC
1955). The GLFC contracts Fisheries and Oceans Canada (formerly Department
of Fisheries and Oceans, DFO) and the United States Fish and Wildlife Service
(USFWS) to implement a coordinated sea lamprey control program throughout the
Great Lakes (Christie and Goddard 2003), and is guided by an advisory committee
and several task forces consisting of government staff, sea lamprey control agents,
fisheries managers, researchers, and other relevant experts (Koonce et al. 1982;
Spangler and Jacobson 1985; Christie and Goddard 2003).

Important in the development of effective sea lamprey control tactics were the
description of the sea lamprey life cycle (Fig. 5.1) and the identification of trib-
utaries used for spawning. The life stages in which sea lamprey occupy tribu-
taries (larvae and adults), and thus are most concentrated and easily accessible
to humans, were determined to be the best targets for sea lamprey control. Early
sea lamprey control efforts began in the 1940s, targeting adults and their strong
drive to migrate upstream to spawn. Mechanical and electrical weirs, low-head
barriers, and traps were employed to reduce reproduction by disrupting spawn-
ing migrations and preventing access to spawning habitat (Hunn and Youngs 1980;
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Lavis et al. 2003a; Siefkes et al. 2013). Sea lamprey control biologists, however,
quickly learned that building and maintaining weirs and barriers was an expensive
and sometimes dangerous endeavor that could negatively impact stream ecosys-
tems (Hunn and Youngs 1980). Additionally, biologists observed behaviors that
would potentially limit the effectiveness of barriers; adults would sometimes spawn
below barriers or would leave a stream with a barrier and enter an adjacent stream
that was barrier-free to spawn (Applegate and Smith 1951). Furthermore, biolo-
gists discovered that trapping could not remove enough of the spawning popu-
lation to impact sea lamprey production, as a single female can produce up to
100,000 eggs (Manion and Hanson 1980). Recognizing the limitations of barriers
and traps, biologists concluded that targeting multiple year classes of larvae with
a lamprey-specific pesticide (lampricide) before they metamorphose into juveniles
and enter the lakes to feed on fish would likely be the most effective means to reduce
sea lamprey populations in the lakes (Siefkes et al. 2013).

5.2.2 Current Control Techniques

5.2.2.1 Lampricides

Control directed at the stream-resident life stages of sea lamprey could take two
approaches: kill larvae while they are resident in tributaries or prevent metamor-
phosed juveniles from moving out of tributaries into the lakes. The effort required to
capture juveniles during the protracted period of outmigration, especially during the
winter months, rendered it the more difficult strategy. Use of weirs and inclined plane
traps in the early phase of sea lamprey control removed several thousand juveniles
(Applegate 1950; Applegate and Brynildson 1952), but was highly labor-intensive.
Because larvae typically take 4 ormore years to reach the juvenile stage, larval reduc-
tion generally needs only to be done once every 3 years in each stream to prevent
outmigration of juveniles, substantially reducing the costs and ecological effects of
lampricide treatment. Treatment intervals may be shorter if treatment efficiency is
low, or longer in streams in which recruitment does not occur annually. Larvae are
also found in delta areas of a few tributaries (Dawson et al. 2015; see Chap. 7), so a
strategy to treat lentic as well as lotic habitats was needed.

Intensive efforts in the 1950s were focused on finding a chemical that would: kill
sea lamprey larvae with minimal effects on non-target species, be effective at low
concentrations over a short period of time, not persist in the environment, and be
relatively inexpensive to produce and apply (Siefkes et al. 2013). After evaluating
more than 6,000 compounds, 3-trifluoromethyl-4-nitrophenol (TFM)was discovered
to meet the necessary criteria (Applegate et al. 1961) and experimental treatments
using a liquid form of TFM were conducted on Lake Huron tributaries during 1957.
Treatment of tributaries began in Lake Superior in 1958 (Smith and Tibbles 1980).
TFM is applied as a liquid upstream of the highest larval populations, with addi-
tional application points to boost the in-stream concentration as needed. In 1963,
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a second lampricide, niclosamide (2′,5-dichloro-4′-nitrosalicylanilide, registered as
Bayer-73), was used in small quantities to reduce the amount of TFM required for a
given targetmortality, thereby reducing costs of treatment (Howell et al. 1964). A dif-
ferent approachwas needed for treatment of delta-resident populations,where the liq-
uid TFM would disperse too rapidly to be effective. Beginning in 1966, niclosamide
was applied in a granular form that would sink to the substrate, allowing spot appli-
cations and treatment of deltas (Applegate et al. 1961; Howell et al. 1964; Smith and
Tibbles 1980). In recent years (2008–2017), lampricide treatments have been applied
to about 6.5% of Great Lakes tributaries: 119 of 1,566 tributaries in Lake Superior,
92 of 511 tributaries to Lake Michigan, 84 of 1,761 tributaries to Lake Huron, 17 of
842 tributaries to Lake Erie, and 36 of 659 tributaries to Lake Ontario (Sullivan and
Mullett 2018).

The early control program used TFM treatment concentrations of at least twice
the Minimum Lethal Concentration (MLC, defined as the concentration of TFM
required to produce 99.9% mortality in a 9-h exposure), with a goal of eradicating
sea lamprey (Brege et al. 2003). However, the cost of lampricides, concerns about
effects on non-target organisms (see Sects. 5.5 and 5.6), and changes in the focus of
the control program motivated a reduction in TFM use to around 1.5 MLC.

Lampricide applications are scheduled based on assessment of larval sea lamprey
populations in each stream (Fig. 5.5; Christie et al. 2003; Hansen and Jones 2008).
The primary metric used for prioritizing streams for treatment is the number of lar-
vae that have a high likelihood of metamorphosing in the following year. Larvae are
concentrated in substrates composed of silty sand, so assessment of larval densities
involves initial surveys of stream substrates, stratified larval sampling in each habitat
type, and extrapolation of larval densities in sampled areas to the total amount of
preferred habitats (Slade et al. 2003). Lampricide treatments are designed to maxi-
mize mortality of larvae while minimizing non-target mortality. Surviving larvae, or
residuals, are usually found during post-treatment assessments (Brege et al. 2003);
these larvae contribute to the juvenile population, and their production of migratory
pheromone draws in adults the following year.

Currently, sea lamprey control funding levels preclude the treatment of all sea
lamprey-producing tributaries in the Great Lakes in a single year. Typically, about
160 tributaries are treated regularly (about every 3 years) with TFM or a mixture of
TFM and niclosamide (Fig. 5.5). Additionally, about 45 large or slow-moving trib-
utaries and connecting channels (including associated inland lakes), and areas near
the mouths of tributaries are treated regularly with granular niclosamide (Fig. 5.5).

Earlyworkwith lampricides focusedonmaximizingkill of sea lampreywhilemin-
imizing harm to non-target species; thus, describing efficacy of TFMand niclosamide
alone and in combination, and in relation to temperature and pH, were priorities.
Research has described the physiological mode of action of these chemicals. TFM
impairs ATP production by uncoupling oxidative phosphorylation (Applegate et al.
1966; Niblett and Ballantyne 1976; Howell et al. 1980; Birceanu et al. 2009, 2011),
but the mode of action of niclosamide is not well understood (Dawson 2003). Non-
target effects vary among teleost species; centrarchids appear to be the least affected,
whereas mortality has been noted in brown bullhead, brown trout Salmo trutta, log-
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�Fig. 5.5 Lampricide treatment begins with assessing the density and upstream extent of larval sea
lamprey populations in tributaries; electrofishing is the primary method used for these assessments
(first row; Photos: © GLFC). The lampricide 3-trifluoromethyl-4-nitrophenol (TFM) is applied to
most sea lamprey-infested areas (second row; Photos: ©GLFC). 2′,5-dichloro-4′-nitrosalicylanilide
(niclosamide) can be used as an additive to TFM and is formulated into granules and applied via a
spray boat to treat estuaries of infested tributaries and the large connecting waterways of the Great
Lakes (third row; Photos: © GLFC). Lampricide treatments are designed to maximize mortality of
larvae while minimizing non-target mortality (fourth row; Photos: © Left—GLFC; Right—Chris
Sierzputowski)

perch Percina caprodes, northern pike, rainbow trout Oncorhynchus mykiss, trout
perch Percopsis omiscomaycus, and walleye (Boogaard et al. 2003). Mortality has
also been noted in amphibians and aquatic invertebrates (Maki et al. 1975; Gilderhus
and Johnson 1980; Waller et al. 2003; Weisser et al. 2003; Boogaard et al. 2015;
Newton et al. 2017). Species of particular concern are lake sturgeon, stonecat Notu-
rus flavus, mudpuppyNecturus maculosus, and unionid mussels, due to their suscep-
tibility to lampricide and status in some areas as Threatened or Endangered. Despite
concerns regarding some non-target mortality in individuals of these species, there
is no evidence that intermittent lampricide applications have had long-term effects
on these non-target species at the population level (Marsden et al. 2003; Siefkes
et al. 2013). However, given that TFM is largely lamprey-specific, native lampreys
in the Great Lakes (northern brook lamprey Ichthyomyzon fossor, silver lamprey I.
unicuspis, chestnut lamprey I. castaneus, and American brook lamprey Lethenteron
appendix) are particularly susceptible to non-target effects. In toxicity trials, north-
ern and American brook lampreys were less susceptible to TFM than sea lamprey
larvae (King and Gabel 1985), but the difference is generally insufficient to allow
for selective control of sea lamprey where their distribution overlaps with that of the
native species. American brook lamprey, which often inhabit upstream reaches not
inhabited by sea lamprey, appear to have been less affected by sea lamprey control
efforts, but vulnerability to lampricides is considered a threat to northern brook and
silver lampreys in the Great Lakes basin (see Maitland et al. 2015). More work is
needed to further understand the impacts of lampricides on non-target species and
how lampricide treatments can be better targeted to minimize non-target impacts
(McDonald and Kolar 2007).

5.2.2.2 Barriers

The sea lamprey is semelparous, meaning their entire lifetime fitness is invested in
achieving just one terminal reproductive event. Sea lamprey spawning is also focused
during a relatively small window of time during the spring of the year (Johnson et al.
2015a), so small “missteps” by an individual can exclude them from the spawn-
ing act. Therefore, disrupting reproductive behaviors such as migration can be a
viable sea lamprey control tactic that significantly decreases reproduction and the
subsequent recruitment of parasitic juveniles to the lakes. Preventing sea lamprey
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infestation of suitable tributary habitat by using barriers to block adult sea lamprey
access is an obvious control method, a point that was perceived as early as 1893
(Gage 1893). Even though sea lamprey engage in strong rheotactic movements dur-
ing their spawning migrations (Manion and Hanson 1980), they are relatively poor
swimmers and jumpers (Beamish 1978;Youngs 1979; Reinhardt et al. 2009;Almeida
and Quintella 2013), and do not use their suction cup mouths to climb (Reinhardt
et al. 2009), unlike the Pacific lamprey Entosphenus tridentatus (Reinhardt et al.
2008; see Moser et al. 2015). These limitations allow for the effective use of barriers
to stop sea lamprey migrations. Barriers do not necessarily prevent spawning, as
sea lamprey may, after encountering a barrier, return downstream to spawn or enter
another stream to spawn (Applegate and Smith 1951). However, use of traps inte-
grated with barriers overcomes this problem by intercepting and then removing sea
lamprey. Escapement past old or temporary barriersmay occur (seeManistique River
example in Sect. 5.2.3.3) and allow upstream spawning; nevertheless, these barriers
reduce spawning and can increase the interval between treatments, thus reducing
overall lampricide use. However, the primary use of barriers is to reduce the num-
ber of river miles that need to be treated with lampricide; downstream spawning or
escapement to other streams does not affect this function.

The history of sea lamprey barriers is well documented (Hunn and Youngs 1980;
Lavis et al. 2003a; Siefkes et al. 2013). Sea lamprey barriers may be permanent or
seasonal, fixed-crest or adjustable-crest, low-head (also known as weirs) or barrier
dams, mechanical or electrical, and constructed with or without traps (Fig. 5.6).
Barriers built in strategic locations specifically for sea lamprey control (purpose-built)
are present on 68 Great Lakes tributaries and six tributaries in the Finger Lakes and
Lake Champlain (Table 5.1). Purpose-built sea lamprey barriers in the Great Lakes
eliminate the need for lampricide treatment in an estimated 1,400 km of stream, and
reduce access by sea lamprey to an estimated 15% of available type I (i.e., preferred)
larval habitat (Lavis et al. 2003a; McLaughlin et al. 2007). In addition to purpose-
built sea lamprey barriers, dams built for other purposes (e.g., power generation),
but that also block sea lamprey and are serendipitously located in useful locations on
critical sea lamprey-producing tributaries, are also important to sea lamprey control
(Smith and Tibbles 1980). Termed de facto sea lamprey barriers (Siefkes et al. 2013),
there are nearly 900 such barriers across the Great Lakes (Peter Hrodey, USFWS,
Marquette, MI, personal communication, 2016; data.glfc.org). The length of stream
protected and the reduction in available larval rearing habitat by sea lamprey barriers
is far greater when considering the impacts of de facto sea lamprey barriers. Barriers
also create upstream refugia for native lampreys from lampricide treatments, an
important function considering the significant decline in native lamprey distribution
where they overlap with sea lamprey (Schuldt and Goold 1980; see Sect. 5.2.2.1).

Although barriers are effective at blocking sea lamprey access to suitable habitat,
they also have significant impacts on stream ecosystems and non-target species.
Larger barriers have severe effects on lotic ecosystems including impoundment of
water, habitat fragmentation, and significant shifts in fish assemblages (McLaughlin
et al. 2003). Smaller sea lamprey barriers typically do not create large impoundments
and therefore do not significantly alter habitat in terms of substrate and temperature

http://data.glfc.org
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�Fig. 5.6 Sea lamprey barriers and traps: barriers built for other purposes that also block sea lamprey
(i.e., de facto sea lamprey barriers) (top row; Photos: © Left—GLFC; Right—U.S. Army Corps
of Engineers Buffalo District); low-head seasonal barrier with removeable stop logs (middle row;
left; Photo: ©NYSDEC); hybrid low-head/electrical barrier, with electrodes visible under the water
above the barrier lip (middle row; right; Photo: © GLFC); low-head seasonal barrier with a vertical
slot fishway (lower row; left; Photo: © GLFC); and closeup of adult sea lamprey in a barrier-
integrated trap (lower row, right; Photo: © USFWS)

(Dodd et al. 2003). Nevertheless, smaller sea lamprey barriers do impact the fish
assemblages of tributaries by influencing species richness upstream of barriers (Porto
et al. 1999; Dodd et al. 2003; McLaughlin et al. 2006). Changes in fish assemblages
caused by sea lamprey barriers are the result of impeding fish passage, but in general,
larger fish are better able to traverse a barrier compared to smaller fish (Porto et al.
1999). Jumping fish can also more easily traverse barriers than non-jumping fish and
jumping pools can be added to barrier designs to assist in their passage (Pratt et al.
2009; Siefkes et al. 2013). Because the ability to move upstream and downstream is
an important life history component of many of the more than 90 native fish species
and associated species, such as mussels, that reside in Great Lakes tributaries, the
impacts of sea lamprey barriers on fish passage will continue to be issues to consider
(McLaughlin et al. 2007). The use of seasonal barriers may mitigate some of these
concerns, but questions remain about their effectiveness: early- and late-run sea
lamprey have a higher probability of escaping upstream, potentially creating selection
pressure for this trait (McLaughlin et al. 2007), and many non-target species migrate
during the same time as sea lamprey (McLaughlin et al. 2007; Vélez-Espino et al.
2011).

The use of sea lamprey barriers is also constrained by their construction and
maintenance costs. The construction of new purpose-built barriers and maintenance
of aging de facto sea lamprey barriers is an expensive endeavor (Siefkes et al. 2013),
with projects on larger tributaries costing several millions of dollars to complete.
This represents a large portion of the annual sea lamprey control budget in the Great
Lakes. De facto sea lamprey barriers present a unique set of issues in that nearly all
are owned and operated outside of the sea lamprey control program and many are
aging and in disrepair. Because repairing or replacing a failing dam is expensive, dam
removal is often the only economical option for owners without financial assistance
from the sea lamprey control program. The sea lamprey control programmonitors the
condition of purpose-built and de facto sea lamprey barriers across the Great Lakes
basin and prepares funding strategies for the repair or replacement of barriers. This
strategy weighs construction costs with the estimated costs of lampricide treatment
over the expected lifespan of the barrier (i.e., barrier construction costs should be
less than lifetime lampricide treatment costs). These funding issues, coupled with
the ecological impacts highlighted in the previous paragraph, have limited the use of
sea lamprey barriers to only the most critical sea lamprey-producing tributaries.

Funding constraints and ecological impacts of sea lamprey barriers have also led
to research initiatives to overcome these limitations. New barrier designs are being
explored, including strategies to design and operate adjustable and seasonal barriers
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to be more effective and selective to sea lamprey (McLaughlin et al. 2007); use of
electricity (Johnson et al. 2014a) and velocity to block sea lamprey is also being
tested (Andrew Muir, GLFC, Ann Arbor, MI, personal communication, 2016). The
use and improved efficiency of “trap-and-sort” fishways to facilitate selective fish
passage and mitigate the ecological effects of barriers has also occurred, but more
research is needed to understand their impacts on non-target species, including the
effects of delays at barriers and in traps prior to sorting, the associated energetic costs,
and the potential for reduction in reproductive output (Pratt et al. 2009). Recently,
developing selective fish passage technologies and tactics outside of trap-and-sort
fishways and understanding sea lamprey and non-target fish behavior, movement,
and swim performance has become a priority of the GLFC and its partners; the
construction of a dedicated fish passage research facility is being planned for the
BoardmanRiver in TraverseCity,Michigan (AndrewMuir, personal communication,
2017). In the event that tough decisions need to bemade between sea lamprey control
and the restoration of aquatic connectivity, decision tools that balance the needs of sea
lamprey control and non-target species are being developed (McLaughlin et al. 2003)
and structured decision-making is being used (Dale Burkett, GLFC, Ann Arbor,
MI, personal communication, 2015). Overall, the ecological trade-offs between sea
lamprey control and aquatic habitat connectivity need to be considered in a systematic
way to ensure that the best decisions possible are being made regarding sea lamprey
barrier construction or removal.

5.2.2.3 Traps

In addition to sea lamprey barriers, traps that capture adult sea lamprey also exploit
the strong rheotactic, chemoattractive, and social behaviors associatedwith reproduc-
tion. Early sea lamprey trapping efforts used several methods (Applegate and Smith
1951; Smith and Elliot 1953; Wigley 1959; McLain et al. 1965). The most success-
ful traps were operated in conjunction with sea lamprey barriers, which increase
the probability of capture by forcing sea lamprey to congregate below the barrier
and repeatedly interact with traps as they attempt passage around the dam. Early
trapping operations were expensive to operate (Hunn and Youngs 1980), but the
development of a portable trap (Schuldt and Heinrich 1982) and the strategic inte-
gration of permanent traps into the construction of new and existing barriers, both
of which allowed for operation by smaller crews, made sea lamprey trapping more
cost-effective (Fig. 5.6).

Traps on 37 tributaries (Table 5.1) removed ~50,000 adult sea lamprey from
spawning populations in 2017. On average, ~40% of the spawning population in a
trapped tributary is removed annually. This level of trapping does not likely affect
the overall sea lamprey population due to their high fecundity (Manion and Hanson
1980; see Chap. 1) and density-independent recruitment variation that can lead to
strong year classes from small adult populations (Jones et al. 2003; Dawson and
Jones 2009). Increases in trapping efficiency to a level that offsets these factors are
needed before trapping can become a viable sea lamprey control tactic in the Great
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Lakes. For instance, Young (2005) predicted that removing 50–60% of the adult
population before spawning would successfully control sea lamprey in Lake Huron.
Low trapping efficiency is likely a result of low trap encounter rate (Bravener and
McLaughlin 2013). Trap encounter rates could be increased by focusing trapping
effort early in the spawning season when sea lamprey are more abundant and active
(Dawson et al. 2017), by placing traps in areas known to be used more frequently by
sea lamprey (Holbrook et al. 2015; Rous et al. 2017), and by manipulating behavior
using pheromone attractants (Li et al. 2003; Johnson et al. 2013), repellents (Bals and
Wagner 2012; Luhring et al. 2016), and electricity (Johnson et al. 2014a) to guide
sea lamprey towards traps.

Adult sea lamprey trapping operations allow for the assessment of spawning
populations and, since the late 1970s, have provided population data throughout the
Great Lakes as a means to assess the success of the sea lamprey control program
(Mullett et al. 2003). Currently, mark-recapture estimates using a modified Schaefer
estimate (Schaefer 1951) are conducted on index tributaries to each lake. A lake-
wide adult sea lamprey abundance index is calculated by summing the abundance
estimates of individual index tributaries to each lake, and are used as the key measure
of sea lamprey control program success.

Trapping outmigrating juvenile sea lamprey with nets or rotary screw traps is also
conducted in the Great Lakes. Like targeting larval sea lamprey with lampricides,
trapping outmigrating juveniles removes sea lamprey before they harm fish, but also
sea lamprey that have the highest probability of harming fish (i.e., after they have
survived through the larval stage and metamorphosis). Currently, trapping outmi-
grating juveniles is inefficient and therefore only conducted ad hoc, and on a limited
basis when lampricide treatments have failed or been deferred and there is substantial
risk of sea lamprey escaping to the lakes. Research to develop improved methods to
capture outmigrating juveniles is needed (see Sect. 5.5.5).

Despite current limitations as a control technique, trapping will remain an impor-
tant assessment tool for the sea lamprey control program, but will also increase
in value as a control technique as trapping technologies advance and sea lamprey
behavioral research solves the mysteries of migration and movement from the lake,
into spawning tributaries, and through reproduction. Current research relevant to
trapping is advancing on several fronts including understanding migratory behavior
(Holbrook et al. 2015), identifying reproductive cues and pheromones and charac-
terizing associated behaviors (Buchinger et al. 2015), and developing new trapping
protocols and devices that target different behaviors and/or life stages (e.g., meta-
morphosing sea lamprey; Sotola et al. 2018) and that target different habitats that are
currently difficult to trap (e.g., large rivers and rivers without barriers; McLaughlin
et al. 2007). Taking advantage of sea lamprey behavior to increase trapping effi-
ciency may improve assessment by providing more accurate and precise population
estimates of adult sea lamprey using the same or less trapping effort. Additionally, a
better understanding of sea lamprey behavior may improve the capacity of traps to
affect sea lamprey control by increasing the number of sea lamprey removed from
spawning populations or from the parasitic juvenile population.
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5.2.2.4 Sterile-Male-Release Technique (SMRT)

The SMRT was first developed for insect pest control in the 1950s (Knipling 1968)
and investigation of its potential for sea lamprey control began in the 1970s (Hanson
and Manion 1978, 1980). The intent is to reduce the reproductive output of a pop-
ulation by releasing sterilized individuals of one sex (typically the “calling” sex in
pheromone-producing individuals), and overwhelming the population with steril-
ized adults that compete successfully for matings. Importantly, the SMRT is species-
specific and benign to non-target species. Additionally, the SMRT is most effective
for species in which the female mates only once and when population densities are
low, either naturally or when reduced with pesticides, such as with the sea lamprey
in the Great Lakes.

An effective SMRT depends on successful sterilization without causing
adverse effects on male competitiveness. The chemical P,P-bis(1-aziridinyl)-N-
methylphosphinothioic amide (bisazir; Chang et al. 1970) was determined to effec-
tively sterilize male sea lamprey (Hanson and Manion 1978; Hanson 1981) without
affecting male competitiveness and spawning behavior (Hanson and Manion 1978,
1980). Siefkes et al. (2003) later determined that bisazir also did not affect sex
pheromone production in male sea lamprey. Bisazir is an effective sterilant because
of its mutagenic properties. As applied in sea lamprey control, bisazir damages the
genetic material present in sperm (Hanson 1990); however, sperm concentration,
motility, and ability to fertilize eggs are not affected by bisazir exposure; sperm from
sterilized males can fertilize eggs, but nearly all fertilized eggs die before hatch-
ing (Ciereszko et al. 2002). Despite the effectiveness of bisazir as a sterilant, it is
extremely hazardous to humans (Rudrama andReddy 1985; Hanson 1990; Ciereszko
et al. 2003; Sower 2003). Therefore, other potential sterilants have been explored
such as Cobalt-60 and Cesium-137 radiation (Hanson 1990), several spermicidal
compounds (Ciereszko et al. 2003), and gonadotropin releasing hormone (GnRH)
agonists and antagonists (Sower 2003).Unfortunately, these potential sterilants either
do not effectively sterilize sea lamprey or negatively affect sea lamprey health, com-
petitiveness, and spawning behaviors. Because bisazir is the only effective sterilant
currently identified, a specialized sterilization facility was constructed during 1991
at the U.S. Geological Survey Hammond Bay Biological Station in Millersburg,
Michigan, to contain the hazards of bisazir. Additionally, a unique auto-injector was
engineered to administer an accurate and precise dose of bisazir to male sea lamprey
while minimizing staff exposure to bisazir (Twohey et al. 2003a).

The SMRT was first tested in sea lamprey in 1991–1996 in 33 Lake Superior
tributaries and the St. Marys River, which connects Lake Superior and Lake Huron
(Twohey et al. 2003a). Lake Superior was chosen because of its relatively low adult
sea lamprey population and isolation from the other Great Lakes, and the St. Marys
River was selected because of its status as amajor uncontrolled source of sea lamprey
in northern Lakes Huron and Michigan (Schleen et al. 2003). The huge size of
this river challenged existing methods to control sea lamprey because treating the
entire river with lampricides on a regular basis would be prohibitively expensive and
the river is too wide to use barriers effectively. Additionally, the large sea lamprey
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trapping network on the St. Marys River could be used to further enhance the SMRT
by combining sterilization and release of the captured males with removal of the
captured females. In Lake Superior, tributaries suspected to be the primary sources
of sea lamprey were selected for application of the SMRT. During this 6-year time
period, an average of ~16,000 sterile males were released into 10–27 tributaries per
year, resulting in an estimated average sterile to fertile male ratio of 1.5:1. However,
this did not produce the expected lake-wide reduction in adult sea lamprey abundance
and lake trout wounding rates. Researchers concluded that, although the logistics
of the study (collection of males, sterilization, and release) were successful, the
number of sterile males released was not adequate to affect lake-wide populations
and wounding rates, and that the SMRT—given the limited number of males each
year for sterilization—should be applied on a smaller scale.

Because of the limited success of the SMRT in Lake Superior, SMRT application
was focused entirely on the St. Marys River after 1997 (Twohey et al. 2003a). Initial
releases in the St. Marys River in 1991–1996 had primarily relied on males captured
from the river; an average of 4,600 sterile males were released annually, producing
an estimated average ratio of 0.6:1 sterile to fertile males. However, in 1997–2011,
when all available sterilized males were released in this river alone, annual releases
averaged 26,000 sterile males, increasing the expected average ratio of sterile to
fertile males to 3.4:1. In conjunction with the SMRT, a large granular niclosamide
treatment was conducted during 1999 to significantly reduce the larval sea lamprey
population in the river. After the treatment, the SMRTwas expected to further reduce
sea lamprey production from the river without the need for further lampricide treat-
ment. As a result of these efforts, populations of larvae, juveniles, and adults were
reduced, as was the sea lamprey wounding rate on lake trout in northern Lake Huron
(Bergstedt and Twohey 2007). The larval sea lamprey population, however, began
to increase shortly thereafter and, by 2009, was not statistically different than the
pre-SMRT larval population. A review of the SMRT found that sterile males were
not observed on the spawning grounds or on nests at the expected sterile to normal
ratio, the viability of eggs found in nests was not different than that expected in
normal nests (Bergstedt et al. 2003a; Bravener and Twohey 2016), and the adult pop-
ulation in the river was much larger than originally reported (Holbrook et al. 2016).
These results suggested that the number of sterile males released into the river was
still inadequate to overcome the compensatory mechanisms of the sea lamprey and
reduce recruitment. Additionally, a review of the St. Marys River sea lamprey con-
trol strategy decision analysis indicated that increased annual treatment of the river
with granular niclosamide could drastically reduce the larval sea lamprey population
in the river and the SMRT had little effect on sea lamprey production (Jones et al.
2012). Therefore, the SMRT was discontinued after the 2011 application, and sea
lamprey control in the river shifted tomore intensive granular niclosamide treatments
(Bravener and Twohey 2016).

The SMRT still remains a potentially viable sea lamprey control technique, espe-
cially in circumstances where it could be used in an Integrated Pest Management
(IPM) strategy (i.e., in combination with other techniques), or for an extremely low-
density population. Currently, the SMRT is being tested on the Cheboygan River,
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a tributary to Lake Huron that contains a low-density sea lamprey population that
appears to complete its life cycle above a sea lamprey barrierwithout apparent recruit-
ment from Lake Huron (Johnson et al. 2016a; see Chap. 4). Nevertheless, more work
needs to be done to overcome the challenges to its implementation, most notably the
density-independent drivers of recruitment success (Jones et al. 2003). Additionally,
the dynamics of the target population need to bewell understood to predict the effects
of the application of the SMRT and confidently set appropriate suppression targets
(Siefkes et al. 2013). Bisazir also remains a human health hazard and constrains the
technique by requiring sterilization to occur in a contained facility, increasing oper-
ational costs and the costs to transport males to and from the facility. Development
of a mobile sterilization unit might alleviate some of these constraints, but the devel-
opment of a safe sterilant would be a better solution. Inadvertently transferring fish
diseases (e.g., bacterial kidney disease and viral hemorrhagic septicemia) through
the redistribution of sterile males between basins is also a concern that needs to be
addressed (Bergstedt and Twohey 2007).

5.2.3 Evaluation of Sea Lamprey Control

Performance of the sea lamprey control program in the Great Lakes is measured on
each lake using three metrics: index estimates of adult sea lamprey abundance when
they ascend tributaries during their upstream migration (Fig. 5.7); the wounding rate
observed on lake trout (their preferred host; Fig. 5.8); and the relative abundance of
lake trout (Fig. 5.9; Siefkes et al. 2013). Targets for adult indices and wounding rates
are established for each lake, and performance relative to targets is evaluated using
3-year averages (ignoring confidence intervals) to accommodate annual variation.
Targets have not been set for lake trout relative abundance in the context of sea
lamprey control. Trends for each metric are evaluated based on linear regressions of
the most recent 5 years of data, judged at the 5% significance level. Lake-wide adult
sea lamprey abundance, compared to population targets specific to each lake, is the
primary metric in which sea lamprey control efforts are measured.

Index estimates of adult sea lamprey abundance are calculated by summing indi-
vidual index stream population estimates in a given basin (Fig. 5.7). Population
estimates are generated through mark-recapture using a modified Schaeffer method
(Mullett et al. 2003). Population targets are established by calculating the mean adult
index value over a 5-year period when wounding rates on lake trout averaged five
per 100 fish or lower, except in Lakes Huron and Michigan where this wounding
rate was not achieved in any 5-year period. For Lake Huron, the target is set at 25%
of pre-control abundance; for Lake Michigan, the target is set at approximately half
the abundance that corresponds with the lowest 5-year period of wounding (Siefkes
et al. 2013). The second metric, lake trout wounding, is evaluated in all lakes except
Lake Ontario as annual estimates of fresh sea lamprey wounds per 100 lake trout
>532mmTL captured in standardized gill net surveys (Fig. 5.8), where fresh wounds
are classified as A1–A3, with A1 representing the freshest wounds and A2 and A3
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Fig. 5.7 Adult sea lamprey index estimates for each of the Great Lakes compared to the population
targets (black horizontal lines). Data from the Great Lakes Fishery Commission
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Fig. 5.8 Sea lamprey wounding rates per 100 lake trout >532 mm total length (TL) compared to
the five-wound target (black horizontal lines); Lake Ontario: 100 lake trout >431 mm compared to
a two-wound target. Data from the Great Lakes Fishery Commission
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Fig. 5.9 Lake trout relative abundance estimates as catch per effort (CPE). Lakes Superior, Michi-
gan, and Huron: CPE= fish/km/net night of lean lake trout >532mmTL. Lake Erie: CPE= number
of age 5 and older lean lake trout per lift. Lake Ontario: CPE = fish/km/net night of lean lake trout
>431 mm. Data from the Great Lakes Fishery Commission



5 Control of Invasive Sea Lamprey in the Great Lakes … 437

representing fresh wounds that have begun to heal (King 1980; Ebener et al. 2003).
In Lake Ontario, A1 wounds on lake trout >431 mm are used; only A1 wounds
were found to correlate with lake trout mortality in this lake (Schneider et al. 1996).
Wounding rates measure the harm caused by sea lamprey that elude control activities
each year and generally correlate positively with adult sea lamprey abundance, but
this relationship can vary and needs further exploration (Siefkes et al. 2013). Further-
more, sea lamprey do not feed solely on lake trout, but are opportunistic (Farmer and
Beamish 1973; Harvey et al. 2008), targeting warmer water and lower trophic level
species when available or necessary (see Chap. 3). Therefore, sea lamprey predation
on species other than lake trout should be assessed to provide a more complete mea-
sure of sea lamprey control success. Nevertheless, a target of five A1–A3 wounds
per 100 lake trout was selected to protect adequate numbers of mature fish to ensure
natural reproduction in all lakes except Ontario, where twoA1wounds per 100 fish is
the target. Targets related to the third metric, lake-wide population estimates of lake
trout (Fig. 5.9), have not been established, but lake trout abundance is considered
when interpreting lake trout wounding rates, as an inverse relationship between lake
trout abundance and wounding rate is expected if sea lamprey populations and lake
trout stocking are held constant.

Program success is alsomeasured on individual tributaries through post-treatment
larval sea lamprey surveys. Ninety-five to 99% of larval sea lamprey in a stream are
expected to be killed by a lampricide treatment (Heinrich et al. 2003), but treat-
ment effectiveness can vary greatly due to many factors that vary both spatially and
temporally. Understanding the factors that affect treatment success and knowing the
population structure of larval sea lamprey in tributaries post-treatment is critical to
understanding the effectiveness of lampricide treatment.

Sea lamprey control needs for each of the Great Lakes differ based on the produc-
tion potential of their respective tributaries and lentic areas, which is dependent on
such factors as the number and size of infested tributaries and the environmental fac-
tors that influence reproductive success, larval survival and growth, and recruitment
of parasitic juveniles to feeding populations (Siefkes et al. 2013). The effectiveness
of treatment options also varies and can affect sea lamprey control needs. Thus, each
lake constitutes a unique sea lamprey control scenario, and these scenarios are impor-
tant to consider when interpreting the effects of the sea lamprey control program in
each lake.

The fish community responses to sea lamprey control have been positive; wound-
ing rates have declined (Fig. 5.8), and abundance and growth of stocked and naturally
self-sustaining lake trout has increased inmost of the lakes (Fig. 5.9). However, direct
attribution of changes in the lakes to the success of sea lamprey control is compli-
cated bymany simultaneously occurring factors that affect fish populations in the lake
communities. Since sea lamprey control was initiated, the lakes have been invaded by
dreissenid mussels and several exotic plankton species (Mills et al. 1993; Ricciardi
2006); populations of the small crustacean Diporeia, an important food source to
many fish species, have collapsed (Bunnell et al. 2018); and abundant alewife pop-
ulations led to suppression of several native fish species, although the subsequent
collapse of this invasive species in Lakes Huron andOntario have allowed population
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recovery of the native species (Bunnell et al. 2018). Nutrient and energy flows have
been altered by dreissenids, particularly in the nearshore zone (Bunnell et al. 2018).

5.2.3.1 Lake Superior

Lake Superior was the focus of much of the early sea lamprey control efforts (e.g.,
electrical and mechanical weirs) in an attempt to salvage the remnant lake trout
population that had already been extirpated from Lakes Michigan, Erie, Ontario, and
much of Lake Huron (Smith 1971; Heinrich et al. 2003). Nevertheless, reductions
in lake-wide adult sea lamprey abundance and the wounding rate on lake trout, and
subsequent increases in lake trout survival to older age classes, were not realized
until the advent of lampricide treatments in the late 1950s (Pycha and King 1975;
Smith and Tibbles 1980). Currently, adult sea lamprey abundance in Lake Superior
is greater than the target and stable, but remains at a level >90% lower than peak
abundance (Heinrich et al. 2003; Fig. 5.7). The sea lamprey wounding rate on lake
trout is greater than the target and stable (Fig. 5.8) and lake trout abundance is stable
(Fig. 5.9).

Current fish community objectives for Lake Superior specify a reduction in sea
lamprey abundance “to population levels that cause only insignificant mortality on
adult lake trout,” with insignificantmortality defined as <5%of totalmortality (Horns
et al. 2003).Despite >90%reduction in sea lamprey abundance, sea lampreymortality
on lake trout was estimated at 16% in 1985–1994 (Horns et al. 2003) and as high
as 59% in 1995–1999 (Heinrich et al. 2003). Nevertheless, fishery managers have
ceased stocking salmonids in Lake Superior due to a high occurrence of natural
recruitment (Krueger and Ebener 2004); populations of lake trout and lake whitefish
may be approaching abundance levels similar to those seen prior to the sea lamprey
invasion (Schreiner and Schram 1997; Bronte et al. 2003; Wilberg et al. 2003). Lake
trout stocks are sufficiently robust to support gillnetting and tribal harvest (Hansen
et al. 1995). Although the successful rehabilitation of some Lake Superior fish stocks
is due in part to the remnant populations that remained at the time that coordinated,
lake-wide fishery management was implemented (Krueger and Ebener 2004; Muir
et al. 2013), sea lamprey control also played a major role.

After a period of decline in Lake Superior in ~2005–2010, adult sea lamprey
abundance has been increasing, indicating there are still many challenges to face.
Tribal interests on the Bad River inWisconsin, a system with significant sea lamprey
production potential, restrict the use of lampricides to every few years, leaving little
flexibility to retreat if an ineffective treatment occurs. Additionally, of all the Great
Lakes, Lake Superior contains the majority of the areas (estuaries and embayments
associated with the Kaministiquia, Nipigon, Gravel, Michipicoten, and Batchawana
rivers) requiring treatment with granular niclosamide, which is less effective than
conventional TFM treatments; only the St. Marys River has a higher abundance of
sea lamprey targeted with granular niclosamide. Balancing sea lamprey control with
concerns about aquatic habitat connectivity is a growing issue throughout the basin
when considering dam construction and removal. For example, sea lamprey control
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and concerns over rehabilitation of walleye populations are competing management
trade-offs for theBlackSturgeonRiver,whichflows intoBlackBay on the north shore
of Lake Superior (McLaughlin et al. 2012). Taken together, these challenges pose
serious threats to sea lamprey control and rehabilitation of fish populations in Lake
Superior. Creative solutions need to be achieved to balance conflicting objectives
and ensure the success of sea lamprey control for years to come.

5.2.3.2 Lake Huron

Like Lake Superior, Lake Huron also received a high share of the early sea lamprey
control efforts, but success was again not achieved until after the implementation of
lampricide control (Smith and Tibbles 1980; Morse et al. 2003). Currently, adult sea
lamprey abundance in Lake Huron is greater than the target and stable, but remains at
a level >90% lower than peak abundance (Fig. 5.7). The sea lamprey wounding rate
on lake trout is greater than the target and stable (Fig. 5.8) and lake trout abundance
is stable (Fig. 5.9).

Despite the reduction in sea lamprey abundance from its peak, and re-
establishment of tribal fisheries and commercial fishing for lake trout in Canadian
waters, sea lamprey-induced mortality of lake trout is still a major concern in Lake
Huron. High localizedwounding in areas of theNorth Channel and increasedwound-
ing in the Parry Sound area in Ontario has been reported (Dave Gonder and Adam
Cottrill, Ontario Ministry of Natural Resources, Owen Sound, ON, personal com-
munication, 2015). Protecting lake trout from sea lamprey mortality is a particular
concern, as lake trout natural reproduction has been occurring at an unprecedented
level during recent years (J. E. Johnson et al. 2015).

Success of sea lamprey control in Lake Huron is dependent on suppression in the
St. Marys River, the large connecting channel between Lakes Superior and Huron.
Sea lamprey production potential from the St.MarysRiver has grown since the 1980s,
whether because of improvements to habitat and water quality that have enhanced
larval production and survival (Smith and Tibbles 1980; Eshenroder 1987; Young
et al. 1996) or due to a decline in juvenile mortality resulting from greater abundance
and availability of host species (Eshenroder et al. 1995; Young et al. 1996). During
the 1990s, the larval sea lamprey population in the river was estimated to be 5.2
million (Fodale et al. 2003). In response, an integrated approach to sea lamprey
control that included granular niclosamide treatments, the release of sterile males,
and adult trappingwas implemented in 1997 (Schleen et al. 2003).Although larval sea
lamprey populations were initially reduced to ~1.4 million following a large-scale
(880 ha) treatment of the river with granular niclosamide (Bergstedt and Twohey
2007; Robinson et al. 2013), larvae rebounded to a level requiring annual granular
niclosamide treatments in an attempt to further reduce populations (Bravener and
Twohey 2016). The increasing larval sea lamprey population in the St. Marys River
since the 1999 large-scale granular niclosamide treatment prompted a review of the
integrated approach in 2009. Based on the results of the review, control efforts in the
St. Marys River shifted entirely to granular niclosamide treatments, and sterile-male
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release was discontinued after the 2011 application. Larval sea lamprey abundance in
the St. Marys River responded quickly to another large-scale granular niclosamide
treatment (875 ha) in 2011 and declined to the lowest level on record (~350,000
larvae) in 2012. Annual granular niclosamide treatments of ~300 ha from 2012 to
present have kept larval sea lamprey abundance at ~1 million larvae on average
(Kevin Tallon, Fisheries and Oceans Canada, Sea Lamprey Control Centre, Sault
Ste. Marie, ON, personal communication, 2017). Nevertheless, egg viability in nests
observed on the St. Marys River rapids has increased since the discontinuation of
sterile male releases (Bravener and Twohey 2016). The St. Marys River will continue
to be monitored to evaluate the effectiveness of granular niclosamide treatment and
the impacts of discontinuing the sterile male releases.

Control efforts in Lake Michigan may also influence sea lamprey abundance in
Lake Huron as sea lamprey migrate freely between the two lakes (Moore et al. 1974;
Bergstedt et al. 2003b), and sea lamprey production from theManistiqueRiver, a large
northern Lake Michigan tributary, likely contributes to the Lake Huron population
(Bence et al. 2008). Construction of a new sea lamprey barrier on the Manistique
River is expected to reduce sea lamprey abundance in Lake Huron. Throughout the
rest of LakeHuron, lampricide control efforts increased starting in 2006 (Siefkes et al.
2013). In 2010, a focused lampricide treatment effort targeted sea lamprey-producing
tributaries that contribute to the northernLakeHuronpopulation, including tributaries
to the North Channel and other northern Lake Huron tributaries, the St. Marys River,
and Lake Michigan tributaries that likely contribute sea lamprey to northern Lake
Huron. Lake-wide adult sea lamprey populations appear to have responded to these
increases in sea lamprey control efforts as adult sea lamprey abundance in 2015–2017
was at historic lows (Fig. 5.7).

5.2.3.3 Lake Michigan

Sea lamprey control was critical to the recovery and maintenance of the Lake Michi-
gan fishery after its collapse in the mid-1900s (Fetterolf 1980; Eshenroder 1987;
Holey et al. 1995; Lavis et al. 2003b). Currently, adult sea lamprey abundance in
Lake Michigan remains at a level >90% below peak abundance and is at target and
stable (Fig. 5.7). The sea lamprey wounding rate on lake trout is greater than the
target, but decreasing (Fig. 5.8) and lake trout abundance is stable (Fig. 5.9).

Despite the reduction in sea lamprey abundance from its peak and the establish-
ment of lake trout populations that allow harvest by sport and tribal fisheries in
addition to commercial fishing bycatch (Holey et al. 1995), sea lamprey-induced
mortality is still a major concern in Lake Michigan (Bronte et al. 2008) and har-
vestable lake trout populations are only achieved through stocking (Bunnell 2012).
Additionally, much is still unknown about sea lamprey-host interactions on species
other than lake trout (a knowledge gap present on all lakes; see Chap. 3); informa-
tion is still needed to fully understand the impacts of sea lamprey across the Great
Lakes. Work is currently being conducted to better understand the effects of sea
lamprey-induced mortality on the entire fish community.
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Further improvements to sea lamprey control in LakeMichiganwill primarily rely
on sea lamprey control in theManistiqueRiver,whichwas identified as amajor source
of sea lamprey in the early 2000s (Siefkes et al. 2013). Prior to this time, control efforts
were confined to the lower kilometer of river due to an old mill dam that effectively
functioned as a sea lamprey barrier. Deterioration of this dam led to the infestation of
>500 km of river with larval sea lamprey numbering in the millions. Making matters
worse is the remote and dendritic nature of the watershed, which increases treatment
costs (over $800,000 USD per treatment) and impairs treatment efficacy, resulting in
large residual populations that recruit parasitic juveniles to the lake. The Manistique
River has been treated with lampricides seven times since 2003, which has likely
driven the recent reductions in sea lamprey abundance and the wounding rate on
lake trout. Nevertheless, further reductions will likely not be achieved until the aging
mill dam is replaced with an effective sea lamprey barrier; construction of a new
barrier has been planned and is currently awaiting final approval (Michael Siefkes,
personal observation). The treatment of large tributaries in the northern portion of
Lake Michigan and the St. Marys River, which also contributes sea lamprey to Lake
Michigan (Siefkes et al. 2013), is also required to keep sea lamprey abundance and
the damage they cause to fish in check. Focused lampricide treatments in these areas
have been conducted since 2006, and likely contributed to reducing sea lamprey
abundance to target levels and reducing the wounding rate on lake trout.

5.2.3.4 Lake Erie

Although sea lamprey were first observed in Lake Erie in 1921, they did not become
abundant for nearly six decades, likely due to a lack of preferred prey, degraded water
quality and habitat in spawning streams, and eutrophication of the lake (Pearce et al.
1980; Sullivan et al. 2003). The initiation of programs in the 1970s to improve water
quality, restore lake trout populations, and create a sport fishery for Pacific salmonids
(Sullivan andFodale 2009) likely led to themarked increase in sea lamprey abundance
during the 1970s and 1980s. Sea lamprey control began in LakeErie in 1986 (Sullivan
et al. 2003). Adult sea lamprey abundance in Lake Erie is currently greater than the
target and stable (Fig. 5.7). The sea lamprey wounding rate on lake trout is stable,
but greater than the target (Fig. 5.8) and lake trout abundance is stable and there is
no commercial fishery (Cornelius et al. 1995; Fig. 5.9).

A low and stable sea lamprey population is a prerequisite to the rehabilitation
of the native coldwater fish community in Lake Erie’s eastern basin. Current sea
lamprey populations prevent the achievement of this goal.Mortality from sea lamprey
wounding on lake trout, lake whitefish, burbot, and steelhead Oncorhynchus mykiss
may impact populations of these species (Markham and Knight 2017).

Lake Erie has the fewest suitable sea lamprey spawning tributaries of the five
Great Lakes and therefore should be the easiest to achieve sea lamprey control tar-
gets (Sullivan et al. 2003). Nevertheless, sea lamprey control has been hard to achieve
due to a number of issues including habitat and water quality improvements, greater
host fish abundance, and changes in sea lamprey control protocols (Markham and
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Knight 2017). Sea lamprey control efforts have intensified recentlywith back-to-back
lampricide treatments of all known sea lamprey-producing tributaries in 2008–2010.
This effort, however, has failed to reduce sea lamprey abundance from historically
high levels or return the wounding rate on lake trout to the target. Extensive assess-
ment efforts on nearly all Lake Erie tributaries following the back-to-back treatments
failed to find anymajor sources of sea lamprey.Assessment efforts havemost recently
turned to the St. Clair River, Lake St. Clair, and the Detroit River (the large connect-
ing waterway between Lakes Huron and Erie) and results suggest that this system
could be the primary source of sea lamprey in Lake Erie (Mullett and Sullivan 2017).
Like the St. Marys River, it was thought that the St. Clair and Detroit River system
historically did not produce many sea lamprey (Pearce et al. 1980; Smith and Tibbles
1980; Sullivan et al. 2003), but recent improvements in habitat and water quality may
havemade conditionsmore favorable for sea lamprey production. Assessment efforts
will continue on the St. Clair and Detroit River system to further define the extent
of sea lamprey infestation and determine if a lampricide treatment strategy could
be deployed effectively. The key to sea lamprey control success in Lake Erie could
possibly depend on successful treatment of the St. Clair and Detroit River system.

5.2.3.5 Lake Ontario

Sea lamprey were first observed in Lake Ontario during the mid- to late 1800s;
although their endemicity to the lake is unclear (Eshenroder 2009, 2014; see
Sect. 5.1.2), they are injurious to the coldwater fish community. Sea lamprey con-
trol was first implemented in Lake Ontario during 1971 with the treatment of 23
Canadian tributaries infested with sea lamprey (Pearce et al. 1980). In the U.S., 20
tributaries infested with sea lamprey were treated the following year, but reductions
in sea lamprey abundance were not observed until nearly a decade later (Pearce et al.
1980; Larson et al. 2003). Currently, adult sea lamprey abundance in Lake Ontario
is at target and steady (Fig. 5.7). The sea lamprey wounding rate on lake trout is also
at target and steady (Fig. 5.8); recent declines in lake trout abundance (Fig. 5.9) are
not fully understood, but do not appear to be attributable to sea lamprey.

Sea lamprey control in Lake Ontario has increased the survival of lake trout and
salmon (Pearce et al. 1980; Elrod et al. 1995), and the current level of sea lam-
prey control is conducive to further rehabilitation of the coldwater fish community.
Additionally, fishery pressure on lake trout populations is likely low, as there is
no commercial fishery for lake trout in New York; bycatch, however, is allowed in
Ontario fisheries (Elrod et al. 1995). Nevertheless, lake trout populations had been on
the decline from the mid-1990s to the late 2000s (O’Gorman 2017). This trend was
likely due to decreased stocking efforts resulting from production limitations associ-
ated with the Allegheny National Fish Hatchery in New York, declines in survival of
stocked lake trout, and increased sea lamprey-induced mortality (O’Gorman 2017).
Stocking levels were restored in the mid-2000s, survival began to increase, and sea
lamprey were brought under control, likely causing lake trout abundance to rise. Cur-
rent levels of sea lamprey control should also enable restoration efforts underway for
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Atlantic salmon, and the maintenance of other coldwater fish populations including
burbot, lake whitefish, and Pacific salmonids (O’Gorman 2017).

There are no sources of sea lamprey that are of particular concern in Lake Ontario
(Paul Sullivan, Fisheries andOceans Canada, Sea LampreyControl Centre, Sault Ste.
Marie, ON, personal communication, 2016). Current sources of sea lamprey include
residual populations that survive lampricide treatments and intermittent production
of untreated large tributaries including the Niagara and Moira rivers. Lampricide
control effort has remained steady on Lake Ontario since the mid-1980s and has
maintained sea lamprey abundance and the wounding rate on lake trout near target
levels for three decades. Current sea lamprey control efforts will likely bemaintained
and sea lamprey abundance and thewounding rate on lake trout are expected to remain
at or near targets for the foreseeable future.

5.3 Sea Lamprey Control in Lake Champlain
and the Finger Lakes of New York

The endemicity of sea lamprey in the Finger Lakes (i.e., Seneca and Cayuga Lakes)
andLakeChamplain is debated (seeSect. 5.1.2;Chap. 4), and its role in the collapse of
salmonines in Cayuga Lake and Lake Champlain is unclear. Sea lamprey populations
in these lakes, prior to human influences on the fish community, were inflicting at
least as much or more damage than the invasive populations in the Great Lakes
prior to control, yet neither of the two native salmonine species collapsed until after
European settlers began to influence the lakes (Marsden et al. 2010; Marsden and
Langdon 2012). Atlantic salmon and lake trout were extirpated by 1838 and 1900,
respectively, the former due to extensive construction of dams on spawning streams.
Consequently, the negative effects of sea lamprey were not perceived until salmonine
stocking began in 1973, and sea lamprey must have subsisted on non-salmonine prey
for several decades until stocking began. The virtual extirpation of lake trout from
Cayuga Lake in the 1930s is hypothesized to be due to siltation of spawning areas,
caused by extensive logging of the watershed (Youngs and Oglesby 1972). Much
of the Lake Champlain watershed was also deforested in the 1800s, resulting in
lake-wide accumulation of silt that may have encompassed natural spawning areas;
this may explain the early demise of lake trout populations (Marsden and Langdon
2012). Commercial fishing for salmonids was absent in the Finger Lakes, and was
confined to shoreline seining in Lake Champlain. Unlike in the Great Lakes, invasive
plantivores played a minor role in the extirpation of native fish species in Lake
Champlain; rainbow smelt are native, and alewife were absent until 2003. However,
both smelt and alewife are invasive in the Finger Lakes (Hubbs et al. 2004). Lake
trout populations were re-established by stocking in both Cayuga Lake and Lake
Champlain prior to sea lamprey control.

Control of sea lamprey in the Finger Lakes andLakeChamplain began later than in
the Great Lakes (Bishop and Chiotti 1996). In both cases, development of these new
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control programs was stimulated by the success and benefited from the experience
in the Great Lakes, but was challenged by new regulatory and permitting restrictions
and increased sensitivity of the public toward use of pesticides in natural waters.
Adult abundance targets are not used in the Finger Lakes or Lake Champlain, as
abundance data have not been collected in any of the lakes except at Cayuga Inlet in
Cayuga Lake (Bishop and Chiotti 1996). Due to substantially higher wounding rates
than in the Great Lakes, and slower progress toward population reduction, wounding
targets are higher.

5.3.1 Finger Lakes

Sea lamprey are present in only the two largest of the 11 Finger Lakes, Seneca and
Cayuga, that both drain into Lake Ontario. The Seneca River at the north end of
Seneca Lake flows eastward into the Montezuma Marsh at the north end of Cayuga
Lake, then joins the Oneida and Oswego rivers and flows into Lake Ontario at
Oswego, New York. The region of the Seneca River that connects the lake was
expanded into a canal in 1921 and subsequently connected to the Erie Canal in 1928
(http://www.nycanals.com/Cayuga-Seneca_Canal). Seneca Lake has a native pop-
ulation of lake trout that is now heavily supplemented by stocking; lake trout in
Cayuga Lake have been primarily supported by stocking of fish originating from
Seneca Lake since the mid-1970s (Bishop 1992).

Prior to control, sea lamprey wounding on lake trout was much higher in Cayuga
Lake than Seneca Lake, with 86% of lake trout 533–813 mm TL bearing wounds
(at an average of 134 wounds per 100 fish) in Cayuga Lake and only 18.2% of lake
trout with wounds (averaging 28 per 100 fish) in Seneca Lake (Wigley 1959). Sea
lamprey control was planned for both lakes in 1982, and began that year in Seneca
Lake with application of TFM in Catherine Creek and Keuka Outlet, the only two
tributaries to the lake. A legal challenge, implemented by concerned citizens who
objected to the use of chemicals in the environment, delayed treatment in Cayuga
Lake until 1986 (Bishop and Chiotti 1996).

Sea lamprey spawning in Cayuga Lake is largely confined to a single tributary,
the Cayuga Inlet at the south end of the lake; six other tributaries (Salmon, Yawgers,
Fall, Sixmile, Taughannock, and Cascadilla creeks) produce less than 10% of the
total population (Wigley 1959; Bishop and Chiotti 1996). Spawning migrations in
Cayuga Inlet and access to larval habitat are limited by a low-head dam 2.5 km
upstream from the lake. Installation of a sea lamprey barrier and trap in the fishway
in 1969 suppressed population growth, so that sea lamprey now enter Cayuga Inlet
only during periods of high water when they are able to pass over the low-head dam
(Bishop and Chiotti 1996). Response to the lampricide treatment was immediate and
substantial; the number of adult sea lamprey captured in the Cayuga Inlet dropped
from 2,712± 739 (mean± SD) annually to 75 in 1987 (Fig. 5.10; Bishop and Chiotti
1996). Escapements over the dam occurred in 1993 and 1994, requiring a second
lampricide treatment of the inlet in 1996. Subsequent escapements in 2007 and

http://www.nycanals.com/Cayuga-Seneca_Canal
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Fig. 5.10 Number of sea lamprey captured at the Cayuga Inlet fishway trap, Cayuga Lake,
1975–2017. Vertical dashed lines indicate TFM treatments. Data from Bishop and Chiotti (1996)
and Emily Zollweg-Horan (NYSDEC)

2011 did not result in a sufficient population increase to warrant further treatments;
however, record high numbers of spawning adults, double the highest pre-control
abundance, were collected in Cayuga Inlet in 2013, likely attracted by odor cues
from the newly established larval populations (see Sect. 5.5.1). Spawning occurred
above the dam again in 2014, and the inlet was treated with TFM in August 2014,
again resulting in a dramatic reduction in the number of adults ascending the inlet in
2015 (Fig. 5.10). In Seneca Lake, sea lamprey were found only in Catherine Creek
prior to 1970 but, after abatement of pollution from domestic and industrial sources,
sea lamprey were discovered in Keuka Outlet (Hammers et al. 2010). Lake trout
abundance increased in both lakes within 3 years of the initial treatment, and growth
of age 6, 7, and 8 year old lake trout increased in Seneca Lake after 1999 (Bishop
1992; Hammers and Kosowski 2011).

The target of the control program in Cayuga Lake is 22 A1–A3 wounds per 100
fall lake trout 650–699 mm TL and summer lake trout 600–649 mm, and 27 A1–A3
wounds per spring rainbow trout (Hammers et al. 2010). Wounding of fall lake trout
fell from an average of 80 ± 18 wounds per hundred fish in 1981–1986 to 15 ±
5 wounds per hundred fish in 1987–1991 (Bishop and Chiotti 1996). Wounding
assessment of lake trout resumed in 2013, and dropped from 83 wounds per 100 lake
trout in 2013 to a post-treatment average of 15 ± 7.5. Rainbow trout wounding was
much higher, with an average of 112± 41wounds per 100 fish in 1980–1986, prior to
the first treatment. After the 1986 treatment, rainbow trout wounding dropped below
the target to an average of 11 ± 11 wounds per 100 fish (Fig. 5.11). In Seneca Lake,
the targets are considerably higher and the metric includes A4 (i.e., healed) wounds,
which are not used in other lakes: the targets are 150 A1–A4 wounds per 100 lake
trout 600–699 mm TL, 100 wounds per 100 rainbow trout 500–599 mm, and 100
wounds per 100 brown trout 400–499mm (Hammers et al. 2010). A1–A4wounds on
lake trout dropped substantially in the first 6 years following treatment in 1982, but
have risen steadily since then and remain above the target, whereas A1–A3wounding
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and dashed line) in Cayuga Lake, 1979–2017. Horizontal lines indicate wounding targets for the
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levels have remained close to 50 wounds per 100 lake trout after an initial decline to
<20 (Fig. 5.12). The substantial contribution of A4 wounds to total wounding may
be due to their persistence on fish; A1–A3 wounds heal progressively to A4 within
1–2 years, but A4wounds may be visible and therefore scored for an extended period
(Ebener et al. 2003, 2006).

Drawing from information gained in the Great Lakes, Engstrom-Heg (1990) pos-
tulated that the reduction in adult sea lamprey in Cayuga Inlet after the first TFM
application may have been due to the lack of a detectable odor signal from larvae.
In an effort to draw sea lamprey into the Cayuga Inlet and away from other streams,
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200 lamprey larvae were collected from the Delaware River and held in a cage in the
inlet in 1992; the number of adult sea lamprey increased that year to 129, from 7 the
previous year (Bishop and Chiotti 1996). Thus, control efforts in the Finger Lakes
anticipated both the use of weirs and the use of pheromones to control sea lamprey
substantially earlier than in the Great Lakes.

5.3.2 Lake Champlain

The status of sea lamprey in Lake Champlain is controversial, as discussed earlier
(Eshenroder 2014; seeChap. 4). If sea lamprey are native to the lake, an understanding
ofwhy sea lamprey populations andwounding rateswere so high in the 1980s through
to the early 2000s compared to the Great Lakes is needed. The absence of any historic
record of sea lamprey wounds prior to the 1900s suggests that wounding was not as
prevalent as it was after salmonid stocking began in the 1970s (Marsden and Langdon
2012). Changes in the landscape, dominated by extensive deforestation in the 1800s,
added quantities of silt and organic matter to streams and improved their suitability
as sea lamprey nursery habitat. Changes in the fish fauna of the basin, particularly
the severe declines of lake sturgeon and American eel Anguilla rostrata, may have
removed important predators of larval sea lamprey (see Sect. 5.5.7). Stocking of lake
trout and Atlantic salmon has provided an adequate food supply for the parasitic
juveniles. If sea lamprey are native, then the native salmon and trout populations
must have been able to co-exist with their predator; similar to Seneca Lake, native
salmonids could have avoided sea lamprey attacks by inhabiting deeper areas at
temperatures which are not preferred by sea lamprey (Bergstedt et al. 2007).

Regardless of their origin, fisheries managers have designated sea lamprey as a
nuisance species in Lake Champlain, and sea lamprey are considered to be an imped-
iment to restoration of native salmonids (lake trout and Atlantic salmon). Atlantic
salmon disappeared from the lake by 1838, and lake trout by 1900 (Marsden and
Langdon 2012). A sustained stocking program began in 1972 for Atlantic salmon and
rainbow trout, in 1973 for lake trout, and in 1977 for brown trout. Annual stocking
rates of lake trout since 1973 have ranged from 39,000 to 272,000 yearling equiv-
alents (Marsden et al. 2010). High wounding rates, with up to 100% of lake trout
>635 mm TL in the main lake exhibiting fresh wounds (types A1–A3), stimulated
development of an experimental control program to evaluate the potential to reduce
wounding and increase salmonid survival and growth. The experimental program,
involving barriers and the use of TFM and niclosamide, was conducted from 1990 to
1998 (Marsden et al. 2003). Two treatments were implemented on 13 rivers and four
deltas, 4 years apart, although four of the rivers were not retreated due to low recol-
onization of sea lamprey (Marsden et al. 2003). The majority of treatments reduced
catch per unit effort (CPUE) of larvae by >91%. Assessment of the experimental
control program indicated that lake trout catch increased significantly in index gill-
nets, and total catch in the sport fishery also increased. Survival of lake trout older
than 2 years (i.e., above the age where they are fully recruited to the sampling gear)
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increased significantly for most age classes, and the number of age classes present
increased from eight to 12 (Marsden et al. 2003). Wounding of all size classes of
lake trout also decreased significantly. Similar increases in catch and number of age
classes were seen in Atlantic salmon. As a result of this evaluation, a long-term con-
trol program was initiated in 2002. Since implementation of the long-term control
program, five additional streams were found to contain sea lamprey populations and
were added to the control program (Brad Young, USFWS, Essex Junction, VT, per-
sonal communication, 2018). These streams either had low densities of larvae, which
may have been missed in earlier surveys, or were colonized since the inception of
the experimental program. As of 2014, 19 stream systems and five deltas had been
treated at least once with lampricides.

Permanent barriers were present on four streams in the Champlain basin when
sea lamprey control began, and only one of these dams, on the Great Chazy River,
New York, incorporates a trap for removal of adults that might otherwise spawn
elsewhere (Brad Young, personal communication, 2018). A seasonal barrier with
an integrated sea lamprey trap was installed in Beaver Brook, New York, in 2009,
and successfully reduced sea lamprey migrations such that subsequent treatments
were cancelled. The steep elevation of the New York shoreline and the presence of
a fall line (i.e., a geomorphologic break resulting in a rapid change in elevation,
often producing rapids or waterfalls) 10–20 km from the lake on most major rivers
in Vermont limit the extent of river miles colonized by larvae. On the Vermont side,
two hydroelectric dams, on the Lamoille and Missisquoi rivers, are present below
the fall line and restrict sea lamprey movement upstream.

Wounding targets were set after the experimental control program at 25 A1–A3
wounds per 100 lake trout 533–633 mm TL, and 15 A1–A3 wounds per 100 Atlantic
salmon 432–533 mm TL (Fisheries Technical Committee 2017). Wounding rates
rebounded after termination of the experimental sea lamprey control program, despite
the short (2-year) gap before long-term control was initiated. Lake trout wounding
peaked at 99 wounds per 100 fish in the 533–633 mm size class in 2006; wounding
dropped to an average of 42 wounds per 100 lake trout in 2007–2017, but the target
of 25 wounds has not yet been reached in any year (Fisheries Technical Committee
2017). Wounds on Atlantic salmon dropped in 2008 and have remained between 15
and 32 wounds per 100 Atlantic salmon since 2009 (Fig. 5.13). Sea lamprey wounds
have also been found on a wide range of non-salmonine species, including lake
whitefish, walleye, northern pike, smallmouth bass Micropterus dolomieu, rainbow
smelt, lake sturgeon and freshwater drum (Howe et al. 2006).

Sea lamprey control in Lake Champlain was initiated after the establishment of
the United States Environmental Protection Agency (in 1970), significant expansion
of the Clean Water Act (in 1972), and enactment of the Endangered Species Act (in
1973). Consequently, National Pollutant Discharge Elimination System (NPDES)
permits are required for use of lampricides. Applications are restricted to 1.5 MLC
for 9 h and, in one case, treatment was restricted to 0.8 MLC due to the presence
of endangered mussels (Marsden et al. 2003). Lampricide use is prohibited in Mal-
letts Creek, Vermont, which contains northern brook lamprey which is state-listed as
Endangered. Treatments have been postponed, cancelled, or held below 1 MLC in
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Fig. 5.13 Type A1–A3 sea lamprey wounds per 100 lake trout 533–633 mm TL (1989–2017) and
Atlantic salmon 432–533 mm TL (1993–2017) in Lake Champlain. Solid horizontal line is the
target wounding rate for lake trout (25 wounds per 100 fish). Dashed horizontal line is the target
wounding rate for Atlantic salmon (15 wounds per 100 fish). Data from Brad Young, USFWS

other tributaries due to the presence of threatened or rare species including mudpup-
pies, stonecat, and several mussel species. The Pike River/Morpion Stream system in
Quebec is not treated because provincial statute prohibits use of pesticides in Quebec
waters (Brad Young, personal communication, 2018). Consequently, a sea lamprey
barrier was constructed on Morpion Stream in 2013; adult sea lamprey captures
declined from 248 in 2015 to 40 in 2018. Development and use of alternatives to
chemical control is a high priority in the basin (Marsden et al. 2010).

To date, the only alternative that has been used successfully is seasonal trapping in
conjunction with barriers. Portable assessment traps, with wings set across the entire
stream width, are placed annually in eight to 11 small streams (<15 m wide, <1 m
deep) in the Lake Champlain basin prior to the spawning season (i.e., early to mid-
April) and removed in early June after catches decline to zero (Brad Young, personal
communication, 2018).Traps are set belowspawning substrate, and are used to extend
the interval between lampricide treatments. Eel pots have been used in conjunction
with portable assessment traps in eight streams, and contribute 2–40% of the total
adult catch (B. J. Allaire, USFWS, Essex Junction, VT, personal communication,
2017). In four streams, larval catches declined to zero after 1–5 years of trapping;
capture of adults declined to zero in only one of these streams (Wayne Bouffard,
USWFS, Essex Junction, VT, personal communication, 2010). Evaluation of trap
capture effectiveness, using a second upstream trap in two streams, indicated that
the downstream trap captured 39–98% (mean 72%) of the adults moving upstream
(Wayne Bouffard, personal communication, 2010). Non-target species are released
from the traps when they are checked at least three times per week. Assessment of
non-target mortality in traps in three streams in 2001–2004 showed that only 8 of
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23 fish species and two of four amphibian species captured suffered mortality, with
overall mortality over that period averaging 6% for fishes (5–26% for individual
species, total n = 4,355) and 18% for amphibians (17–50% for individual species, n
= 11). In contrast, an early single lampricide treatment in one of these streams killed
6,329 fishes and 2,669 amphibians (Marsden et al. 2003). Thus, use of seasonal
traps has reduced lampricide use and non-target mortality, while blocking non-target
fish movements for only a few days per individual during only a portion of the
year. Effectiveness of trapping has been improved in recent years by installation of
permanent structures with seasonal traps in two streams; these structures are less
subject to failure during high water events, and have floating, self-cleaning debris
racks (Brad Young, personal communication, 2018).

5.4 Biological Response of Sea Lamprey to Control

Use of lampricides raises several concerns, including development of resistance,
increased larval recruitment in lentic areas, and compensatory shifts in life history
parameters. The potentially strong selective pressure imposed by 95–99% mortality
in each generation may lead to resistance to TFM or niclosamide (Dunlop et al.
2018). Although 57 years of toxicity data showed that the lethal concentration of
TFM has not increased over time, Dunlop et al. (2018) stressed that this is only
indirect evidence that Great Lakes sea lamprey have not become more resistant to
TFM. They suggested that direct tests for lampricide resistance be conducted and
that continued vigilance is necessary. The evolution of lampricide resistance would
result in the need to increase the concentration or frequency of applications andwould
likely result in increased sea lamprey abundance. Behavioral resistance, including
selection for individuals that rear in untreated lentic areas, is also a concern (Dunlop
et al. 2018). Although the majority of larval lampreys in deepwater environments are
thought to be a consequence of natural downstream drift during the protracted larval
stage (Hansen and Hayne 1962; Lee and Weise 1989; Fodale et al. 2003; Dawson
et al. 2015; see Chap. 7), it is not known to what extent these habitats might be
contributing to the juvenile population (Johnson et al. 2016b) or if there has been
selection for earlier or more extensive downstream migration to these harder-to-treat
areas (see Sect. 5.2.2.1).

Alternatively, sea lamprey could evolve compensatory mechanisms to offset pop-
ulation reductions that result from control activities (Jones et al. 2003). Because
metamorphosis is dependent on reaching a size threshold (length and weight; You-
son et al. 1993), response to reduced density might be observed both as increased
larval growth and metamorphosis at a younger age. Accelerated growth and time to
metamorphosis has been observed in some populations following lampricide appli-
cation (e.g., Purvis 1979; Weise and Pajos 1998; Morkert et al. 1998; see Dawson
et al. 2015), but no relationship between density and metamorphosis was observed
in laboratory experiments (Youson 2003; see Manzon et al. 2015). Comparison of
treated and untreated streams in the Lake Champlain drainage showed that, despite
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higher densities and slower growth of age-1 larvae in the treated stream, transforma-
tion of the first recolonizing year class occurred earlier than in the untreated streams
(Zerrenner and Marsden 2005). In cage experiments, however, density did not have
a significant effect on growth or survival of larvae (Zerrenner 2004), in contrast to
experiments conducted by Morman (1987) and Rodríguez-Muñoz et al. (2003) in
which growth and survival were affected by density (see Dawson et al. 2015). In
adults, mean length and weight increased in each of the three upper Great Lakes
after populations declined due to control (Heinrich et al. 1980; Houston and Kelso
1991)—increasing the capacity for harm to host populations (e.g., Madenjian et al.
2008) and leading to increases in female fecundity (Gambicki and Steinhart 2017;
see Chap. 1). Populations may also respond to declines in numbers by increasing
the sex ratio to favor females; if larval production is correlated with the number of
females (i.e., the supply of eggs) and the supply of males does not limit recruit-
ment, then a shift in sex ratio to a preponderance of females could compensate for
overall declines in adult abundance (Jones et al. 2003). Indeed, the sex ratio of lar-
val and adult sea lamprey populations shifted from a predominance of males to a
predominance of females in the three upper Great Lakes after the control program
drastically reduced densities in the 1960s (Purvis 1979; Heinrich et al. 1980; Torblaa
and Westman 1980; see Chap. 1). Subsequent increases in prey abundance, due to
stocking, and sea lamprey size have been linked with the increasing proportion of
males in Lakes Huron and Superior (Houston and Kelso 1991). Sex in sea lamprey
appears to be related to larval growth and condition, and thus indirectly related to
environmental productivity (Johnson et al. 2017), so a mechanism may exist for sex
ratio to respond to a change in the environment of the larvae, including changes
in density. Mean length and proportion of females increased in Cayuga Lake after
treatment and the increase in number of salmonid hosts (Bishop and Chiotti 1996).
However, in the Great Lakes, adult sex ratios returned to parity or a slight excess
of males by the mid-1990s, despite continued low densities, and there is no recent
evidence of a relationship between larval density and sex ratio (Wicks et al. 1998;
see Chap. 1). Furthermore, review of historical data and stock-recruitment analysis
by Jones et al. (2003) indicated that the evidence for compensatory effects is equiv-
ocal, and suggested that such effects might be in part masked by high variability
in recruitment. From the standpoint of control programs, studies of compensatory
effects have primarily been valuable in defining areas of uncertainty in population
modeling, rather than predicting clear responses to population control.

5.5 Emerging Control Techniques

The successful suppression of sea lamprey populations throughout their invasive
range still relies heavily on use of pesticides. Concerns about non-target effects and
public perception have been a significant aspect of sea lamprey control since incep-
tion of the program (see Sect. 5.2.2.1), and extensive research has been focused on
measuring and reducing susceptibility of non-target species (e.g., Gilderhus et al.
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1975; Maki et al. 1975; Dahl and McDonald 1980; Boogaard et al. 2003; O’Connor
et al. 2017). Methods to reduce non-target mortality include: maintaining the lampri-
cide concentration at theMLC for theminimumexposure period (9 h);monitoring pH
during treatments tomaintain, but not exceed, lethal activity of the lampricides; treat-
ment at lowerwater temperatures that reduces non-targetmortalitywithout impacting
lethality to sea lamprey; and scheduling treatment application later in the year on
some tributaries to avoid affecting juvenile lake sturgeon while they are still stream
residents (e.g., Johnson et al. 1999; Boogaard et al. 2003). Native lamprey species are
particularly susceptible to TFM treatments and population declines have been noted
inGreat Lakes tributaries (Schuldt andGoold 1980; seeMaitland et al. 2015). In New
York and Vermont lakes where sea lamprey control began after establishment of the
Clean Water Act and NPDES discharge permit requirements, treatment of streams
that contain state-listed endangered lamprey species is not permitted (Marsden et al.
2003; see Sect. 5.3.2). Although niclosamide granules have higher non-target toxic-
ity than TFM, particularly for molluscs and soft-bodied invertebrates, formulations
that combine niclosamide with TFM have a lower LC50 for many non-target species
(Boogaard et al. 2003). Nevertheless, the cost of lampricides and their periodic re-
registration with EPA, and the potential for cumulative environmental effects, has
prompted the search for increased efficiency in the use of lampricides and alternatives
to lampricide control (McDonald and Kolar 2007).

In the 1970s, the GLFC adopted an IPM approach to sea lamprey control. The
concept of IPM was developed for use in combating agricultural insect pests in
the 1950s, and its application to sea lamprey—a novel approach to control a verte-
brate pest—was outlined at the first Sea Lamprey International Symposium in 1979
(Sawyer 1980). IPM promotes the use of multiple tactics to control pests to tolerable
levels of damage, rather than attempt eradication. The GLFC adopted a policy for
integrated management of sea lamprey (IMSL) in the 1980s (Christie and Goddard
2003). The IMSL strategy focused on increasing the efficiency and effectiveness of
current methods, particularly use of barriers and traps, and developing other alterna-
tive approaches to lampricides. The initial goals of the GLFC were to “accomplish
at least 50% of sea lamprey suppression with alternative technologies while reduc-
ing TFM use by 20% through use of at least one new alternative-control method,
and increased use of current methods such as sterile-male-release, trapping, and bar-
rier deployment” by 2010 (GLFC 2001). In 2011, the GLFC’s IMSL strategy was
renamed Integrated Sea Lamprey Control (ISLC). The goals of the control program
were changed to recognize the continued importance of lampricides and barriers,
and did not include reductions in use of lampricide (GLFC 2011). The focus of ISLC
continues to be suppression of sea lamprey populations to target levels and increas-
ing the effectiveness and efficiency of sea lamprey control; suppression is achieved
through integration of targeted adult and larval sea lamprey assessment, continued
use of lampricides and barriers, and the development of additional control tactics
including those based on semiochemicals, that is, migratory and sex pheromones
and alarm cues (GLFC 2011). Additional approaches to enhance ISLC are discussed
below.
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5.5.1 Pheromones and Other Chemical Cues

The sea lamprey has an acutely sensitive olfactory system and relies extensively on
chemical information, including pheromones and other chemical cues (Buchinger
et al. 2015; Green et al. 2017). Pheromones are chemicals released by an individual
that induce a behavioral or developmental response in other members of the same
species (Karlson and Luscher 1959). Pheromones convey specific messages in spe-
cific contexts (e.g., sex pheromones), are shaped by natural selection acting on both
the sender and receiver, and are typically used in direct communication. Chemical
cues, on the other hand, typically represent public information and have not been
molded by natural selection to carry information (Hume and Wagner 2018). Rather,
the receiver has evolved an ability to perceive and respond to useful cues that are
incidentally available in the environment (e.g., evolving recognition of chemicals
inadvertently released when a fish is attacked or when a fish dies, termed alarm cues;
Brown et al. 2011).

The use of sex-attractant pheromones has been amajor tool in insect pest manage-
ment since the 1970s (Baker 2008 and references therein). Pheromones have several
features that make them singularly advantageous for use in pest control; they are non-
toxic, biodegradable, highly species-specific, potent attractants that are detectable in
minute quantities and capable of inducing responses at long distances. Unlike pesti-
cides or pathogens, whose continued use may induce rapid selection for resistance,
the response to pheromones is biologically useful and loss of efficacy is unlikely. In
insect pest management, pheromones are primarily used to monitor the presence of a
pest population to better target pesticide application, to remove insects by attracting
them en masse into traps, or to disrupt mating activity by overwhelming the olfac-
tory system or using a false scent to distract responders (typically males) away from
senders (typically females). These applications have been significantly improved by
advances in spectrometry that enabled separation of constituent chemicals in scents
emitted by insects, by the ability to synthesize active compounds in pheromones, and
the discovery of mixtures that induce the most consistent behavioral response (not
always the natural ratio).

The importance of odors in the biology of sea lamprey is recognizable by the size
and sensitivity of the olfactory system, which undergoes a radical increase in com-
plexity during metamorphosis (VanDenBossche et al. 1995). Use of scent to detect
prey is common for many species, particularly for parasites for which suitable prey
are restricted to a few species (e.g., Dillman et al. 2012). Sea lamprey are known to
attack a wide range of host species (see Chap. 3), but they do show preferences (e.g.,
for lake trout) and are able to orient to host odors (Kleerekoper andMogensen 1963).
Several other life history characteristics of the sea lamprey dictate the advantages of
using semiochemicals. Sea lamprey are semelparous and access to spawning areas
may require an arduous upstream migration (see Johnson et al. 2015a; Moser et al.
2015). Therefore, correct choice of an appropriate spawning stream and the ability
to find mates is vital, as a mistake will cost an individual most or all of its repro-
ductive potential. Two functional groups of semiochemicals have been identified in
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sea lamprey: migratory pheromones to find suitable spawning streams (see Sorensen
et al. 2005; Moser et al. 2015) and sex pheromones to find mates (Li et al. 2002; see
Johnson et al. 2015a, b).

Semelparous stream-spawning salmonids choose a spawning stream based on
their own personal history, that is, they home to the stream where they were suc-
cessfully hatched and reared (Dittman and Quinn 1996). This strategy would not be
as advantageous for sea lamprey, because they are vulnerable to being substantially
displaced from their natal stream by the hosts on which they attach (Waldman et al.
2008). Consequently, an optimal cue to identify a spawning stream with suitable
habitat would be the scent of “success,” that is, the presence of live larvae and the
odor they emit. This cue would be particularly useful in sea lamprey given their long
residence in streams as larvae; in any given year or season, a good spawning stream
may be inhabited by at least three to four year classes of larvae that would be emitting
a cue, increasing its strength and representing multiple years of suitable environmen-
tal conditions for reproduction and larval rearing. The use of a migratory pheromone
produced by larvae and used by adults to find suitable spawning streams was first
suggested by Moore and Schleen (1980) who noted a positive relationship between
the number of larvae in a stream and the number of migrating adults that enter the
stream. The hypothesis was further supported through research that showed that the
bile acids petromyzonol sulfate (PZS or PS), petromyzonamine disulfate (PADS),
petromyzosterol disulfate (PSDS), and 3-keto petromyzonol sulfate (3KPZS) emit-
ted by stream-resident larvae stimulated electro-olfactogram (EOG) reactivity (Li
and Sorensen 1997; Siefkes and Li 2004; Sorensen et al. 2005, Fine and Sorensen
2008; Yeh et al. 2012; Buchinger et al. 2015) and appeared to induce stream finding
behaviors in the lake (Meckley et al. 2014) and influence in-stream behavior of pre-
spawning adult sea lamprey (Teeter 1980; Bjerselius et al. 2000; Sorensen et al. 2005;
Johnson et al. 2013). However, field experiments show that the whole larval extract
is still more attractive than the tested combinations of these compounds, suggesting
that there are still more active compounds that have not yet been identified (Meckley
et al. 2012, 2014). Recent research has identified several novel putative migratory
pheromone compounds that appear to influence in-stream behaviors (Li et al. 2013a,
2014; Brant et al. 2016).

After entering the spawning tributary, sea lampreywould further benefit froma cue
that efficiently brought sexually mature females and males together to spawn before
their energy reserves have been depleted. The first indications that sea lamprey use
sex pheromones dates from observations by fishermen who used ripe, or spermiated,
males as “bait” to attract females into traps (Fontaine 1938). Female sea lamprey
may also release a pheromone that attracts males (Teeter 1980), but the putative
female sex pheromone has not been extensively explored. Once mature adults have
entered a stream and males have begun nest construction, a sex pheromone emitted
by spermiated males attracts ovulated females to a nest for spawning (Johnson et al.
2015b). Two-choice maze experiments confirm that female sea lamprey are attracted
to washings from spermiated males (Li et al. 2002). Several bile acids produced by
spermiated male sea lamprey, including 3-keto petromyzonol sulfate (3KPZS), 3-
keto allocholic acid (3KACA), diketo petromyzonene sulfate (DKPES), and 3-keto
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1-ene petromyzonol sulphate (3K1CS), stimulatedEOG reactivity in adult female sea
lamprey (Li et al. 2002, 2013b; Siefkes and Li 2004). Evidence suggests that 3KPZS
and3KACAstimulate sexualmaturation, that is, synchronizingmaturation in females
and males (Chung-Davidson et al. 2013a, b). 3KPZS was shown to elicit upstream
movement in ovulated females (Li et al. 2002; Siefkes et al. 2005; Johnson et al. 2009),
ultimately assisting them in finding a mate. 3KPZS was also shown to induce pair
maintenance behaviors such as nest construction, retention, and cleaning (Johnson
et al. 2012). Recent research has shown thatDKPES and 3K1CS also function inmate
finding (Li et al. 2013b; Johnson et al. 2014b) and that DKPES enhances behavioral
responses to 3KPZS (Li et al. 2013b). Like thewhole larval extract, whole spermiated
male extract is still more attractive than the tested combinations of these compounds,
suggesting that there are still more active compounds to be identified (Johnson et al.
2015b).

In contrast to control strategies that use lethal chemicals, the intent of odor-
mediated control tactics is not to reduce established larval populations, but to reduce
recruitment by removing reproductive adults prior to spawning (Twohey et al. 2003b;
Buchinger et al. 2015). The primary strategy that is currently being investigated
involves using captive males or male pheromones to attract females into traps (John-
son et al. 2013). Attractive odors could also be used to deflect adult sea lamprey
away from a stream that is challenging to treat with lampricides into a stream that
is easier to treat, or easier to trap, by manipulating habitat selection behavior. This
tactic requires first decreasing the larval densities and thus the strength of the lar-
val cue in the river water, then introducing a strong signal in the target tributary
by adding whole larval extract of synthesized components of the cue. Additional
strategies that use odors have been proposed, including enhancement of attraction
to sterile males, and disruption of spawning behaviors by either flooding a stream
with sex pheromone to overwhelm the females’ ability to locate males, or by finding
antagonists to pheromones that would reduce sensitivity to specific odors (Li et al.
2003; Klassen et al. 2005; Buchinger et al. 2015).

Recently, two probable components of the male sex pheromone were tested as
trap attractants for their ability to enhance trapping of migratory adult sea lamprey.
Use of 3KACA did not increase trapping success, and use of 3KPZS resulted in
a marginal (~10%) increase (Luehring et al. 2011; Johnson et al. 2013). Research
to better understand the factors influencing the success of pheromone-baited traps
and what trap designs are best suited for use with pheromone bait are needed and
underway (Johnson et al. 2015b, c). Similar to lampricides, the use of pheromones
and cues requires ongoing research to identify additional chemical components, pro-
duce synthetic analogs, and elucidate behavioral responses, and work with federal
and state regulatory agencies to register compounds for use in control applications
(Li et al. 2007; Siefkes 2017). Progress has been made with registration of the sex
pheromone component 3KPZS with the EPA and the Canadian Pest Management
Regulatory Agency for use in management applications (Siefkes 2017). Attention
must also be paid to non-target effects; while pheromones are usually highly species-
specific, some of the compounds released by sea lamprey are also released by both
parasitic and non-parasitic native lamprey species throughout NorthAmerica, as well
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as European and New Zealand species (Fine et al. 2004; Stewart and Baker 2012;
Buchinger et al. 2015). Adults of all species tested using EOG recordings responded
to bile acid components common to sea lamprey. Thus, use of these compounds to
induce behavioral responses in sea lamprey may also disrupt migratory and possibly
also mating behaviors in native species, of which some are listed as Threatened or
Endangered in certain jurisdictions (see Maitland et al. 2015). Production of com-
ponents of the migratory pheromone by native species has the potential to confound
control efforts, as complete removal of sea lamprey larvae may leave a stream still
attractive to adults if pheromone-producing native species are present. These same
native odors may have facilitated the rapid dispersal of sea lamprey into suitable
streams during the initial invasion.

5.5.2 Repellants

A second class of chemosensory cues, repellants, has recently been proposed as a
potential control tool (Imre et al. 2010, 2014; Wagner et al. 2011). Possible repel-
lant compounds include alarm cues produced from injured conspecifics, necromones
(odors of decaying conspecifics that indirectly signal a threat), or noxious chemicals
including non-biological compounds. Interest in repellants has been stimulated by the
curious observation that the introduction of human saliva into a tank of sea lamprey
elicits a rapid, vigorous response in which all of the sea lamprey attempt to leap out
of the water (Michael B. Twohey, USFWS, Marquette, MI, personal communication
2010). A similar reaction has been reported for stream-resident sea lamprey when
decaying sea lamprey were placed in the water (William D. Swink, U.S. Geologi-
cal Survey, Hammond Bay Biological Station, personal communication, 2007). In
laboratory experiments, migratory sea lamprey strongly avoided extracts of freshly
killed and decaying conspecifics (Wagner et al. 2011; Bals and Wagner 2012) and,
in field experiments, migratory sea lamprey also adjusted their swimming route and
speed to avoid the extracts (Luhring et al. 2016). Avoidance of extracts from sea lam-
prey and white sucker (simulating an injured conspecific and a potential predator)
and human saliva was demonstrated in semi-natural enclosures, suggesting that sea
lamprey respond to various cues that indicate the presence of predators (Imre et al.
2014). In contrast, Hume andWagner (2018) observed no response to chemical cues
from injured white sucker; however, they determined that sea lamprey respond to
alarm cues from five other North American lamprey species, with weaker responses
from more phylogenetically distant species (i.e., American brook and Pacific lam-
preys) than the more closely related Ichthyomyzon species. Repellants could be used
to induce complete avoidance of a spawning stream if they are species-specific, inex-
pensive to produce, and do not induce habituation. Alternatively, repellants could be
used to “push” sea lamprey toward traps. In field experiments, sea lamprey were
trapped more rapidly when they avoided an area of stream treated with repellant;
however, the overall trapping rate did not increase in the presence of a repellant
(Hume et al. 2015). A more likely use of repellants for control is in a “push-pull”



5 Control of Invasive Sea Lamprey in the Great Lakes … 457

scenario, that is, in combination with attractants to enhance trapping while inducing
avoidance of areas distal to the traps or to enhance lampricide control by pulling sea
lamprey to areas that are easy to treat while pushing them from areas that are difficult
to treat (Buchinger et al. 2015; Hume et al. 2015).

5.5.3 Genes and Genomes

Recently, potential use of genetic and genomic technology to develop alternative con-
trol tactics for sea lamprey, as well as other invasive species, has been explored (e.g.,
Thresher et al. 2014; McCauley et al. 2015). The mitochondrial genome of sea lam-
prey was sequenced by Lee and Kocher (1995), and the nuclear genome was subse-
quently sequenced by Smith et al. (2013). Assembly of the nuclear genome sequence
has proved to be challenging due to the large number of duplicated genes, which may
in part date from two genome duplication events that occurred early in the vertebrate
lineage (Putnam et al. 2009; Smith et al. 2013; see Docker et al. 2015). Sea lam-
prey also undergo substantial DNA reorganization, in which large portions of the
genome are discarded during an extended period beginning soon after fertilization
(Smith et al. 2009; Bryant et al. 2016). Currently, researchers are looking for genes
or genetic functions that may lead to use in the control program. Early work with the
genome has revealed unique characteristics of sea lamprey genetics; for example,
identification of the genes for chemosensory reception in sea lamprey has shown that
the repertoire of these genes is relatively small compared with teleost fishes (Libants
et al. 2009). Heath et al. (2014) demonstrated that short strands of double-stranded
RNA (interfering RNA), either injected into sea lamprey embryos or fed to larvae,
effectively destroyed matching RNA transcripts and increased larval mortality. This
work may lead to development of highly species-specific control based on unique
gene sequences within sea lamprey. An improved understanding of the genetic basis
of sea lamprey developmental biology, immunology, and physiology may substan-
tially assist progress in finding opportunities for control strategies (McCauley et al.
2015; see Chap. 6).

Two particular areas of interest are the use of “daughterless” technology and
“Trojan” genes to manipulate sex ratios in Great Lakes sea lamprey. Trojan genes
are a general category of genetic modifications in which an inserted or modified
gene produces a fitness advantage in one portion of the phenotype but a disadvantage
in another, resulting in population decline to extinction (Muir and Howard 1999).
In the daughterless gene example, a female fish may be engineered with two Y
chromosomes, so that her progeny are all male; half would be sterile YY males
(Thresher et al. 2009). Models predict that continued introduction of a small per-
centage of Trojan-Y females will result in eventual population extinction (Gutierrez
and Teem 2006; Thresher et al. 2009). Because the genetic basis of sex determina-
tion in lampreys is as yet unknown (see Chap. 1), considerably more work would be
required to develop such a system in lampreys, but its potential to be a highly effec-
tive and species-specific alternative to lampricides holds promise (Thresher et al.
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2019). Induced triploidy is a similar technology that has been used for stocking grass
carp Ctenopharyngodon idella to control aquatic macrophytes (Zajicek et al. 2011).
Triploids can be produced when heat shock or pressure shock applied at a prescribed
interval after fertilization prevents extrusion of the second polar body; because the
second meiotic division in fish eggs occurs after fertilization, the resulting zygote
carries two copies of the female genome and one copy of the male genome. In most
species the developed adult is capable of mating, but the gametes are not viable due
to unequal division of chromosomes among the eggs that are produced by meiotic
division. An advantage of this method is that large numbers of eggs can be exposed
to heat or pressure shock simultaneously, allowing rapid production of sterile indi-
viduals for stocking. However, recent discovery of diploid grass carp in Lake Erie
indicates that this tactic can fail (Chapman et al. 2013).

Use of environmental DNA (eDNA) is successful for detecting larval sea lamprey
presence in streams, and could be a significant tool for discovering newpopulations or
recolonized streams (Gingera et al. 2016). Development of dependable quantitative
eDNA could replace substantial time and effort spent sampling tributaries through-
out the Great Lakes to assess whether populations are sufficiently large to warrant
lampricide treatment (Schloesser et al. 2018; see Chap. 7).

5.5.4 Tagging and Tracking

Control of larval sea lamprey populations is predicated on the assumption that streams
with large larval populations produce correspondingly large numbers of parasitic
juveniles (Jones 2007). However, although consistent evidence for compensatory
mechanisms has not been found (Jones et al. 2003; see Sect. 5.4), compensatory
increases in growth or survival could lead to higher parasitic production from streams
with lower larval densities (Zerrenner and Marsden 2005, 2006). Consequently,
research has been focused on determining the natal origins of parasitic sea lam-
prey, with the goal of targeting control on streams that produce the most parasitic
juveniles. Outmigrating juvenile sea lamprey have been tagged in Lake Huron and
Lake Champlain using coded-wire tags and recaptured as parasitic juveniles in the
lakes; these studies have led to a better understanding of sea lamprey movements,
but returns to date have been too low to be informative about survival rates from
individual streams (e.g., Bergstedt et al. 2003b; Howe et al. 2006).

Use of the microelemental chemistry of sea lamprey statoliths (a calcium carbon-
ate structure suspended in the the inner ear, analogous to the otolith of teleost fishes,
that incorporates the inorganic chemical signature of natal waters) initially showed
promise as a method to identify the natal stream of parasitic juveniles (see Dawson
et al. 2015). Statoliths incorporate certain chemicals from natal stream water during
the protracted larval stage, and, like otoliths, are presumed to be inert. Thus, the
core region of a parasite’s statoliths where material was deposited during the lar-
val period should reflect the chemistry of the natal stream. Research in Lake Huron
and Lake Champlain showed that larval sea lamprey from individual tributaries, or
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clusters of adjacent tributaries, have different microchemical signatures (Hand et al.
2008; Howe et al. 2013). However, parasitic juveniles of known origin were not
successfully identified to the correct natal stream. Recent research indicates that the
statolith is not inert, but is reworked during metamorphosis (Lochet et al. 2013);
thus, tracking of natal origins may require identifying the statolith signature from
post-metamorphic rather than larval sea lamprey (Lochet et al. 2014).

Recent advances in tagging technologies have improved the ability to follow fine-
scale movements of large larvae and post-metamorphic sea lamprey in streams (e.g.,
Quintella et al. 2005; Wagner et al. 2006, 2009; Johnson et al. 2009; see Chap.
7). Likewise, advances in acoustic telemetry and radio tagging have been used to
describe migratory movements of spawning-stage sea lamprey in rivers (Holbrook
et al. 2015), and work on tracking sea lamprey in open lake waters is in progress
(Andrew Muir, GLFC, Ann Arbor, MI, personal communication, 2017).

5.5.5 Improvement of Existing Control Methods

Sea lamprey control is under constant internal and external pressure to improve effec-
tiveness, minimize costs, and address non-target effects. Lampricide use has received
particular attention, motivating development of methods to reduce toxicity to non-
target species and reduce the amount used (see Sects. 5.2.2.1 and 5.5). Additional
lampricide application strategies to lower non-target mortality have been discussed,
including treatments with lower concentrations but longer application duration (Dale
Burkett, GLFC,AnnArbor,MI, personal communication, 2017). Research continues
to focus on finding new lampricides with better attributes than TFM or niclosamide.
Use of GPS (global positional system) to spot-treat deltas with granular niclosamide,
using fine-resolutionmapping of larval distribution and densities, has improved treat-
ment efficiency.

Use of barriers for sea lamprey control has received increasing scrutiny as fisheries
managers and the public weigh trade-offs between benefits of sea lamprey control
and the negative consequences of dams as impediments for native fish migrations
and other ecosystem functions (McLaughlin et al. 2007; Jensen and Jones 2018). For
example, the Black Sturgeon River, a tributary to Lake Superior in Ontario, is par-
ticularly controversial (McLaughlin et al. 2012); a dam located 16 km from the river
mouth restricts movements of walleye and provincially-listed lake sturgeon. How-
ever, removal of the dam would result in substantial increase in costs for chemical
control, and expose upstream populations of northern brook lamprey, which is listed
as a species of Special Concern under Canada’s Species at Risk Act (Maitland et al.
2015), to TFM. A preferred alternative is design of a selective barrier that blocks sea
lamprey but allows for passage or transport of desirable fishes. The GLFC is cur-
rently investing in developing selective fish passage through a better understanding
of sea lamprey and non-target fish behavior, movement, and swim performance, and
the use of current and emerging technologies (e.g., image recognition and robotic
automation; McCann et al. 2018; see Chap. 7). The construction of a dedicated fish
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passage research facility is being planned for the Boardman River in Traverse City,
Michigan (see Sect. 5.2.2.2).

Methods to improve barrier and trap effectiveness have concentrated on develop-
ing a better understanding of sea lamprey behavior andmovement (e.g.,McLean et al.
2015; Rous et al. 2017). Current methods use “trap-and-sort,” in which non-target
organisms are released manually from traps on a near-daily basis, requiring sub-
stantial effort. Ideally, technology could be developed for “sort-and-trap,” whereby
non-target organisms either are not caught or can be mechanically released while
sea lamprey are selectively trapped and retained. Recent research on anguilliform
locomotion of sea lamprey led to the concept of using eel ladders—sloped or wet-
ted surfaces with a staggered array of protrusions as “push-off” points—that could
be incorporated into a barrier design to lure sea lamprey into a trap (Pete Hrodey,
USFWS, Marquette, MI, personal communication, 2018). Ascent rate is maximized
by incorporation of high flow and a 45° incline (McDonald and Desrochers 2012).
Additional investigations have used eel pots, which target bottom-dwelling species
that seek dark, confined spaces, in conjunction with standard portable assessment
traps (Nicholas Johnson, U.S. Geological Survey, Hammond Bay Biological Station,
personal communication, 2017). Research is being conducted in the use of pulsed
direct current electric fences to block access to spawning streams and direct adult
sea lamprey toward traps (Johnson et al. 2014a).

New technologies have contributed to significantly increasing the effectiveness
and reducing the costs of controlling delta populations of sea lamprey. Remote sub-
strate classification using RoxAnnTM can substantially improve quantitative esti-
mates and mapping of larval substrate (Fodale et al. 2003; see Chap. 7). Advances in
remote sensing, electronic navigation, and geo-spatial modeling have greatly aided
in mapping of larval distributions (Aaron Jubar, USFWS, Ludington, MI, personal
communication, 2018). This combination of technologies has led to development
of a highly efficient, automated lampricide application boat which is guided by a
GPS map to release granular niclosamide only where larvae are present (Michael
Siefkes, personal observation). Reductions in lampricide use can be realized using
this technology, resulting in lower costs and impacts on non-target species.

The potential to use capture of outmigrating juvenile sea lamprey as a tool for
reducing parasitic populations has received renewed attention (e.g., Sotola et al.
2018). This portion of the life history has been considered somewhat intractable
because outmigration occurs throughout the winter months, with peaks of movement
in fall and spring (Applegate and Brynildson 1952); high water flows and accumu-
lation of leaf litter, debris, and ice present hazards to in-stream trapping operations.
However, if the factors that motivate movement can be better defined, then trap-
ping could be focused during the diurnal period, season, flow regimes, and stream
locations when and where outmigration is concentrated (see Dawson et al. 2015).
The goal of capturing outmigrating juveniles is not specifically to affect population
growth by reducing recruitment, but instead to directly reduce the number of parasitic
juveniles entering a lake to feed on host fishes. Therefore, success is not necessarily
contingent on capturing a very high proportion of the population.
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5.5.6 Spread Prevention

The sea lamprey invasion of theGreat Lakes (at least aboveNiagara Falls) was recent,
rapid, and spectacular in the rate and extent of its impacts on native fish species
(see Sect. 5.1.2). Despite their use of the scent of stream-resident larvae to select a
spawning stream (see Sect. 5.5.1), the colonization potential of sea lamprey does not
appear to be limited to streams with larvae. Although establishment in new water
bodies will depend on access to a sufficient prey base (see Chap. 4), the recent study
by Johnson et al. (2016a) showing that sea lamprey may complete their life cycle in
the Cheboygan River system, upstream of a dam intended to prevent spawning-phase
sea lamprey access from Lake Huron, indicates that further spread is possible. Given
the cost of annual suppression of established populations, preventing their spread
to additional lakes is a high priority. Fortunately, their vectors for spread are fairly
limited: they are not used as a food fish in the United States or Canada, they are not
a desirable target for anglers, and their use as bait is no longer legal (Maitland et al.
2015), so unauthorized introduction of sea lamprey is unlikely. Unlike many aquatic
invasive invertebrate species (e.g., Kelly et al. 2013; Jansen et al. 2017), the larval
stage in lampreys is not likely to be picked up in ballast water or by recreational
boats or bait buckets, and the mobile stages (parasitic and migratory stages) are
relatively short-lived. The major vector for spread to new lakes may be canals, either
by direct movement of sea lamprey or as hitchhikers attached to boats or host fish.
The potential for the spread of sea lamprey through canals has been debated, as
historically canals were often highly polluted, stagnant, and drained for portions of
the year (Daniels 2001). However, modern canals have water quality that is typically
adequate for survival and transit of sea lamprey (e.g., Marsden and Ladago 2017).

Several inland lakes in the Great Lakes basin that do not contain sea lamprey
are as large or larger than some of those that do, and could presumably support
sea lamprey populations should they gain access. For example, Lakes Simcoe and
Winnebago (area ~745 and 560 km2, respectively) are larger than Cayuga and Seneca
lakes (each ~170 km2) and the two lakes in the upper Cheboygan River system (each
~70 km2; see Chap. 4). Lake Simcoe lies between Lake Ontario and Georgian Bay in
Lake Huron and is connected to both lakes via the Trent-Severn Waterway. Natural
invasion into Lake Simcoe from Lake Ontario is improbable given the distance and
number of natural barriers between the lakes. However, two locks and a boat lift
are the only obstacles on the Trent-Severn canal between Georgian Bay and Lake
Simcoe. The boat lift, at Big Chute, is a marine railway constructed in 1917; boats
drive into a carriage and are supported on slings while the carriage is transported up-
or downhill on rails to the next portion of the canal (Beahen 1980). An advantage of
this system, however, is that the boat hull can be inspected for attached organisms,
including sea lamprey. Plans to replace the old marine railway with a single lock
at Big Chute were cancelled in the mid-1960s when sea lamprey were found at
the lower end of the railway. The Big Chute Marine Railway was later enlarged
and improved, and has been maintained to prevent the spread of sea lamprey into
Lake Simcoe. Similar to Lake Simcoe, Lake Winnebago is connected to Green Bay,
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Lake Michigan, via a chain of 17 locks on the Fox River system. The lock system
was closed in 1983 and a barrier was installed at the Rapide Croche Lock in 1988
to prevent the spread of sea lamprey into Lake Winnebago; no sea lamprey were
found during recent monitoring efforts for aquatic invasive species above and below
the Rapide Croche Lock (De Stasio 2013). Although plans are underway to open
portions of the waterway and refurbish most of the locks, the lock at Rapide Croche
will remain closed; installation of a boat lift to transfer boats over the lock is planned.

5.5.7 Natural Population Regulation

Factors that naturally limit landlocked sea lamprey populations are not well under-
stood. Sea lamprey require a prey population, ideally salmonids, and streams that
contain areas of spawning habitat upstream of good larval habitat (see Dawson et al.
2015). The parasitic juvenile stage is not known to be highly vulnerable to predators,
although predation in some regions (e.g., by abundant coolwater fish in Lake St.
Clair and the western basin of Lake Erie) may keep their numbers in check (Sul-
livan et al. 2003), and insufficient availability of suitable hosts might limit growth
and survival of this stage (see Chaps. 3 and 4). Downstream-migrating juveniles and
upstream migrants and spawning adults are much more accessible to predators, and
adult sea lamprey have been observed with marks that appear to be stab wounds
from herons or other large birds (see Docker et al. 2015; Maitland et al. 2015). The
burrowing habit of larvae must have a role in avoiding predation; during delta treat-
ments, dying sea lamprey that emerge to the surface are rapidly taken by gulls and
terns, indicating their attraction as a food (Stephen J. Smith, USFWS, Essex Junc-
tion, VT, personal communication, 2018). The two main fish species able to detect
and access buried prey in the Great Lakes area are lake sturgeon and American eel;
Siberian and white sturgeons (Acipenser baeri and A. transmontanus, respectively)
have been observed feeding on other lamprey species (Cochran 2009) and Ameri-
can eel were observed to capture and consume brook lamprey larvae in laboratory
experiments (Perlmutter 1951). Lake sturgeon and American eel have both suffered
catastrophic population declines throughout the region, however, and are now listed
as Threatened, Endangered, or extirpated in most regions (e.g., Jelks et al. 2008;
COSEWIC 2012, 2017). Their declines may have hampered sea lamprey control
efforts, although lake sturgeon and American eel recovery in some areas (e.g., Welsh
et al. 2019) could eventually aid in sea lamprey population regulation. Conversely,
increases in the quantity and quality of larval stream habitat as a consequence of land
use practices and increased erosion may have historically improved larval survival
(Marsden and Langdon 2012), and more recent pollution abatement efforts similarly
may have favored sea lamprey, particularly in some of the interconnecting water-
ways in the Lake Erie basin (Sullivan et al. 2003). Larval incubation temperature
appears to be an important element that may restrict use of some potential spawning
streams (Rodríguez-Muñoz et al. 2001), and it will be important to integrate climate
change scenarios into future sea lamprey control strategies. Potential for application
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of density-dependent suppression in larval growth in sea lamprey by larvae of native
lamprey species (Murdoch et al. 1991) has not been studied.

If, as several authors have hypothesized, sea lamprey are native to Lake Ontario,
the Finger Lakes, or Lake Champlain (see Sect. 5.1.2), they and their prey species
had strategies that enabled coexistence. For example, lake trout from Seneca Lake
are significantly less likely than lake trout from the Great Lakes to be attacked by sea
lamprey or suffermortality as a consequence (Schneider et al. 1996), likely due to low
spatial overlap (Bergstedt et al. 2007). Seneca Lake lake trout stocked in the Great
Lakes have higher survival and reproductive success than other strains, including
strains derived fromGreat Lakes populations (Marsden et al. 1989; Page et al. 2003).
Significantly, wounding rates in Lake Champlain and the Finger Lakes, even on the
stable native population of lake trout in Seneca Lake, were substantially higher than
those observed in the Great Lakes prior to sea lamprey control, when lake trout
populations were depressed by fishing. In Lake Champlain, lake trout reproduction
was high even during periods of wounding in excess of 50 wounds per 100 lake trout,
and substantial lake trout recruitment began in 2012 when wounding was 40 wounds
per 100 lake trout (Marsden et al. 2017). Thus, the extent to which sea lamprey are
an impediment to lake trout recruitment in Lake Champlain is unclear; lake trout
populations may be able to coexist with sea lamprey despite wounding rates that are
higher than the established targets. However, sea lamprey control is still required to
support a viable fishery of interest to anglers, and to support restoration in the Great
Lakes.

5.6 Conclusions

After sea lamprey predation contributed to the devastating collapse of fish stocks
and fisheries in the Great Lakes, Lake Champlain, and the Finger Lakes, sea lam-
prey control has been successful in reducing sea lamprey populations by up to 90%,
enabling recovery of these valuable resources. Nevertheless, annual and diligent sea
lamprey control efforts are needed to maintain sea lamprey populations at these
reduced levels. Improvements in lampricide treatment efficacy, barrier effectiveness,
and capture efficiency of traps, and the development of innovative approaches in the
use of lampricides and additional controls, are required to further reduce sea lamprey
populations to targets established to further enable rehabilitation of fish stocks and
fisheries. At the same time, the control program faces issues of increasing costs of
lampricides, impacts of lampricides and barriers to non-target species (especially
species of conservation concern), lampricide re-registration, and local permitting
restrictions. Importantly, attitudes of the public, regulators, and resource managers
towards sea lamprey control and its importance in maintaining and rehabilitating
fisheries and supporting healthy ecosystems are subject to change. Loss of the social
license would significantly impact the sea lamprey control program if lampricide
treatments are not permitted or important sea lamprey barriers are removed or new
construction is not permitted. Efforts to balance effective control while minimiz-
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ing non-target and ecological impacts have stimulated a broad range of research to
“know thy enemy,” and have substantially advanced our knowledge of sea lamprey
biology, behavior, chemical communication, and genomics (e.g., Christie and God-
dard 2003; Krueger and Marsden 2007; Binder and McDonald 2007, 2008; Binder
et al. 2010; McCauley et al. 2015; Siefkes 2017). Understanding the toxic effect of
lampricides on non-target species, describing optimal parameters for application of
existing lampricides, and development of new lampricides are still foci of research
(Waller et al. 2003; McDonald and Kolar 2007). Progress is underway to develop
sea lamprey-specific barriers and traps that use specific movement patterns of sea
lamprey and minimize non-target impacts (McLaughlin et al. 2007; McLean et al.
2015). Research related to sea lamprey control has also had synergistic benefits rang-
ing from decision analysis (Haeseker et al. 2007) and understanding movements of
teleosts in relation to barriers (e.g., Pratt et al. 2009), to evolutionary genomics and
vertebrate evolution (e.g., Libants et al. 2009; McCauley et al. 2015; Smith et al.
2018). Just as research has been used since the onset of sea lamprey control to adapt
the program to be more diverse, effective, and efficient, agencies involved in control
have increasingly recognized and addressed the need for public outreach to maintain
an understanding of the goals and outcomes of the control program.
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Chapter 6
The Lamprey as a Model Vertebrate
in Evolutionary Developmental Biology

Joshua R. York, Eric Myung-Jae Lee and David W. McCauley

Abstract The development of lampreys has fascinated evolutionary developmental
(evo-devo) biologists for a long time. Lampreys, as one of the two surviving mem-
bers of an ancient group of jawless vertebrates, have long been recognized as key
for understanding vertebrate evolution due to their basal position in vertebrate phy-
logeny. While classical descriptions of lamprey development have uncovered many
similarities in development among the few lamprey species that have been studied,
these studies, together withmodern techniques, have provided key insights for under-
standing how developmental changes have been important for vertebrate evolution.
In recent years, the sea lamprey Petromyzon marinus has moved to the forefront
of studies on lamprey development due to its invasion into the Great Lakes, and
the critical need to understand its biology for management purposes. The sea lam-
prey genome has also been published and these two developments, taken together,
facilitate the use of lampreys in evo-devo investigations. Here we provide a current
overview of contributions of lamprey developmental studies for understanding verte-
brate evolution, a summary of modern molecular and genetic tools and methods that
have been applied in lamprey evo-devo research. Finally, we provide information to
facilitate setting up the lamprey as a model organism in a modern research laboratory
setting.
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6.1 Introduction

“The development of the Lamprey has occupied the attention of many embryologists
during the last fifty years”. This introductory sentence toArthur Shipley’s description
of development in the European river lamprey Lampetra fluviatilis was published in
1887 and highlights a longstanding interest in lamprey development amongbiologists
that continues more than a century later (Shipley 1887). Lampreys have become an
important model organism to evolutionary developmental biologists, primarily due
to their phylogenetic position at the base of the vertebrates. Because of this basal
position among extant vertebrates, studies of lamprey development can inform our
understanding of vertebrate evolution, and may provide insight into the origin of
numerous vertebrate character traits.

Approximately 40 lamprey species exist worldwide (Renaud 2011; Potter et al.
2015; see Chap. 7), but modern developmental studies have been limited largely to
four species, based in part on availability of embryonic material to researchers.
Two species, sea lamprey Petromyzon marinus and Arctic lamprey Lethenteron
camtschaticum (formerly recognized as Lethenteron japonicum or Lampetra japon-
ica and sometimes still called the Japanese lamprey; Renaud 2011; Potter et al.
2015), account for many recent developmental studies. Numerous early descriptions
of lamprey development were made using the European river lamprey or the Euro-
pean brook lamprey Lampetra planeri (Schultze 1856; Shipley 1887; Damas 1944;
Newth 1956; Akoev and Muraveiko 1984; Kuratani et al. 1997). Such descriptions
were often dependent on obtaining embryos by collecting gravid adults during the
spawning phase in the spring of the year, and then rearing artificially fertilized eggs
through embryogenesis in the laboratory, or removing embryos from nest sites fol-
lowing natural spawning activity. Starting in the 1950s, efforts to control the invasive
sea lamprey in the Great Lakes bordering the United States and Canada (see Chap.
5) have led to increased use of the sea lamprey as a research organism. Advances
in resources to study the biology of the sea lamprey have in turn resulted in the
expansion of tools to study the development of this species.

6.1.1 Historical Context for Sea Lamprey Developmental
Studies

Niagara Falls is a natural barrier to the upstream inland migration of the parasitic
sea lamprey beyond Lake Ontario. However, with construction of the Welland Canal
beginning in 1824 (Aitken 1954), sea lamprey were able to gain access above Nia-
gara Falls. Following improvements to the Welland Canal in 1919, sea lamprey were
observed in Lake Erie by 1921, and by the late 1930s, sea lamprey had been observed
in all of theGreat Lakes, causing severe damage to theGreat Lakes fish stocks (Apple-
gate 1950). The Great Lakes Fishery Commission was established in 1955 with the
suppression of sea lamprey populations in the Great Lakes as one of its primary
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responsibilities (Crowe 1975; Fetterolf 1980; see Chap. 5). In seeking efforts to
control sea lamprey population numbers, it was recognized that sea lamprey embry-
ology was one aspect of its life history that was not well understood. A description
of in vitro fertilization for the sea lamprey was first published in 1955 (Lennon 1955)
and, in work conducted at the Hammond Bay Laboratory (now the Hammond Bay
Biological Station) on Lake Huron beginning in 1954, Piavis (1961) described meth-
ods for culturing sea lamprey embryos, and developed a staging table of normal sea
lamprey development. Because development is temperature-dependent, staging of
embryos is based on morphological criteria rather than time post-fertilization. Stag-
ing tables have also been constructed for the Far Eastern brook lamprey Lethenteron
reissneri (Tahara 1988) and the Pacific lamprey Entosphenus tridentatus (Yamazaki
et al. 2003; see Chap. 2). Although developmental stages seem to differ slightly in
timing, the general patterns of embryonic development appear to be very similar
between these species. Developmental stages have also been described for European
river lamprey (Damas 1944) and comparisons have been drawn among these staging
tables (Kuratani et al. 1997; McCauley and Bronner-Fraser 2002).

With the published description of its early embryology, efforts to control sea
lamprey populations began to focus on the selective vulnerability of lamprey larvae
to specific compounds (Applegate et al. 1961; Applegate and King 1962). Such
efforts required access to large numbers of embryos and larvae that could be provided
by facilities at Hammond Bay. While studies on the development of other lamprey
specieswere often limited by the availability of sourcematerial, landlocked spawning
sea lampreywere easily obtained in abundance during the spawning runs in the spring
each year. In contrast, decreases in the abundance ofmany other lamprey species have
resulted in conservation efforts, including protected status (Renaud 2011; Maitland
et al. 2015), making them difficult to obtain for research purposes.

Because of the abundance of spawning habitat for sea lamprey in the tributaries
near Hammond Bay on Lake Huron, large numbers of migratory sea lamprey were
trapped, to be either disposed of or used in research. Sea lamprey also began to be
shipped throughout the United States for various research purposes. However, and
unfortunately, it was recognized that embryos did not develop from gravid adults
that had been packaged and shipped in the same manner, so developmental studies
remained limited to researchers able to work at Hammond Bay Biological Station or
thosewith access themselves to spawning sea lamprey. Recent efforts have resulted in
the successful development of methods to obtain gametes and to culture sea lamprey
embryos in the laboratory (Nikitina et al. 2009a, b), thus reducing the need to conduct
studies near the source of spawning sea lamprey. These methods are included at
the conclusion of this chapter (see Sect. 6.4); efforts to artificially propagate other
lamprey species (e.g., Pacific and European river lampreys for restoration purposes)
are described in Chap. 2.

Going forward, the sea lamprey is likely to see increased use as an evo-devo
model due in large part to the sea lamprey genome project funded by the National
Human Genome Research Institute, of the National Institutes of Health, and also due
to availability of the Arctic lamprey genome. The sea lamprey genome, published
in February 2013 (Smith et al. 2013) and recently updated (Smith et al. 2018), has
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become an invaluable resource to evo-devo investigators as genetic methods are
adapted for use in lampreys. The Arctic lamprey genome has provided insights into
vertebrate genome evolution (Mehta et al. 2013; Manousaki et al. 2016) and will be
an important reference for comparisonwith the better annotated sea lamprey genome.

6.1.2 Lampreys and Vertebrate Phylogeny

Since the time of Darwin and Haeckel, lampreys and hagfishes have been considered
to be primitive members of the vertebrates (Haeckel 1866; Gee 2007). However, the
precise positioning of lampreys and hagfishes in vertebrate phylogeny has long been a
source for debate (for a historical review, please see Janvier 2008). Early on, lampreys
were considered to be the sister taxon to hagfishes, the other extant group of jaw-
less fishes. Lampreys and hagfishes, based on a series of shared characters, together
formed the Cyclostomata (Duméril 1806). Throughout the 19th and into the 20th
century, arguments persisted over the monophyly of cyclostomes and their relation-
ship to other fossil jawless fishes (Agnatha) (Cope 1889). With the increased interest
in systematics and its use of parsimony analysis beginning in the mid-20th century
(Hennig 1950), the question of cyclostome monophyly returned. In the mid-20th
century, comparative anatomists, based primarily on comparisons of morphological
traits, suggested that a lack of numerous vertebrate characters in hagfishes placed
them basal to lampreys and gnathostome vertebrates; Løvtrup, for example, based
on parsimony and outgroup comparison of anatomical and physiological characters,
concluded that cyclostomes are paraphyletic (Løvtrup 1977). This view, which sug-
gests that lampreys are sister to the jawed vertebrates, is still accepted by those who
consider only lampreys and gnathostomes as vertebrates, with hagfishes considered
as non-vertebrate craniates (e.g., Nelson et al. 2016; see Docker et al. 2015).

Following the advent of molecular phylogenetics, multiple studies showed
renewed support for cyclostome monophyly (Stock and Whitt 1992; Kuraku et al.
1999; Delarbre et al. 2002; Furlong and Holland 2002). Cyclostome monophyly
is now also supported by the discovery of novel families of micro-RNAs that are
restricted to hagfishes and lampreys, as well as shared mechanisms of variable
lymphocyte receptor (VLR) development and programmed genome rearrangement
(Smith et al. 2009; Heimberg et al. 2010; Boehm et al. 2018). New evidence has
also begun to suggest that some characters lacking in hagfishes are likely to have
been lost, rather than to be missing ancestrally (Ota et al. 2011, 2013; Gabbott et al.
2016; Kuratani et al. 2016), further shifting support toward cyclostome monophyly.
Thus, whereas cyclostome paraphyly suggested that lampreys were the basal-most
group of extant vertebrates, cyclostome monophyly now indicates that lampreys and
hagfishes share this position (Docker et al. 2015). The use of hagfishes in develop-
mental studies is increasing, following a long “drought” caused by the difficulty in
obtaining hagfish embryos (Holland 2007; Ota et al. 2007), but the relative ease with
which lamprey embryos can be obtained and the genomic resources now available
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still make lampreys the ideal cyclostome model organisms for studying the origin
and development of vertebrate-specific traits.

6.2 Lampreys and Comparative Studies of Vertebrate
Evolution

Lampreys are popularly referred to as “living fossils” (Eisner 2003; McCauley et al.
2015). However, they cannot be considered as a direct proxy for the ancestral ver-
tebrate; since cyclostomes and gnathostomes diverged from a common ancestor
~500–600 million years ago (Janvier 1996; Hedges et al. 2015), lampreys are no
more closely related to this common ancestor than are the gnathostomes. Never-
theless, extant lampreys are remarkably similar in appearance to fossil lampreys
(Bardack and Zangerl 1968; Gess et al. 2006; Chang et al. 2014). In the Foreword to
Hardisty and Potter’s The Biology of Lampreys, Volume 1, Young pointed out that the
interest in lampreys among zoologists stems from the observation that “Lampreys
and hagfishes retain more features of the presumed ancestral craniate than do any
other members of the group” (Young 1971). However, as basal vertebrates, lampreys
contain characters that are defining for vertebrates, including an axial skeleton, tri-
partite brain complexity, placode-derived sensory ganglia, and neural crest cells and
their derivatives (Green and Bronner 2014; McCauley et al. 2015; Sugahara et al.
2016). As the sister taxon to gnathostome vertebrates, lampreys and hagfishes can
be used in comparative studies with model gnathostomes to differentiate the origins
of developmental mechanisms for characters that are shared among all vertebrates
from those that may be derived in gnathostomes. Each of these characters represents
an avenue of investigation for understanding vertebrate development and evolution.
Among these, development of the neural crest has gained perhaps the most inter-
est among evolutionary developmental biologists, owing to the hypothesized critical
importance of the neural crest for vertebrate origins (Gans and Northcutt 1983;
Trainor 2013; Green et al. 2015).

Early in the 21st century, the advent of new molecular, cellular, and genetic tools,
and their application to lamprey development, has led to increasing interest among
evolutionary developmental biologists investigating the evolutionary origin of many
vertebrate traits. The balance of this chapter provides an updated overview of the
contribution of lampreys to current understanding of the evolution of vertebrate
development. Topics are grouped into vertebrate characters informed by lamprey
developmental studies, and techniques available for exploitation. Finally, somemeth-
ods are presented to encourage use of lampreys as an evo-devo model in a modern
laboratory environment.
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6.2.1 Neural Crest Cells

The neural crest is a transient population of multipotent cells that migrate through
tissues of the early embryo and contribute or give rise to numerous derivatives critical
to vertebrate development. These include such defining features as the peripheral
nervous systemwith contributions to cranial ganglia, craniofacial cartilage, andmost
notably the jaws (Hall 1999; Le Douarin and Kalchiem 1999; Trainor 2013).

Since its discovery byWilhelm His in 1868 (Hörstadius 1950; His 1868), the neu-
ral crest has been of interest to embryologists and evolutionary developmental biol-
ogists due to its intimate link to the vertebrate transition from sedentary to predatory
lifestyles (Gans and Northcutt 1983). Over the past decade, increasing knowledge
of the neural crest induction process at the molecular and genetic level (discussed
below) suggests that the origin of neural crest cells predates vertebrates (Donoghue
et al. 2008). Critical support for this idea comes from the discovery and investigation
of rudimentary neural crest-like cells (NCLC) in urochordates (tunicates). In 2004,
Jeffery and colleagues discovered NCLC in the ascidian Ecteinascidia turbinata
that originate near the neural tube, undergo extensive migration, express the HNK-1
antigen, and differentiate into pigment cells (Jeffery et al. 2004). Subsequent stud-
ies showed that this cell line originates from mesoderm flanking the neural tube,
but nonetheless, expresses a host of key neural crest markers (Twist, AP2, FoxD,
and Myc) reminiscent of vertebrate neural crest cells (Jeffery 2006; Jeffery et al.
2008). Similarly, Abitua et al. (2012) identified a cephalic melanocyte lineage in
Ciona intestinalis. This cell line originates at the neural plate border, expresses neu-
ral crest specification genes (Id, Snail, Ets, and FoxD), and can be reprogrammed
into migrating “ectomesenchyme” by targeted missexpression of Twist driven by a
Mitf enhancer. More recently, it was shown that cells expressing the neural crest
transcription factors Snail, Msx and Pax3/7 in the caudal neural plate border in C.
intestinalis could migrate and differentiate into bipolar tail neurons, a cell population
that is strikingly similar to neural crest-derived spinal ganglia in vertebrates (Stolfi
et al. 2015).

While these studies reinforce the idea that a rudimentary neural crest gene reg-
ulatory network (NC-GRN) existed prior to the emergence of the neural crest, true
neural crest cells still remain a vertebrate innovation (Hall and Gillis 2013; Medeiros
2013; Green et al. 2015). Evidence to support this theory comes from lamprey devel-
opmental studies that employ molecular techniques. As a basal vertebrate, lampreys
possess a well-developed bona fide neural crest population, and although they lack
major neural crest derivatives, such as the jaws and sympathetic chain ganglia of
gnathostomes, lamprey neural crest development follows that of other vertebrates
(Johnels 1956; Horigome et al. 1999; Tomsa and Langeland 1999; McCauley and
Bronner-Fraser 2003). Limitations of earlier studies of lamprey neural crest devel-
opment, using purely descriptive or experimental embryology (Newth 1950, 1951;
Langille and Hall 1988), have been overcome by using molecular techniques. Inves-
tigations using lipophilic DiI-labeling experiments show that lamprey neural crest
cells take migratory routes similar to those seen in gnathostomes, with the exception
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of the migratory pattern of neural crest originating from the hindbrain, and timing
differences of migration into the presumptive pharyngeal region (Horigome et al.
1999; McCauley and Bronner-Fraser 2003; Green et al. 2017).

Gene expression studies laid the initial groundwork for comparisons to be made
between lamprey and gnathostome neural crest regulation (Tomsa and Langeland
1999; Myojin et al. 2001; Neidert et al. 2001; Meulemans and Bronner-Fraser 2002;
Meulemans et al. 2003). Subsequent studies used synthetic antisense morpholino
oligonucleotides (morpholinos) to assess the effects of knocking-down lamprey
neural crest specifier genes in the formation of cartilage of the pharyngeal arches
(McCauley and Bronner-Fraser 2006). Morpholinos have also been used in con-
junction with messenger RNA (mRNA) rescue experiments to carefully dissect the
lamprey NC-GRN (Sauka-Spengler et al. 2007; Nikitina et al. 2008).With the advent
of genome editing techniques (see Sect. 6.3.4), it is now possible to induce precise
mutations in targeted genomic regions in lamprey embryos to dissect the molecular-
genetic control of neural crest development (Square et al. 2015; Zu et al. 2016;
York et al. 2017). These studies revealed that the underlying NC-GRN is conserved
between lampreys and higher vertebrates, albeit with differences in the spatiotem-
poral expression of neural crest specifiers such as Twist and Ets1 (Sauka-Spengler
et al. 2007; Nikitina et al. 2008; Sauka-Spengler and Bronner-Fraser 2008a; Nikitina
and Bronner-Fraser 2009).

Lampreys, and in particular sea lamprey, are well suited for these studies due
to their relatively slow rate of development; fertilization to hatching occurs over
11 days (Piavis 1971), and neural crest migration can be observed by the 6th day of
development (McCauley and Bronner-Fraser 2003). This slower rate of development
allows for investigators to more precisely observe the timing of gene expression and
the effects of gene knockdown on putative gene targets, which may have otherwise
been missed in a more rapidly developing model system. The construction of the
lamprey neural crest gene regulatory network (NC-GRN) has also opened doors for
comparisons to bemade to invertebrate chordates (Yu et al. 2008).With release of the
lamprey genome (Smith et al. 2013, 2018), lampreys will continue to be a valuable
model for studying the evolution and diversification of neural crest cells (Green and
Bronner 2013).

6.2.2 Placodes

Like neural crest cells, the emergence of cranial placodes is central to the evolution
of vertebrate sensory systems (Gans and Northcutt 1983; Baker and Bronner-Fraser
1997). Despite the fact that the term “placodes” was coined by von Kupffer more
than a century ago (van Wijhe 1883; Beard 1885; von Kupffer 1891), much of our
understanding of placode development comes from recent studies. Cranial placodes
are transient ectodermal thickenings of columnar epithelial cells with defined bound-
aries that form in stereotypic regions of the vertebrate embryonic head. Together with
contributions from neural crest cells, placodes make contributions to numerous cra-
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nial paired sensory organs of the vertebrate embryo, including the nose, ears, eyes,
and sensory ganglia, as well as the lateral line system (Le Douarin 1986; Le Douarin
et al. 1992; Vogel and Davies 1993;Webb and Noden 1993; Northcutt 1996; Graham
and Begbie 2000). Much like the various derivatives of neural crest cells, individual
placode lineages that give rise to different derivatives are thought to have evolved at
different times (Baker and Bronner-Fraser 1997; Graham and Begbie 2000; Shimeld
and Holland 2000; Graham and Shimeld 2013).

Placode development has been studied in several vertebrate species including
zebrafish Danio rerio, African clawed frog Xenopus laevis, chick Gallus gallus
domesticus, and mouseMus musculus (Baker and Bronner-Fraser 2001). Vertebrate
placodal differentiation is thought to originate from a common pan-placodal pri-
mordium located at the border of the neural plate and future epidermis (Schlosser
and Northcutt 2000; Baker and Bronner-Fraser 2001; Noramly and Grainger 2002;
Schlosser 2002; Toro and Varga 2007). Initial differentiation requires the expres-
sion of general placode markers Six1/2, Six4/5 (sine oculis) and Eya (eyes absent)
families of transcription factors, while later expression of the Pitx, Sox, Dlx, Fox,
and Pax families of transcription factors is required for lineage-specific differen-
tiation (Schlosser 2005, 2006, 2010; Schlosser and Ahrens 2004; Ladher et al.
2010; Sato et al. 2012). Placode development has also been studied in urochordates
(Wada et al. 1998; Meinertzhagen and Okamura 2001; Manni et al. 2004; Mazet
et al. 2005; Gasparini et al. 2013; Abitua et al. 2015), cephalochordates (Manzanares
et al. 2000; Holland andHolland 2001; Kozmik et al. 2007;Meulemans and Bronner-
Fraser 2007; Schlosser 2017), and other invertebrates (Hill et al. 2010; Posnien et al.
2011; Schlosser 2015). A global comparison of these studies suggests that during the
course of chordate evolution, a pre-existing gene regulatory network for sensory epi-
dermal cell formation was co-opted for placode formation (Schlosser 2006; Bertrand
and Escriva 2011; Abitua et al. 2015; Schlosser 2016). From recent work in tuni-
cates, however, it is also possible that a “proto-placodal ectoderm” already existed
in the last common ancestor of tunicates and vertebrates (i.e., Olfactores), and was
subsequently elaborated upon during the evolution of early vertebrates (Abitua et al.
2015).

Lampreys possess sensory organs and cranial ganglia that are derived from pla-
codes as in higher vertebrates, and may provide key insights into the origin of such
placode-derived features as ears and the lateral line system, as well as developmen-
tal mechanisms important for origins of diplorhiny. Here we highlight the current
understanding of these features.

6.2.2.1 Lateral Line and Otic Placodes

Similar to gnathostomes, the lamprey lateral line contains both mechanosensory
neuromasts and electroreceptive epidermal “end bud” organs, suggesting that the
vertebrate acquisition of the lateral line predates the gnathostome-agnathan diver-
gence (Akoev and Muraveiko 1984; Gelman et al. 2007; Baker et al. 2013; Modrell
et al. 2014). The lateral line and ears together form the acoustico-lateralis system that
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originates from a common placode; a system that possesses mechanoreceptive hair
cells (Schlosser 2002; Gelman et al. 2007; Baker et al. 2013; Piotrowski and Baker
2014).While the otic placode is believed to be common to all chordates (Shimeld and
Holland 2000), its origin remains a mystery. In order to address questions regarding
vertebrate ear evolution, it is also important to understand the development of its crit-
ical components, namely hair cells and sensory neurons (Fritzsch and Beisel 2001),
all of which are derived from the otic placode (Barald and Kelley 2004; Fritzsch
et al. 2006). Recent studies using light and electron microscopy have shown that
tunicates possess secondary sensory cells located on the coronal organ that resemble
vertebrate hair cells, suggesting that hair cells originated in the chordate common
ancestor (Burighel et al. 2003, 2008; Manni et al. 2004, 2006; Caicci et al. 2007,
2010, 2013; Rigon et al. 2013, 2018).

The gnathostome inner ear is a complex sensory organ that is responsible for
hearing, balance, and spatial orientation in three-dimensional space. It is comprised
of the cochlea of the auditory system along with the semicircular canals and otolith
organs (utricle, saccule, lagena) of the vestibular system (Rinkwitz et al. 2001).
Angular acceleration causes the displacement of endolymph contained throughout
the three semicircular canals. This displacement is detected by mechanoreceptive
hair cells of the crista ampullaris located at the base of each canal. Therefore, each
semicircular canal detects a major axis of movement. Development of the verte-
brate inner ear begins during gastrulation as surface ectoderm that thickens to form
the otic placodes at either side of the neural tube (Rinkwitz et al. 2001). A signal-
ing cascade, involving fibroblast growth factors (FGFs), bone morphogenetic pro-
teins (BMPs), sonic hedgehog (Shh), and Wnts, has been described for otic placode
induction and inner ear morphogenesis (Chatterjee et al. 2010; Ladher et al. 2010;
Groves and Fekete 2012; Chen and Streit 2013; Kiernan 2013). Lamprey otic vesicle
development follows that of gnathostomes; however, lamprey ears possess only two
semicircular canals, as a third canal never seems to appear during development (Scott
1887; Shipley 1887; Richardson et al. 2010). The process of patterning and morpho-
genesis of the three semicircular canals from the dorsal otic placode is not fully under-
stood (Martin and Swanson 1993; Bok et al. 2007). Recent studies have shown that
Otx1 may account for all major differences between gnathostome and lamprey otic
vesicles, suggesting that lamprey ears may represent a primitive version of gnathos-
tome inner ears (Fritzsch et al. 2001; Hammond andWhitfield 2006). Further studies
have highlighted the importance of bmp2b and Wnt/β-catenin signaling specifically
during morphogenesis of semicircular canals in zebrafish and mice (Hammond et al.
2009; Rakowiecki and Epstein 2013), but this has yet to be examined in lampreys.

6.2.2.2 Nasohypophyseal Placode

Unlike gnathostomes, lampreys possess a single nostril (monorhiny) that develops
from a median domain of the rostral ectoderm called the nasohypophyseal placode
(Kleerekoper and Erkel 1960). The solid nasohypophyseal plate precludes the rostro-
medial growth of premandibular ectomesenchyme, which forms major components
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of the gnathostome jaw. It is therefore hypothesized that the heterotopic separation of
the nasal and hypophyseal placodes may have been a prerequisite to the emergence
of the jaw (Kuratani et al. 2001, 2013; Uchida et al. 2003; Kuratani 2005, 2012; Gai
et al. 2011; Oisi et al. 2013; Dupret et al. 2014).

Despite the evolutionary significance of placode-derived features, little is known
as to whether the developmental and molecular mechanisms of early placode devel-
opment are conserved between lampreys and gnathostomes. In gene expression stud-
ies, it was shown that placodes present in the developing lamprey embryo express
Dlx and Pax transcription factors, likely reflecting an ancient role of Dlx and Pax
genes in fate specification of placodes that extends to the base of vertebrates (Neidert
et al. 2001; McCauley and Bronner-Fraser 2002). The authors of a recent fate map
and gene expression analysis of cranial ganglia development in lamprey support this
notion by positing a combinatorial “Pax code” that governs formation and pattern-
ing of placode-derived elements of cranial sensory ganglia (Modrell et al. 2014).
Nonetheless, our current understanding of pan-vertebrate mechanisms of placode
development remains poor, and comparative analyses focusing on the evolution of
vertebrate placode development is therefore ripe for investigation using the lamprey
as a model.

6.2.3 Paired Appendages

Another key vertebrate innovation is the emergence of paired lateral appendages.
Lateral appendages are important for locomotive stability and sophisticated maneu-
vering (Breder 1926; Drucker and Lauder 2002). After over 150 years of research
(Owen 1849), the vertebrate limb has garnered a long standing interest from evolu-
tionary and developmental biologists (Coates 1994; Coates and Cohn 1999; Ruvin-
sky and Gibson-Brown 2000). Modern molecular techniques can now be used to
address questions regarding the evolutionary origin of vertebrate paired appendages
(Niswander 1997; Tickle 2003; Tanaka and Onimaru 2012; Adachi et al. 2016;
Gehrke and Shubin 2016). All gnathostomes possess paired appendages; the paired
sets of pectoral and pelvic fins in bony and cartilaginous fishes are homologous to the
forelimbs and hindlimbs of tetrapods, respectively (Carroll 1988; Shubin et al. 1997).
Snakes, caecilians, and eels have undergone secondary loss of paired appendages,
while someother aquatic species (e.g.,whales, dolphins, pufferfishes) have lost pelvic
fins that in some cases exist as vestigial structures (Cohn and Tickle 1999; Bejder
and Hall 2002; Tanaka et al. 2005; Don et al. 2013; Dial et al. 2015).

In contrast, lampreys are ancestrally limbless, having diverged from the rest of the
vertebrate lineage prior to the emergence of paired appendages over 360million years
ago, and represent the plesiomorphic condition limited to median fins (Donoghue
et al. 2000; Gess et al. 2006). A study by Freitas and colleagues shows the shared
expression of two genes implicated in limb development (Hox and Tbx) in both
median and paired fins of the developing catshark (Scyliorhinidae) (Freitas et al.
2006). These genes are also expressed in lamprey median fins, suggesting that the
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developmental mechanism responsible for the paired appendages of gnathostomes
may have its origins in the median fin of the ancestral vertebrate (Freitas et al.
2006). More recent analysis by Freitas et al. (2012) shows that hoxd13a activity
promotes distal proliferation of zebrafish fins, suggesting that the modulation of
5′Hoxd gene expression through novel enhancer elements may have facilitated the
evolution of fins. Similarly, work by Adachi et al. (2016) revealed that a highly
conserved gnathostome enhancer regulating expression of the limb specifier, Tbx5,
is not activated in lamprey embryos, providing strong evidence that cis-regulatory
turnover was seminal in establishing a limb outgrowth program in jawed vertebrates.
Further, analysis of the recently sequenced lamprey genome revealed a lack of the
long range cis-acting enhancer Shh appendage-specific regulatory element (ShARE),
which is required for limb-specific expression of Shh. The authors suggest that this
regulatory element required for patterning the anteroposterior axis of limbs evolved
independently in the gnathostome lineage (Smith et al. 2013). Finally, recent work
by Letelier et al. (2018) revealed that both median and paired fin development in
gnathostomes requires the activity of Shh, which is activated by a shared enhancer
(the so-called ZPA regulatory sequence, or ZRS). This suggests that paired fins may
have emerged in part by the co-option of this enhancer from a plesiomorphic function
in median fin development. Interestingly, however, the ZRS-mediated development
of fins appears to be a gnathostome innovation, as neither the ZRS enhancer, nor Hh
gene expression, is active in lamprey median fins (Letelier et al. 2018).

Comparative studies of lampreys have also elucidated our understanding of the
tissue context in which paired fins first appeared. In gnathostomes, the generation of
fin/limb buds from the somatic mesoderm (somatopleure) includes multiple develop-
mental steps. First, the lateral plate mesoderm divides into cardiac mesoderm (CM)
and posterior lateral plate mesoderm (LPM). Hox genes have been shown to play
a crucial role in defining the anterior-posterior axis of the LPM, where they show
nested expression in co-linear fashion (Ruvinsky and Gibson-Brown 2000). Second,
the LPM thickens before further splitting into the somatopleure and splanchnopleure.
Genes involved in the generation of fin/limb bud-forming fields are expressed in the
somatopleure, which gives rise to fin/limb buds that develop into paired appendages
(Logan 2003). Recent investigations reveal that although nestedHox gene expression
is present in the LPM of lamprey embryos, histological evidence shows that the LPM
does not split into the somatopleure and the splanchnopleure (Onimaru et al. 2011).
This is supported by lipophilic DiI-labeling showing that the somatopleure is elim-
inated during the course of lamprey embryonic development (Tulenko et al. 2013).
These results suggest that innovations of the nested Hox gene expression patterns in
the LPM and the formation of the somatopleure facilitated the emergence of fin/limb
buds after the agnathan-gnathostome transition. Future advancements of molecular
techniques will allow for the dissection of gene regulatory interactions in lampreys
to further our understanding of vertebrate paired appendage evolution.
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6.2.4 Skeleton

Vertebrate cartilage and mineralized bone are used for structural support, protec-
tion, and predation. Cartilaginous structures and cell types similar to that in verte-
brates have been found in a wide range of invertebrates (Cole and Hall 2004; Cole
2011). Although the degree of homology between invertebrate and vertebrate carti-
lage remains unclear, the gene regulatory network underlying cartilage development
is evolutionarily ancient, tracing back to the last common ancestor of all bilaterian
animals (Tarazona et al. 2016). The evolution of the vertebrate skeleton has long
been a subject of interest to biologists (Hertwig 1874; Kingsley 1894; De Beer 1924,
1937; Gadow 1933; Reif 1982; Smith and Hall 1990). In regards to the origin of
the vertebrae, a complex patterning of vertebrate somites creates separate compart-
ments that form the dermatome, myotome, and sclerotome. It is the ventromedial
somites (sclerotome) that give rise to the vertebrate axial skeleton. The mechanism
of vertebrate sclerotome induction involves an interplay between hedgehog signals
from the notochord and antagonistic Bmp signaling from more lateral mesoderm to
subdivide the somite (Shimeld 1999; Shimeld and Holland 2000; Christ et al. 2004).
Gnathostome vertebrae differentiate from the sclerotome, and consist of two axial
elements that form both dorsally and ventrally along the notochord (Goodrich 1930;
Janvier 1996).

While the spinal cord of lampreys is not ensheathed within a vertebral column,
they do possess neural crest-derived and sclerotome-derived axial cartilage nodules
dorsally along the notochord, which are thought to be homologous to gnathostome
vertebral elements (Tretjakoff 1927; Zhang 2009; Shimeld and Donoghue 2012).
Recently, sclerotome-derived axial cartilage nodules have been found in ventral
aspects of the notochord of the inshore hagfish Eptatretus burgeri (Ota et al. 2011,
2013; Kuratani et al. 2016). The evolutionary sequence that led to these cartilage nod-
ules in lampreys and hagfishes remains a mystery. Questions regarding the evolution
of skeletal tissues and their mineralization have also been addressed using lampreys
and hagfishes. Studies have shown that the cartilage of lampreys and hagfishes share
similar gene expression profiles (SoxD, SoxE, and Runx) with that of gnathostomes,
while additional studies in cephalochordates (amphioxus) suggest that a primitive
cellular cartilage program—and even bona fide cellular cartilage—predates verte-
brate origins (McCauley and Bronner-Fraser 2006; Zhang and Cohn 2006; Zhang
et al. 2006; Hecht et al. 2008;McCauley 2008; Ohtani et al. 2008;Wada 2010; Cattell
et al. 2011; Jandzik et al. 2015).

Lampreys are known to have structurally distinct cartilage types not found in
gnathostomes; elastin-like proteins known as lamprins serve as the major extracellu-
lar matrix component in contrast to that of gnathostome cellular cartilage composed
mainly of fibrillar collagen (Wright et al. 1983, 2001; Wright and Youson 1983;
Robson et al. 1993; Ohtani et al. 2008; Yao et al. 2008; Lakiza et al. 2011; Jandzik
et al. 2014). Lamprey craniofacial cartilage is composed of elements that support and
protect the brain, and also a viscerocranial skeleton made up of cartilage elements
that form a fused pharyngeal basket to support the seven gill arches and associated
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lamellibranchs (Martin et al. 2009; Jandzik et al. 2014). The lamprey trabecular
cartilage forms as paired cartilage rod-like elements that form laterally alongside
the adenohypophysis to support the brain (Johnels 1948; Langille and Hall 1988;
Kuratani et al. 2004; Martin et al. 2009).

Mucocartilage is another lamprey-specific type of cartilage that supports most of
the anterior head structures of the ammocoete larva (Martin et al. 2009; Yao et al.
2011).Whereas the elastin-like cartilage of the branchial basket supports the pharynx
and gill openings, mucocartilage supports the lamprey upper and lower lips, the
ventral pharynx, and the first and second arches. This histologically distinct cartilage
shares major similarities with gnathostome cellular cartilage in that it expresses
FGFR, RunxA, Barx, and Alx genes, and is patterned along the dorso-ventral axis
by endothelin signaling (Wright and Youson 1982; Cattell et al. 2011; Jandzik et al.
2014; Square et al. 2016a, b; Yao et al. 2011). Given their possession of diverse and
unique cartilage types, dissecting the genetic basis underlying the diverse cartilage
types in lampreys may elucidate our understanding of vertebrate skeletal evolution.

6.2.5 Articulated Jaws

The acquisition of articulated jaws during vertebrate evolution is thought to have led
to their explosive adaptive radiation (Gans and Northcutt 1983; Janvier 1996;Mallatt
1996). Advantages conferred by jaws include the improvement of the branchial res-
piration system via the musculature of the upper and lower skeletal elements, and the
ability to occupy entirely new niches via predation. The vertebrate head is comprised
of the neurocranium (dorsal), viscerocranium (ventral), and mandibular arch. With
the exception of the neurocranium, all of these structures are derived exclusively
from the neural crest (Noden 1988; Le Douarin and Kalchiem 1999). The develop-
ment of the jaw requires the dorsal-ventral subdivision of the embryonic rostral-most
pharyngeal arch, the mandibular arch (Kuratani and Ota 2008; Mallatt 2008). The
mandibular arch formed the palatoquadrate of the upper jaw and Meckel’s cartilage
of the lower jaw in ancient placoderm fish (Sienknecht 2013; Miyashita 2016; Zhu
et al. 2016).

The classic theory by Carl Gegenbaur postulated that evolution of the jaw and
hyoid arch was facilitated by the transformation of a rostral gill arch (Gegenbaur
et al. 1878; Gillis et al. 2013). Mallatt (1996) theorized that the original mandibular
arch first functioned in ventilation before moving rostrally towards the old mouth
to form a “new mouth.” Janvier (1996) hypothesized that the mandibular arch arose
throughmodification of the velar skeleton (found in cephalochordates and lampreys),
because the velar skeleton in extinct andmodern lampreys is comprised of articulated
upper and lower elements. While fossil intermediaries to support these theories are
lacking, Gegenbaur’s original theory is supported by molecular evidence to suggest
the importance of the Distal-less homologs,Dlx genes, in the dorso-ventral (DV) pat-
terning of the first pharyngeal arch, and ultimately in the evolutionary acquisition of
jaws (Simeone et al. 1994;Qiu et al. 1997;Depew et al. 2002; Panganiban andRuben-
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stein 2002; Gillis et al. 2013). The advent of the segmented branchial bars and jaws is
assumed to have occurred in the vertebrate lineage after the agnathan-gnathostome
divergence, and that gradual changes in the interaction between migrating neural
crest cells and surrounding pharyngeal tissues could account for the evolution of
the mandibular arch (Shigetani et al. 2002). Alternatively, a new hypothesis has been
proposed inwhich a differentiatedmandibular arch first appeared in stem vertebrates,
prior to the divergence of agnathans and gnathostomes (Miyashita 2016). Under this
scenario, the gnathostome jaw is thought to be derived from an already differen-
tiated mandibular arch by confinement and structural organization of mandibular
mesenchyme (Miyashita 2016). The mandibular confinement hypothesis is there-
fore fundamentally different from classical hypotheses for vertebrate jaw evolution,
which suggested that a differentiated mandibular arch (including articulated jaws)
was derived from an ancestrally homonomous (i.e., having similar structure) series of
pharyngeal arches. Regardless of exactly which scenario is correct, the differences
and similarities in pharyngeal development between lampreys and gnathostomes
make lampreys an attractive model for studying vertebrate jaw evolution (Kuratani
and Ota 2008; McCauley et al. 2015).

As discussed above, lampreys possess an upper lip, lower lip, first arch, and
second arch that consist of mucocartilage, and a fused branchial basket composed
of seven pharyngeal arches that consist of cellular cartilage. Studies have reported a
conserved nested pattern of Dlx expression in the pharyngeal arch of gnathostomes,
suggesting that a “Dlx code” was co-opted for the dorsoventral patterning of the
jaw during vertebrate evolution (Minoux and Rijli 2010; Talbot et al. 2010; Zuniga
et al. 2011; Medeiros and Crump 2012; Takechi et al. 2013). While initial studies
using lampreys showed expression of Dlx throughout the proximodistal axis of the
pharyngeal arches (Neidert et al. 2001; Kuraku et al. 2010), a subsequent study
showed a nested expression of Dlx genes, together with dynamic expression ofMsx,
Hand, and Gsc genes, along the dorsoventral axis of the lamprey pharyngeal arch
(Cerny et al. 2010). This suggests that the pharyngeal arch dorsoventral polarity
already existed in the vertebrate common ancestor (Medeiros and Crump 2012;
Square et al. 2016b). Furthermore, recent studies have reported the nested expression
of Dlx genes in the pharyngeal arch of elasmobranchs and paddlefish Polyodon
spathula (i.e., a basal actinoptergyian fish), suggesting a minimal degree of neo-
functionalization of Dlx genes over gnathostome evolution and further supporting
the theory of a pharyngeal arch-derived jaw by the cooption of an ancient “Dlx code”
(Compagnucci et al. 2013; Debiais-Thibaud et al. 2013; Takechi et al. 2013; Gillis
et al. 2013; Frisdal and Trainor 2014; Square et al. 2016b).

While these studies suggest that the core components of the dorsoventral pattern-
ing program already existed in a jawless vertebrate ancestor, several key differences
have also been noted. Key regulators of joint formation (Bapx and Gdf5/6/7) were
found to be missing in the rostral-most pharyngeal arch of lampreys, whereas Barx1,
which is a known repressor of joint formation, was expressed in the intermediate
first arch of lampreys (Cerny et al. 2010; Kuraku et al. 2010). Similarly, an analy-
sis of endothelin signaling in sea lamprey suggests that endothelin-mediated neural
crest patterning may have functioned ancestrally to broadly pattern the dorsoventral
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identity of posterior pharyngeal arches, and acquired a unique function in jaw joint
placement only in gnathostomes (Square et al. 2016a; Square 2017). These obser-
vations suggest that a pre-existing pharyngeal dorsoventral patterning program was
co-opted to work in conjunction with novel Bapx, Gdf5/6/7, Barx1 and Endothe-
lin expression domains to give rise to articulated jaws (Medeiros and Crump 2012;
Nichols et al. 2013). Given the current level of understanding, further investigations
are required in order to establish a precise evolutionary relationship between lam-
prey and gnathostome Dlx/Msx/Hand/Endothelin dorsoventral patterning programs,
and to determine the functional roles of Bapx, Gdf5/6/7, and Barx1 during lamprey
skeletal development.

6.2.6 Myelination of Vertebrate Nerves

The axons of gnathostome vertebrate nerve cells are capable of high velocity salta-
tory conduction due to the insulation provided by myelinated membranous sheaths
that surround them. Myelination may have enhanced predatory abilities and escape
response times in early vertebrates (Gans and Northcutt 1983; Ritchie 1984; Zalc
and Colman 2000; Salzer and Zalc 2016). Consistent with this notion, recent work
has demonstrated that chondrichthyans have true myelinated axons, and histological
analysis of fossil impressions suggests that myelin may have originated in placo-
derms and other stem gnathostomes (de Bellard 2016; Zalc 2016). Interestingly,
however, myelinated axons are absent in lampreys (Bullock et al. 1984).

In the peripheral nervous system (PNS), axons are ensheathed by myelinating
Schwann cells that originate from neural crest cells (Geren 1954; Dupin et al. 1990;
Le Douarin et al. 1991; Salzer and Zalc 2016). Schwann cell development involves
three phases; migrating neural crest cells give rise to precursor Schwann cells; these
give rise to immature Schwann cells; and finally, Schwann cells mature into myeli-
nating and non-myelinating Schwann cells (Jessen and Mirsky 2005). Myelination
requires the continuous contact and interaction between axons and Schwann cells,
whereby axonal cues such as neuregulin-1 (Nrg1) are detected by the ErbB family
of tyrosine kinase receptors located on Schwann cells (Meyer et al. 1997; Jessen and
Mirsky 2005). Nrg1 type-III binding to ErbB2/3 receptors activates signal transduc-
tion cascades that are essential for myelination of axons (Lemke and Chao 1988;
Leimeroth et al. 2002; Taveggia et al. 2005; Nave and Salzer 2006; Brinkmann
et al. 2008; Birchmeier 2009; Newbern and Birchmeier 2010). One study has also
highlighted the function of a G-protein coupled receptor, Gpr126, that plays a role
during development in elevating cAMP levels in Schwann cells after axonal contact
to trigger myelination (Monk et al. 2009).

Tetrapod peripheral myelin is characterized by the presence of highly compact
regions held together by cell-cell adhesion transmembrane proteins identified as
myelin protein zero (P0). P0 is encoded by the myelin protein zero (mpz) gene. The
extracellular domain of P0 adheres to other P0 molecules across the extracellular
matrix at cell-cell interfaces (Lemke et al. 1988). Myelin is generally considered
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to be a vertebrate innovation, although myelin-like sheaths that appear to be struc-
turally and functionally similar have arisen independently in crustaceans and annelids
through convergent evolution (Waehneldt 1990; Roots 2008). The initial steps in the
evolution of myelin may have incorporated a homophilic P0 analog to achieve an
early version of an electrical seal between glial and axonal membranes (Hartline
and Colman 2007). While P0 is not essential for peripheral myelination due to its
functional redundancy with Pmp2 (peripheral myelin protein 2), it is thought to have
been a key molecule for the emergence of myelin within the gnathostome lineage
(Nawaz et al. 2013).

There are no extant species or fossil records that exhibit the primitive condition
of myelination (Hartline and Colman 2007). However, while lampreys and hagfishes
do not possess myelin, they do possess axon-neighboring glial cells that maintain
close cellular contact (Bullock et al. 1984) and show P0 immunoreactivity in the cen-
tral nervous system (Waehneldt et al. 1987). Furthermore, analysis of the lamprey
genome revealed the presence of a number of genes associated with myelin forma-
tion, including Pmp22 (peripheral myelin protein 22),Mpz (myelin protein zero, P0),
Mbp (myelin basic protein), Plp (myelin proteolipid protein),Mal (myelin and lym-
phocyte protein), and Myt1l (myelin transcription factor 1-like) (Smith et al. 2013).
Originally, the authors of this study suggested two evolutionary scenarios: (1) the
ancestral vertebrate already possessed the molecular components of myelination and
these were adapted by glial cells to form myelin in the gnathostome lineage, or alter-
natively, (2) the ancestral vertebrate possessed oligodendrocyte-like glial cells that
were secondarily lost in the lamprey lineage (Smith et al. 2013). However, a follow-
up study on some of these putative myelin-specific gene orthologs casts doubt on
their identity. For example, the so-called Mbp gene in the sea lamprey genome was
unlikely to be a homolog to gnathostome Mbp, and instead was more likely to be a
gene-of-the-oligodendrocyte-lineage (GOLLI) family member (Werner 2013). This
reinforces the notion that myelin, along with a myelin gene regulatory program,
likely first appeared in gnathostomes (Werner 2013).

6.2.7 Adaptive Immunity

Lampreys have provided recent insights into evolution of the vertebrate adaptive
immune system (Pancer et al. 2004, 2005; Alder et al. 2008; Guo et al. 2009;
Kasamatsu et al. 2010; Litman et al. 2010; Boehm et al. 2012). Adaptive immu-
nity in vertebrates is characterized by the presence of two types of lymphocytes,
B-cells derived from bone marrow and equivalent tissues, and T-cells that develop in
the thymus. B-cells produce billions of unique immunoglobulin proteins (antibodies)
that recognize and bind foreign antigens. T-cells interact with cells that express a for-
eign antigen at their surface to elicit an immune response, dependent on expression
of T-cell receptors (TCRs). The diversity of antibodies and TCRs are both dependent
on activity of recombination-activating gene (RAG) proteins (Nagaoka et al. 2000;
Cannon et al. 2004).
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Over the past decade, independent emergence of adaptive immunity has been
demonstrated in agnathans, where variable lymphocyte receptors (VLRs) are
encoded at three discrete loci in the lamprey genome, known as VLRA, VLRB and
VLRC (Das et al. 2013; Sutoh and Kasahara 2016; Boehm et al. 2018). Interestingly,
these three VLR paralogs have also been identified in hagfish, further strengthen-
ing cyclostome monophyly (Pancer et al. 2005; Li et al. 2013; Holland et al. 2014).
VLR-based adaptive immunity is similar to the TCR receptors of gnathostome verte-
brates in that VLR assembly involves genetic rearrangement dependent on a cytosine
deaminase (CDA) instead of RAG (Rogozin et al. 2007; Sutoh and Kasahara 2016;
Boehm et al. 2018). Though these two systems arose independently in agnathans
and gnathostomes, their functions depend on the activity of lymphocytes in both
groups, suggesting that the evolution and development of adaptive immunity was
likely dependent on cell regulatory networks present in the vertebrate common ances-
tor (Rast and Buckley 2013; Boehm et al. 2018). Thus, it seems that the presence of
distinct T-cell and B-cell lineages for immune function may in fact be an ancestral
feature for vertebrates. On the other hand, ability to undergo somatic diversifica-
tion of numerous antigen receptor genes appears to have evolved independently in
agnathans and gnathostomes (Boehm et al. 2018). Going forward, comparative inves-
tigations of the sea lamprey genome (Smith et al. 2013, 2018) with gnathostomes
may provide additional insight into the evolution of the vertebrate adaptive immune
system.

6.2.8 Programmed Genome Rearrangement

One of the assumptions in genome biology is that the large-scale structural preser-
vation of an organism’s genome is essential for proper genomic function, which in
turn maintains normal development, physiology and behavior. And yet, there are a
handful of metazoan species that contradict this expectation. Groups as diverse as
copepods (phylum Arthropoda), roundworms (phylum Nematoda), ciliates (phylum
Ciliophora), hagfishes, zebra finch Taeniopygia guttata, and the bandicoot Isoodon
macrourus (a marsupial mammal), all appear to undergo large-scale changes in the
structural organization of their genomes, a phenomenon termed programmed genome
rearrangement, PGR (Sémon et al. 2012; Smith 2018; and references therein). In
2009, Smith and colleagues described PGR for the first time in the sea lamprey
(Smith et al. 2009), and have recently found that PGR occurs in other lamprey species
(Timoshevskiy et al. 2017). Remarkably, lampreys jettison ~20% of their germline
genome from somatic cell lineages, with many of these eliminated fragments being
hundreds of thousands of base pairs in length, and potentially include entire chro-
mosomes (Smith et al. 2012, 2018). At the cellular level, some of these fragments
appear to be marked for elimination by specific epigenetic tags (Timoshevskiy et al.
2016). Once marked, these fragments do not migrate in synchrony with the rest
of the somatic genome and are subsequently packaged into small organelles and
ejected from the dividing cells. Follow-up studies employing gene ontology analy-
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sis have found that the majority of the eliminated genomic sequences during PGR
are related to germline development and pluripotency (Bryant et al. 2016). Recent
completion of the sea lamprey germline genome has further revealed that many of
these eliminated genomic regions are typically shut down during development in
jawed vertebrates by the polycomb repressive complex (PRC) of proteins, rather
than by means of PGR (Smith et al. 2018). This raises the interesting possibility
that the common developmental goal of targeted gene silencing during development
may have evolved by very different molecular and cellular mechanisms in jawed and
jawless vertebrates: PGR-mediated silencing in lampreys (Smith et al. 2018), and
PRC-mediated silencing in jawed vertebrates. Functional analysis of genome rear-
rangement during lamprey embryogenesis will help shed light on exactly how PGR
may influence developmental-genetic programs in lampreys and how this compares
with similar mechanisms of gene silencing in gnathostomes.

6.3 Techniques to Study Lamprey Development

Over the past few decades, numerous experimental techniques developed for use in
model vertebrates have been adapted for use in lampreys. These techniques have
contributed to our understanding of the basic developmental biology of lampreys,
and coupled with classical observations of lamprey development (Schultze 1856;
Scott 1887; Koltzoff 1902; Damas 1944), demonstrate that development across the
few species that have been observed is strikingly similar, often with species-specific
differences being related to differential timing of developmental events (Damas 1944;
Tahara 1988;Kuratani 1997;McCauley andBronner-Fraser 2002).Herewe highlight
some of the experimental techniques that have been adapted for use with lampreys
and have been critical for gaining insight into the evolution and development of
vertebrates.

6.3.1 Extirpation, Ablation and Transplantation

A classical technique, first used in the 19th century, has been to remove a cell or
cells of interest to determine how an embryo develops in their absence, or how the
cells develop in isolation (Chabry 1887). This information can be used to determine
the necessity of specific cells during development. Extirpation of embryonic tissue
and removal, coupled with transplantation of cells to a foreign environment, has also
been used to determine the contribution and requirement for specific populations of
cells during development. Transplantation experiments, especially, have the power
to reveal if tissues are competent to differentiate under heterotopic conditions and
are useful in determining if mechanisms that regulate development are conserved
across the agnathan-gnathostome divergence. This information can be used to infer
timing of the evolutionary origin of particular developmental mechanisms.
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Ablation and transplantation of lamprey tissues were first described in a series of
experiments conducted in the 1950s in which David Newth removed specific neural
crest populations from embryos of the European brook lamprey (Newth 1950, 1951,
1956). Ablation resulted in a reduction in the size of cranial nerves, suggesting a
neural crest contribution to cranial ganglia. Extirpation was less informative on crest
contribution to the head skeleton; Newth (1951) found no reduction in development
of the head skeleton, suggesting the possibility of a mesodermal origin for the lam-
prey viscerocranial skeleton. However, subsequent experiments in which lamprey
neural crest was transplanted into a urodele host resulted in the formation of carti-
lage nodules originating from the lamprey cells, while extirpation of cranial neural
crest resulted in absence of the branchial basket (Newth 1956). This result was sub-
sequently confirmed by Langille and Hall (1988), supporting the neural crest origin
of the lamprey pharyngeal skeleton. Similarly, ablation of the dorsal neural tube in
lamprey byMcCauley and Bronner-Fraser (2003) confirmed a neural crest origin for
cranial melanocytes, and a more recent study involving neural tube ablation in lam-
prey demonstrated a trunk neural crest origin of enteric neurons (Green et al. 2017).
These extirpation and heterospecific transplantation experiments suggested that the
neural crest origin of the vertebrate viscerocranial skeleton predates the divergence
of agnathans and gnathostome vertebrates.

6.3.2 Pharmacological and Implant Techniques

Implantation of protein-soaked beads into the lamprey embryo has been used to
determine if signaling cascades present in vertebrate development are likely to
be conserved in lampreys (Shigetani et al. 2002). When beads soaked in either
bone morphogenetic protein 4 (BMP4) or fibroblast growth factor 8 (FGF8) were
implanted into the oral region of developing Arctic lamprey, both proteins were able
to upregulate endogenous lamprey putative target genes. This suggests that epithelial-
mesenchymal interactions important for oral development in gnathostomes are likely
to also occur in lampreys, in spite ofmorphological differences in these groups. How-
ever, a heterotopic shift in epithelial-mesenchymal interactions among lampreys and
gnathostomes is likely to account for observed differences in the expression domains
of conserved genes (Shigetani et al. 2002).

The application of pharmacological agents has also been used to decipher devel-
opmental events. The application of Retinoic Acid (RA) has been shown to affect
Hox gene expression, resulting in anteroposterior transformation of rhombomere
identity in the vertebrate hindbrain (Morrisskay et al. 1991; Conlon and Rossant
1992; Wood et al. 1994; Hill et al. 1995; Lopez et al. 1995; Alexandre et al. 1996).
Murakami et al. (2004) usedRA treatment onArctic lamprey to suggest that position-
ing of branchial motoneurons is coordinated with Hox gene expression in common
with other vertebrates. Similarly, pharmacological inhibition of endothelin signal-
ing in lamprey embryos by Bosentan treatment revealed that the first pharyngeal
arch in lampreys is patterned by Endothelin-mediated signaling, a mechanism sim-
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ilar to that which patterns the gnathostome jaw (Yao et al. 2011). This suggests
that vertebrate jaw evolution was not driven by novel deployment of Endothelin
signaling, but rather by changes in downstream programs (Yao et al. 2011). In a
study on the evolution of FGF-mediated signaling in vertebrate pharyngeal arch
development, incubation of lamprey embryos in the FGF inhibitor SU5402 resulted
in impaired pharyngeal pouch outpocketing, reduction of cartilage gene expression
markers (SoxE1, Endothelin Receptor2), and loss of alcian-blue staining cellular
cartilage. This work suggests that FGF-mediated signaling during neural crest and
pharyngeal arch development dates back to the last common vertebrate ancestor
(Jandzik et al. 2014). In another study on evolution of patterning in the vertebrate
forebrain, roles of hedgehog (Hh) and FGF signalingwere tested using pharmacolog-
ical inhibitors specific for Hh (cyclopamine) and FGF (SU5402) activity (Sugahara
et al. 2011). Among vertebrates, the Hh paralog, Sonic Hedgehog (Shh), is expressed
in prechordal mesoderm and is involved in dorsoventral patterning of the overlying
telencephalon (Gunhaga et al. 2000; Fuccillo et al. 2004; Danesin et al. 2009). When
Hh signaling was blocked in the lamprey using the inhibitor cyclopamine, the ven-
tral telencephalon was reduced in size while the dorsal region was enlarged. There
was also ventral expansion in expression of the dorsal specifier genes Pax6 and Gli.
These results suggest that dorsoventral patterning mechanisms of the telencephalon
that involve hedgehog signaling may be conserved among vertebrates.

6.3.3 Lineage Tracing

Fate map studies are useful for understanding the developmental origins of tissues.
Fate maps can be created by using lineage tracers to mark cells of interest, and
following their developmental progression. Early studies used dyes placed on the
surface of embryos to record cell movements (Vogt 1925).Modern lineage tracers are
often fluorescent dextrans that can be injected into a cell and are large and/or charged
and therefore unable to pass through the cell membrane. Other fluorescent dyes are
lipophilic and incorporate into the cell membrane. DiI is a lipophilic fluorescent dye
that has been used to follow cells for long term cell tracing both in vivo and in vitro
(Honig and Hume 1986; Markus et al. 1997).

Several studies have used fluorescent dyes to examine the contributions of cranial
neural crest to development of the lamprey head (Horigome et al. 1999; McCauley
andBronner-Fraser 2003;Martin et al. 2009; Häming et al. 2011;Modrell et al. 2014;
Green et al. 2017). McCauley and Bronner-Fraser (2003) used DiI to demonstrate
that while lamprey cranial neural crest cells migrate along three pathways, as in
other vertebrates, the migration of neural crest into the presumptive branchial arches
to form the pharyngeal skeleton, or branchial basket, occurs prior to formation of
pharyngeal pouches such that presumptive skeletogenic neural crest cells are able
to migrate along the rostrocaudal axis. Martin et al. (2009) used DiI-labeling to
demonstrate the contribution of cranial neural crest to cartilage bars of the lamprey
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branchial basket, confirming previous extirpation and transplantation studies (Newth
1956; Langille and Hall 1988).

Amonggnathostomes, pouch formation occurs prior to neural crestmigration such
that cells migrating into a specific pouch are prevented frommigrating along the ros-
trocaudal axis, and are thus limited in their contribution to the pharyngeal skeleton,
dependent on their location along the rostrocaudal axis. In the lamprey, neural crest
cells migrating into the pharyngeal region are not initially restricted in their rostro-
caudal movements, and may not be restricted in their potential to contribute to the
branchial skeleton. Instead, these cells may be able to contribute to any skeletal rod
that arises within the pharyngeal pouch that forms surrounding their current loca-
tion following neural crest migration (McCauley and Bronner-Fraser 2003). Results
from these DiI-labeling experiments suggested that the morphology of the lamprey
branchial basket may not depend on the identity of specific cells contributing to a
particular skeletal rod. Instead, this may suggest a key difference from gnathostomes
where the identity of cells forming the pharyngeal skeletal elements may be crucial
since these elements give rise to morphologically distinct skeletal structures along
the rostrocaudal axis.

Häming and colleagues also used DiI labeling to examine the contribution of
trunk neural crest in the developing sea lamprey (Häming et al. 2011). They showed
that trunk neural crest cells form dorsal root ganglia, but there does not appear to be
ventral migration of these cells to form sympathetic ganglia. Thus, previous reports
that lampreys do not contain sympathetic chain ganglia (Nicol 1952) are supported
by modern lineage tracing methods. Lineage tracing has the potential to inform on
the developmental origin of numerous characters in the lamprey that may be key
features for understanding vertebrate evolution.

More recent fate mapping studies in the Baker and Bronner laboratories have
extended our understanding of neural crest development in lampreys (Modrell et al.
2014; Green et al. 2017). Modrell et al. (2014) used DiI to trace cranial ganglia
development in lamprey and found that lamprey cranial ganglia appear to be pat-
terned by a combinatorial “Pax code” and receive contributions from both neural
crest and placode cells, similar to gnathostomes. Until recently, relatively little was
known about the role of trunk neural crest cells during lamprey development. By
combining DiI lineage tracing experiments with ablation experiments, Green et al.
(2017) demonstrated that lampreys appear to lack a vagal neural crest population,
which in gnathostomes contributes neural crest cells to the heart and gut. Moreover,
it was found that caudal trunk neural crest cells in lampreys can form enteric neurons,
just like gnathostomes, yet these cells may populate the agnathan gut in a way that is
quite different from gnathostomes (Green et al. 2017). This points to a gnathostome
origin for vagal neural crest cells and a new scenario for the stepwise acquisition
of specialized neural crest sub-populations along the vertebrate anteroposterior axis
(Green et al. 2017).
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6.3.4 Molecular Tools

Prior to sequencing of the sea lamprey genome (Smith et al. 2013), identification
of lamprey gene sequences required either screening genomic or complementary
DNA (cDNA) libraries using heterologous probes, or by polymerase chain reaction
(PCR) amplification of lamprey gene fragments using degenerate oligonucleotides.
With the availability of the sea lamprey genome, identification and isolation of gene
sequences has been simplified. Availability of lamprey gene sequences will facili-
tate the development of molecular and genetic tools to investigate the evolution of
developmental gene networks in lampreys.

6.3.4.1 Detecting mRNA

Wholemount In Situ Hybridization

In situ hybridization is a tool that is used to determine the spatiotemporal pattern of
genes expressed during development, and has been especially useful for evo-devo
studies. In situ hybridization methods have been adapted for use in at least three
lamprey species (sea lamprey, Arctic lamprey, and European river lamprey), and have
allowed investigators to infer important insights into the evolution of developmental
mechanisms in early vertebrates (Swain et al. 1994; Tomsa and Langeland 1999;
Ogasawara et al. 2000; Myojin et al. 2001; Murakami et al. 2001; Boorman and
Shimeld 2002; Derobert et al. 2002; McCauley and Bronner-Fraser 2002, 2006;
Zhang et al. 2006; Sauka-Spengler et al. 2007; Nikitina et al. 2009c; Rahimi et al.
2009; Lakiza et al. 2011; Sugahara et al. 2015). In one important study, Guèrin
et al. (2009) determined the developmental expression patterns of 43 genes in the
developing forebrain and compared these to model organisms to show that while
conserved expression patterns likely reflect features shared among all vertebrates,
expression pattern differences pointed to possible changes in signaling mechanisms
that were likely important in the evolution of the forebrain.

Additionally, there is evidence that sequences isolated from sea lamprey may in
some cases cross-hybridize to sequences from other lampreys. For example, a ribo-
probe constructed from a sea lamprey Pax3/7 gene sequence was found to hybridize
tomRNA inArctic lamprey embryos,while amuscle actin probe fromArctic lamprey
cross-hybridized to transcripts in sea lamprey (Kusakabe et al. 2004; McCauley and
Bronner-Fraser 2006). Guèrin et al. (2009) also found that heterologous riboprobes
generated fromEuropean river lamprey and sea lamprey were able to cross-hybridize
to produce identical and specific signals. These observations of cross-hybridization
are consistent with conserved gene sequences for these targets and relatively recent
divergence times between sea lamprey and the other two species (~16 million years;
Kumar et al. 2017).
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Quantitative Real Time PCR

Quantitative real time qPCR has also been used to demonstrate relative changes in
gene expression levels following gene perturbation. Lakiza et al. (2011) showed that
morpholino-induced knockdown of SoxE genes in sea lamprey resulted in reduced
expression of the cartilage effector protein, Col2a1, confirming that SoxE regulation
ofType II collagen is conserved amongagnathan andgnathostomevertebrates (Zhang
et al. 2006). While the cartilage found in lampreys is dependent on the presence of
elastin-like lamprey-specific lamprin proteins (Wright andYouson1983;Wright et al.
1988, 2001; Robson et al. 1993, 2000; McBurney et al. 1996), these results suggest
that SoxE-dependent chondrogenic mechanisms likely arose prior to the divergence
of agnathans and gnathostome vertebrates.

6.3.4.2 Genetic Tools

Due to their long lifespan and semelparous mode of reproduction (Cole 1954), lam-
preys are not amenable to classical “Mendelian” forward genetic studies to deter-
mine the roles of genes with developmental importance. Since lampreys die soon
after spawning, germline transmission of gene constructs is not practical for estab-
lishing stable germline transgenic animals. In addition, there is an interval of at least
5 years between embryogenesis and reproduction (Potter et al. 2015). These biolog-
ical constraints have limited the use of genetics as a tool to understand their biology.
However, molecular tools that have been developed in other model organisms have
been adapted for use in lampreys and have been particularly useful for evo-devo stud-
ies. In the following section, we highlight how several modern molecular tools have
been adapted for use in lampreys to provide insight into the evolution of vertebrate
development.

Transgenesis

Transgenesis is the technique of introducing exogenousDNA into an organism, either
to determine the spatiotemporal expression of a gene through the use of an enhancer-
reporter construct, or to introduce a gene sequence that will produce a phenotypic
effect. Transgenesis may be transient, in which expression of the transgene is limited
to somatic cells, such that phenotypic effects are manifest only within organisms
undergoing the transgenesis procedure. Alternatively, germline transgenesis involves
incorporation of the exogenous sequence into the germ line of an organism such that
the transgene is heritable. Germline transgenics can be maintained as stable lines for
genetic analyses.

With the advent of reverse genetic techniques for developmental studies, lam-
preys have become more tractable as an evo-devo model. Kuratani’s group was the
first to show that transient transgenic lampreys could be made to express a green
fluorescent protein (GFP) reporter gene under the control of a gene-specific (actin)
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promoter (Kusakabe et al. 2003). More recently, a gene reporter assay was optimized
for use in lampreys, which is especially useful for analyzing the potential activity
of genomic cis-regulatory elements (Parker et al. 2014a). This technique was used
with great success to show that a Hox-mediated gene regulatory network specifying
rhombomere identity in the hindbrain is conserved between lampreys and gnathos-
tomes (Parker et al. 2014b). The forced expression of genes under tissue-specific
promoters, as well as tests for conservation and/or divergence of cis-regulatory ele-
ments, has the potential to broaden understanding of evolutionary changes in the
developmental roles of genes and gene regulatory networks (Sauka-Spengler et al.
2007; Sauka-Spengler and Bronner-Fraser 2008a).

Gene Knockdown and Knockout

Gene knockdown is an experimental technique that has been adapted for use in lam-
preys and is useful for understanding the developmental roles of specific genes in an
evolutionary context (McCauley and Bronner-Fraser 2006; Lakiza et al. 2011). Gene
knockdown techniques are examples of “reverse genetics” in which genes of interest
are perturbed in function by preventing accumulation of specific protein products in
order to determine the phenotypes that arise from specific gene sequences. Two such
knockdown techniques that have been used in lampreys include microinjection of
morpholinos and RNA interference (RNAi).

Morpholinos are synthetic oligonucleotides that disrupt translation initiation of
the mRNAmessage, or alternatively can be engineered to disrupt proper splicing of a
pre-messsenger RNA sequence. McCauley and Bronner-Fraser (2006) first showed
that morpholinos could be used in lampreys to perturb a specific gene of interest
(SoxE1) that is required for development of the cartilaginous branchial basket. Lakiza
et al. (2011) used morpholinos to show that closely related gene duplicates (SoxE1,
SoxE2 and SoxE3) maintain specific roles during development of the craniofacial
skeleton. Sauka-Spengler and colleagues used morpholino knockdown of key gene
sequences to demonstrate that a neural crest gene regulatory network is present in
lampreys, indicating that the NC-GRN predated the divergence of agnathan and
gnathostome vertebrates (Sauka-Spengler et al. 2007; Sauka-Spengler and Bronner-
Fraser 2008a, b). By taking advantage of the slow development of lamprey embryos,
morpholinos have also been used to tease apart some of the earliest stages of neural
crest development in agnathans (Nikitina et al. 2008).

RNA interference (RNAi) is an endogenous intracellular mechanism to regulate
gene expression via the targeted degradation of specific mRNA transcripts (Mello
and Conte 2004). RNAi has gained widespread use as a tool for understanding gene
function and has recently been shown to perturb lamprey development (Heath et al.
2014). Investigated as a possible species-specific tool for use in sea lamprey control
measures in the Great Lakes, small interfering RNA (siRNA) sequences injected into
lamprey embryos were found to reduce target transcript levels by more than 50%
(Heath et al. 2014). In the same study, it was also found that delivery of siRNA to
lamprey larvae via feeding caused increased mortality. Further advances in RNAi
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technology as a tool for understanding lamprey development may provide important
new insight into the evolution of vertebrate developmental mechanisms.

In contrast to gene knockdown via morpholinos or RNAi, recent advances in
genetic technology have allowed researchers for the first time to precisely induce
transient or trans-generational changes to an organism’s genome. Although sev-
eral approaches were initially developed along these lines (e.g., TALEN, zinc-finger
nucleases), theCRISPR/Cas9 systemhas emerged as themost effective, cost-efficient
and adaptable means by which to alter genomic DNA (Kunin et al. 2007; Urnov
et al. 2010; Joung and Sander 2013; Ran et al. 2013; Doudna and Charpentier 2014;
Sander and Joung 2014). Based on a relatively simple experimental design, it is
now possible to use CRISPR/Cas9 technology to probe gene function in both stan-
dard animal models and non-traditional models, including lampreys. Given its rela-
tive ease of implementation, cost-effectiveness, and the ability to efficiently induce
direct genomic modifications, the CRISPR/Cas9 system has gradually replaced mor-
pholino and RNAi technology as the first choice for investigations of gene function
and is quickly becoming an indispensable technique in the experimental toolkit of
developmental biologists.

The Medeiros laboratory was the first to successfully demonstrate the application
of CRISPR/Cas9 in lamprey embryos (Square et al. 2015). They first targeted the
genomic coding sequence of Tyrosinase (Tyr), an enzyme that catalyzes the pro-
duction of melanin in pigment cells (Square et al. 2015). By disrupting Tyr, they
obtained a relatively high number of albino larvae and linked these phenotypes to
mutations at the targetedTyr locus (Square et al. 2015). Itwas then shown that targeted
genomic disruptions via CRISPR could be easily extended to other loci, including
FGF8/17/18, the mutation of which resulted in reduced expression of SoxE1 and
Mef2 in pharyngeal chondrocytes and muscle, respectively (Square et al. 2015).
Similarly, Weiming Li and colleagues showed the versatility of the CRISPR/Cas9
system in lamprey embryos by efficiently inducing indels in theGolden (gol)Kctd10,
Wee1, SoxE2, and Wnt7b loci (Zu et al. 2016). The McCauley laboratory recently
used CRISPR in lamprey embryos to test the functional role of the Snail gene during
neural crest development and found that Snail was essential for activation of genes
governing early neural crest migration and the formation of neural crest derivatives
including cranial sensory neurons and head skeleton (York et al. 2017). These early
studies demonstrate the power of the CRISPR/Cas9 system for investigating gene
function in lamprey embryos.

6.4 Laboratory Culture of Sea Lamprey Embryos

One of the impediments to the widespread use of lampreys as a model for evo-devo
research has been the relative difficulty in obtaining embryos for research purposes.
Many lamprey species appear to be in decline, making the collection of spawning
adults either impractical, or impermissible (Renaud 2011; Maitland et al. 2015).
While sea lamprey are abundant in certain locations, their spawning season along
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the Atlantic coast and throughout the Great Lakes occurs over a brief period in the
spring. Historically, raising lamprey embryos from newly fertilized eggs to the pro-
ammocoete burrowing larval stage (Piavis 1961, 1971) has been tedious, requiring
daily care in order to maintain healthy embryos. Culture methods used by Piavis
and colleagues were sufficient to raise several hundred embryos in a monolayer on
the bottom of a single dish for use in small-scale experiments (Piavis 1961; Smith
et al. 1968; Piavis and Howell 1969; Piavis et al. 1970). However, as the importance
of lampreys has increased as a model for understanding the evolution of vertebrate
developmental mechanisms (Shimeld and Donoghue 2012; McCauley et al. 2015),
methods are needed for cultivating larger numbers of embryos from the tens of thou-
sands of eggs that can be obtained from an individual female sea lamprey (Hardisty
1971; see Chap. 1). In the following section, we describe techniques to obtain spawn-
ing adults, and to fertilize and rear large numbers of sea lamprey embryos under ordi-
nary laboratory conditions. Additional methods to culture embryos of other lamprey
species are provided in this volume by Moser and colleagues (see Chap. 2).

6.4.1 Procurement of Spawning Adults

Several methods have been used to obtain sea lamprey gametes from spawning adult
animals in the United States and Canada. During the spawning season, it is possible
to collect adult sea lamprey directly from nests, return to the laboratory, and obtain
eggs and sperm for artificial in vitro fertilization. Embryos are then reared under
conditions as described previously (Piavis 1961, 1971). However, a limitation of this
method is the inaccessibility to nest sites for researchers whose laboratories are not
located near spawning habitats (e.g., the Great Lakes and Lake Champlain).

Sea lamprey complete gamete maturation in response to elevated water tempera-
tures in the spring (Johnson et al. 2015). Prior to maturation and spawning, invasive
sea lamprey undergo upstream migration into streams and tributaries of the Great
Lakes to reach spawning habitats. Through cooperation with Fisheries and Oceans
Canada and the U.S. Fish and Wildlife Service, migratory pre-spawning animals are
trapped as a part of management practices that are overseen by the Great Lakes Fish-
ery Commission (GLFC). Following their collection, animals are transported to the
Hammond Bay Biological Station (Millersburg, MI). Animals that are not required
for GLFC-funded research are then made available to researchers upon request,
pending their availability. Once the proper import permits have been obtained, where
required, these animals can be shipped andheld under conditions that promote gamete
maturation (Nikitina et al. 2009b). Upon receipt, pre-spawning adults are housed at
~12 °C and allowed to acclimate to their new environment. The water temperature is
then gradually raised to 20 °C. As a result, sea lamprey will complete gamete mat-
uration, with males undergoing spermiation and females becoming ovulatory (see
Chap. 1). If multiple tanks are available to house adults, a stock population can be
held at 12 °C and then allowed to mature as needed. An advantage to this strategy is
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that the timing of maturation can be controlled. Nikitina et al. (2009b) also describe
a commercially available system for housing adult lamprey.

A different strategy to obtain spawning adults was developed based on field obser-
vations that temperature control was the key to shipping spawning lamprey. The
routine method for shipment of sea lamprey from Hammond Bay Biological Station
has been to pack the animals in ice with a minimal amount of water. While this
method has proved successful for shipping non-spawning (parasitic and migratory)
sea lamprey, eggs exposed to near-freezing conditions can be fertilized and will raise
a fertilization membrane (suggesting the initial events of fertilization occur) but do
not cleave (David W. McCauley, personal observation). It was noted that nighttime
stream temperatures are documented to reach 8 °C during the spawning season (Erik
Larson, U.S. Geological Survey, Hammond Bay Biological Station,Millersburg,MI,
personal communication, 2008), suggesting spawning sea lamprey can tolerate this
temperature without detrimental effects on gametes (see also Chap. 2). We have
found that spawning sea lamprey can be shipped successfully with minor adjustment
to shipping conditions. The shipping water temperature is adjusted to a minimum
of 8 °C, and then heavily oxygenated before sealing the shipping bag. We have
also found that heavily insulated coolers rated to maintain ice for up to 5 days at
90 °F (e.g., Igloo Maxcold® or Coleman Extreme®) are ideal shipping containers
and are able to support successful shipping of up to six spawning adults in a single
container. Anecdotal evidence suggests female sea lamprey are more sensitive to
shipping conditions and as a result are less hardy and show higher transit mortality.

Interestingly, we have found that in many instances, eggs removed from a recently
deceased female can still be fertilized successfully, likely dependent on the time
interval between death and egg removal. Eggs from recently deceased females (and
also healthy live females) can be expressed dry directly into a petri dish (by first
drying the exterior of the female around the cloaca so that the eggs are not activated
by exposure to water). The petri dish is then sealed with parafilm and stored at 11
°C. Under these conditions, we have found that eggs may remain fertile for up to
4 days, but with decreasing viability (see also Ciereszko et al. 2000).

6.4.2 In Vitro Fertilization

Methods for in vitro fertilization of sea lamprey eggs are provided elsewhere
(Ciereszko et al. 2000; Nikitina et al. 2009a; see also Chap. 2). However, differ-
ences in handling conditions related to successful cultivation of embryos (Nikitina
et al. 2009a), from those described here, suggest that individual experiencemay differ
for successful cultivation of lamprey embryos. Nevertheless, the successful fertiliza-
tion and cultivation of lamprey embryos is straightforward and can be accomplished
where basic aquatic resources are available.
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6.4.3 High-Density Embryo Culture

Increased viability of embryos, and an increase in the density of embryos per dish, is
possible over methods described in the past (Piavis 1961; Piavis and Howell 1969;
Piavis et al. 1970; Nikitina et al. 2009a; see also Chap. 2). Previous methods empha-
sized the need to keep embryos undisturbed and at low density (a monolayer on
bottom of a dish). In contrast, we have found that following gastrulation (Piavis
stage 9, P9; Tahara stage 12, T12) (Piavis 1961; Tahara 1988), embryos held within
an enclosed recirculating dish, in which the water flow creates continual turbulence,
are able to be raised at a density of ~5,000 embryos inside a single Pyrex® custard
dish (236 mL) with >90% viability (Fig. 6.1). Hatching jars can be made by modify-
ing the plastic lid of the Pyrex® custard dishes that may be purchased locally. A small
hole drilled into the center of the lid allows for insertion of a tube for incurrent water,
while larger holes are drilled and covered with fine nylon mesh to allow release of
excurrent water and prevent escape of embryos. This creates turbulence that results
in constant rotation of eggs within the dish. Continuous rotation of embryos in these
hatching jars is similar to the action of McDonald-type hatching jars used in aqua-
culture labs and allows for constant oxygenation of embryos. Hatching dishes can
be maintained in troughs that allow for constant water flow over embryos, and recir-
culation through a filtration system. After hatching (~10 days post-fertilization at
18–19 °C), prolarvae (Piavis stages 14–17; Piavis 1961) are transferred into larger
dishes with low-flow running water which permits constant water flow over the lar-
vae without the turbulence. In addition to the higher numbers of embryos that can be
reared under turbulent conditions, they also are less susceptible to fungus that can
form on the eggs in the absence of flow.

6.4.4 Flow-Through Recirculating System for Embryo
Culture

A small footprint flow-through recirculating system can be constructed using
parts purchased from local suppliers, with the only specialized components being
Plexiglas® or acrylic sheeting for assembly of water troughs to hold the rearing
dishes, and an aquarium chiller to maintain the system at a constant 18–19 °C. We
have found that landscape drip irrigation componentsmay be easily adapted for use in
constructing a recirculating system. A diagram of one possible recirculating system
configuration is shown in Fig. 6.2. All components can be housed on steel shelv-
ing (A) (48′′ W × 18′′ D × 72′′ H). Filtration equipment is contained on the bottom
shelf. A 20-gal aquarium or other suitable container may be used as a sump (B), from
which water is drawn into a pump (C) and forced through particle (D) and carbon
(E) filters. Filter housings can be adapted for use from whole-house filters available
from plumbing suppliers. Filter media may be obtained from aquatic suppliers (e.g.,
Pentair-Aquatic Ecosystems®). A UV sterilizer (F) is placed in front of a chiller (G)
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Fig. 6.1 Lamprey hatching
dish modified from a 470-mL
custard dish (Pyrex® 7200).
Views are shown from above
(a) and from the side (b).
Two 25-mm holes are drilled
through the lid and Nitex
mesh is glued over both
openings on the inside of the
lid. A 1.5-cm2 piece of
acrylic is glued onto the
center of the lid. A 4-mm
hole drilled through the
center of the acrylic and lid
is used to support a length of
1-mL serological pipette
attached to ¼′′ tubing
through which water enters
the dish. Water exits through
the two holes while embryos
are prevented from escape by
the Nitex mesh. Flow rate is
adjusted so that embryos
circulate continuously within
the dish

to maintain temperature at a constant 18–19 °C. The riser and distribution manifolds
(H) above each shelf are made from ½′′ thin-wall landscape irrigation tubing joined
using½′′ poly lock T-fittings (I) and elbows (J) and capped at each endwith a½′′ poly
tubing end fitting (L). Each distribution manifold contains ¼′′ barb × barb couplers
(M) fitted into the ½′′ tubing using a hole punch. Individual couplers are connected
to ¼′′ drip irrigation tubing (O) to distribute water to individual hatching dishes.
The flow rate can be regulated to each hatching dish (P) using ¼′′ on/off valves (N)
inserted in each out-flow tube. Hatching dishes on each shelf sit within an acrylic
trough to receive the outflow from each dish. A 1′′ PVC pipe is inserted into a hole
drilled into the bottom of each trough which allows water to drain into the trough
immediately below, with water returned to the sump through the 1′′ PVC drain in the
bottom trough. Alternatively, we have also fabricated a recirculating system from a
repurposed zebrafish rack (Pentair-Aquatic Ecosystems®) as shown in Fig. 6.3, for
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A  Stainless steel rack with wire shelving
B  Sump/holding tank (20 gal aquarium)
C  Pump (Little Giant 4-MDQX-SC)
D  Housing for particle filter (Whirlpool WHKF-DWHV)
E  Housing for carbon filter (Whirlpool WHKF-WHWC)
F  UV sterilizer
G  Chiller (Oceanic systems 1/6 HP)
H  1/2” thin wall tubing (Mister Landscaper)
I  1/2”Poly locking collar Tee fitting

J  1/2”Poly locking collar elbow fitting
K  1/2” poly on/off valve
L  1/2” poly tubing end fitting
M  1/4” barb x barb coupler
N  1/4” on/off valve
O  1/4” vinyl outflow tubing
P  Pyrex dish (hatching dish)
Q  1” PVC drain pipe
R  Water tight Acrylic shelf tray

Fig. 6.2 Recirculatingwater system for raising lamprey embryos. Pyrex® hatchingdish is described
in Fig. 6.1; arrows indicate the direction of water flow. Red arrows represent water flow through
the filtration equipment into the distribution manifolds above each shelf. Blue arrows indicate the
pathway of effluent water returning to the sump following passage through hatching dishes. Acrylic
effluent catch troughs are colored green
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Fig. 6.3 Zebrafish rack
(Pentair-Aquatic
Ecosystems®) repurposed to
raise lamprey embryos.
Stock fish tanks were
removed from the rack and
replaced with
custom-fabricated sealed
acrylic troughs. Individual
lamprey dishes are fed with
water distributed from each
manifold through the original
tubing. Water is drained from
each trough through 3′′
bulkhead fittings and then
passed into a 4′′ return that
empties into the sump (white
PVC pipe shown at right).
Constant water temperature
(18 °C) is maintained using
an Aqua Logic Cyclone® 1/4
HP chiller with a drop-in
titanium coil placed in the
sump

which acrylic shelves, return drains to the sump tank, and a chiller, were the only
additional modifications required.

The number of hatching dishes that can be held on each shelf is dependent on
the number of outlets added to each distribution manifold. Using the system shown
in Fig. 6.2, we have reared between 12 and 20 dishes per shelf simultaneously. The
system shown in Fig. 6.3 is able to accommodate 84 hatching dishes simultaneously,
with each dish capable of holding genetically distinct embryos, and each containing
up to 5,000 embryos. Thus, this system has the capacity for rearing ~400,000 sea
lamprey embryos simultaneously through the hatching stage, and should be able to
accommodate the research needs of a small laboratory.
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6.5 Conclusions

Lampreys have already made important contributions to our understanding of verte-
brate evolution, and the origins of numerous characters. Going forward, removing the
barriers that have prevented easy access to embryonic and larval lampreys, coupled
with facilitating the development and adaptation of modern genetic techniques for
use in lampreys, will be critical to advance the widespread adoption of this animal as
an evo-devomodel.We are optimistic that removing these barriers will catalyze rapid
growth in the lamprey evo-devo community andwe suggest that the lamprey is poised
to make a powerful impact in decoding the evolution of vertebrate developmental
mechanisms in the coming decades.
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Chapter 7
There and Back Again: Lampreys
in the 21st Century and Beyond

Margaret F. Docker and John B. Hume

Abstract The21st century is proving to be an exciting time to study lampreybiology.
Lampreys have long provided important insights into key developments in vertebrate
evolution; research in support of sea lamprey control in the Laurentian Great Lakes
hasmade significant contributions to our understanding of lamprey biology; and there
is now (near) global interest in the conservation of threatened lamprey species. Fur-
thermore, we are beginning to see a convergence of these formerly discrete research
areas, as well as greater interactions and knowledge exchange between researchers
and managers from different geographic regions. In this conclusion to Volumes 1
and 2 of Lampreys: Biology, Conservation and Control, we provide an overview of
some exciting advances in our knowledge of lamprey biology and potential chal-
lenges facing lampreys and lamprey biologists in the near future. Recent advances
and remaining knowledge gaps in many aspects of fundamental lamprey biology are
covered in other chapters in these two volumes; here, we focus on the intersection
of biology, conservation, and control. For example, molecular analysis has resolved
many of the previous uncertainties regarding lamprey phylogenetic relationships,
but continued uncertainties (e.g., the relationship between “paired” parasitic and
non-parasitic lampreys) and lack of an explicit phylogenetic framework contribute
to ongoing confusion among biologists regarding correct lamprey nomenclature.
Although lamprey taxonomy will no doubt continue to be revised as we refine our
hypotheses regarding the evolutionary relationships among lampreys, it is important
thatwe: (1) use consistent and accepted species names to enable accurate communica-
tion between researchers andmanagers from different regions; and (2) recognize that
conservation legislation acknowledges biological diversity below the species level
(i.e., evolutionarily significant units, ESUs) so that genetically or otherwise distinct
lamprey populations are eligible for protection without prematurely or inconsistently

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

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

© Springer Nature B.V. 2019
M. F. Docker (ed.), Lampreys: Biology, Conservation and Control,
Fish & Fisheries Series 38, https://doi.org/10.1007/978-94-024-1684-8_7

527

http://crossmark.crossref.org/dialog/?doi=10.1007/978-94-024-1684-8_7&domain=pdf
mailto:Margaret.Docker@umanitoba.ca
mailto:jhume@msu.edu
https://doi.org/10.1007/978-94-024-1684-8_7


528 M. F. Docker and J. B. Hume

describing each as a distinct species. Novel methodologies that are contributing to
our understanding of lamprey biology and that have exciting applications to lamprey
conservation and control include: (1) improvements to deepwater larval sampling
methods to help evaluate the extent to which lentic and deep riverine habitats are
used by different lamprey species; (2) improved tools for monitoring the spawning
migration; (3) environmental DNA (eDNA) and pheromone detection assays that
have the potential to provide cost-effective supplements to traditional lamprey sur-
vey methods; and (4) genetic and genomic tools that are being used in a variety
of ways to help refine our understanding of lamprey biology (e.g., mating systems,
larval dispersal and growth rates) and to aid conservation and control efforts (e.g.,
elucidating genetic stock structure, monitoring the success of translocation efforts).
Not surprisingly, advances and challenges related to lamprey control and conserva-
tion are often “two sides of the same coin.” This is particularly true with respect to
passage of upstream migrants at anthropogenic barriers, and knowledge of lamprey
behavior at barriers is being used to both block sea lamprey migration in Great Lakes
tributaries and enhance passage efficiency for other lampreys elsewhere. Achieving
successful lamprey conservation and control will also require positive public and
legislative attitudes towards species in need of conservation and continued public
support and acceptance of sea lamprey control efforts. Pursuit of genetic control
options in particular will need to address ethical and societal concerns.

Keywords Barriers · Conservation · Dam removal · Deepwater sampling ·
DIDSON · Environmental DNA · Evolutionarily significant units · ESUs ·
Fishways · Genetic species ID · Genetic stock structure · Genetic pedigree
analysis · Habitat connectivity · Invasive species · Japanese lamprey · Korean
lamprey · Paired species · Pheromones · Sea lamprey control · Selective fish
passage · Social license · Species delimitation · Taxonomy and nomenclature ·
Telemetry

7.1 Introduction

The 21st century is proving to be an exciting time to study lamprey biology. Lampreys
have long provided important insights into key developments in vertebrate evolution
(see Docker et al. 2015; Sower 2015; Chap. 6); research in support of sea lamprey
Petromyzon marinus control in the Laurentian Great Lakes has been significantly
contributing to our understanding of all aspects of the lamprey life cycle since the
1950s (see Dawson et al. 2015; Johnson et al. 2015a;Manzon et al. 2015;Moser et al.
2015; Chaps. 1 and 5); and there is now global (or near global; see Sect. 7.4.3) interest
in the conservation and management of native lampreys (see Maitland et al. 2015).
Importantly, we are also starting to see an exciting convergence of these research
areas and increased interaction between researchers and managers. For example,
knowledge and resources stemming from lamprey genomic and “evo-devo” studies
are helping to develop innovative and integrative strategies to control sea lamprey
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(McCauley et al. 2015; Thresher et al. 2019a; see Chaps. 5 and 6) and to manage
species of conservation concern (e.g., Hess 2016). Genetic methods are also aiding
in the resolution of phylogenetic relationships among lamprey taxa (Potter et al.
2015) and identification of evolutionarily significant units and management units
for conservation and management (e.g., Spice et al. 2012; Mateus et al. 2013a).
Artificial propagation of lampreys, first developed to produce specimens for the study
of embryonic development in the laboratory, is now being used to provide larvae for
a range of research and conservation needs and is enabling important insights into
lamprey behavior, genetics, and early life history (see Chap. 2). Furthermore, there
appears to be an increasing recognition that lamprey conservation and control are
“two sides of the same coin,” and new technologies developed for one are readily
being applied to the other with exciting outcomes. Such synergies are particularly
evidentwith respect to research in support of efforts to control landlocked sea lamprey
in the Great Lakes and research to help conserve the anadromous form of this same
species in its native range (Hansen et al. 2016). Knowledge of sea lamprey behavior
at barriers, for example, is being used to impede sea lamprey migration in Great
Lakes tributaries and enhance sea lamprey passage efficiency in Atlantic tributaries
in Europe and the eastern United States.

In this conclusion to Volumes 1 and 2 of Lampreys: Biology, Conservation and
Control, we provide an overview of some important and exciting developments in
our knowledge of lamprey biology, particularly in regards to their applications to
conservation and control, as well as identifying potential challenges facing lampreys
and lamprey biologists in the near future. Recent advances and key knowledge gaps
related to basic lamprey biology (e.g., lamprey development, sex determination, life
history evolution) and a more detailed discussion of emerging sea lamprey control
techniques are covered elsewhere (e.g., Chaps. 1, 4–6). In this chapter, we focus on
the intersection of biology, conservation, and control. It is exciting to contemplate
what further advances will be achieved by the end of the 21st century with continued
cooperation and interaction among disciplines.

7.2 What’s in a Name? Lamprey Taxonomy

Lamprey taxonomy has been in a state of flux for several decades. For example,
the genus Lampetra has at times included Lethenteron and Entosphenus (Hubbs
and Potter 1971) or Lethenteron, Entosphenus, Eudontomyzon, and Tetrapleurodon
(Bailey 1980) as subgenera. Whether least brook lamprey Lampetra aepyptera
should be included within Lampetra (sometimes in subgenus Okkelbergia; Creaser
and Hubbs 1922) or placed in a genus of its own (Hubbs and Potter 1971) has also
been debated (see Docker et al. 1999; Lang et al. 2009; Potter et al. 2015). Generic
placement of other “relict” brook lamprey species (e.g., Po brook lamprey Lampetra
zanandreai, Kern brook lamprey Lampetra hubbsi, and Western Transcaucasian
brook lamprey Lethenteron ninae) has also changed over time or is still being
debated (see Chap. 4). Some of the discrepancies have been resolved with molecular
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phylogenetic analysis (Potter et al. 2015); others (e.g., the “paired species problem”)
have intensified as the result of genetic analyses (Docker 2009).

The total number of species recognized by different authors can also vary, rang-
ing—even in recent years—from 40 (Renaud 2011) to 41 (Potter et al. 2015) to 44
(Maitland et al. 2015). Conflicting “final tallies” are often based on different interpre-
tations of new studies (Mateus et al. 2013a), different species concepts (Docker et al.
2015), and different levels of caution regarding adoption of changes prior to com-
prehensive investigation and comparison to type material (Renaud 2011; Potter et al.
2015). Even higher species counts may result from further “splitting” of existing taxa
(e.g., a new brook lamprey distinct from the Po brook lamprey has been described in
the southern Adriatic Sea basin; Tutman et al. 2017), and more as-yet-undescribed
species may exist (e.g., Yamazaki et al. 2003, 2006; Boguski et al. 2012; Levin et al.
2016). At the same time, there have been calls for “lumping” of some lamprey paired
or satellite species into a single species (e.g., Artamonova et al. 2011; see Docker
2009; Chap. 4).

The goal of this section is to briefly discuss how these debates, which may some-
times appear esoteric to all but the most ardent taxonomists, are relevant to lamprey
managers and researchers. At issue is nomenclature and classification at both the
lower ranks (what do I call this particular lamprey?) and at higher levels of classi-
fication (does the taxonomy accurately reflect the evolutionary relationships among
lampreys?). Although taxonomic revisions can be confusing, they are necessary
when new information allows us to refine our hypotheses regarding the evolution-
ary relationships among lampreys. A species’ name should: (1) enable the accurate
transfer of knowledge across time and space; (2) be founded on objective evidence
of species boundaries yet remain open to challenge in light of newly acquired data;
and (3) accurately reflect the species’ evolutionary history, so that researchers can
generate informed conclusions about its biology (e.g., based on knowledge of its
closest relatives) and make accurate inferences regarding the way in which char-
acters change over time (e.g., the direction and frequency of morphological or life
history changes). Consistency of species names is also critical in management and
conservation decision-making and legislation.

Nevertheless, it is reassuring that most conservation legislation acknowledges the
importance of biological diversity below the species level (e.g., distinct population
segments and designatable units). Thus, mechanisms exist to extend protection to
distinct populations or forms without “oversplitting” or taxonomic inflation (Chaitra
et al. 2004; Isaac et al. 2004). Following Potter et al. (2015), we recommend that there
be no major revision of lamprey classification until more comprehensive studies can
be completed and recommend against species-by-species (“piecemeal”) revisions.
Making changes that are short-lived has the effect of confusing rather than improving
the situation (Page et al. 2013).

Taxonomic debates are not unique to lampreys. The American Fisheries Society’s
(AFS) Common and Scientific Names of Fishes from the United States, Canada, and
Mexico requires regular updating (Page et al. 2013), and attempts are being made
to develop a more explicitly phylogenetic classification of bony fishes (Bentacur-R
et al. 2017). Similar species lists and classification efforts have been developed for
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other regions and taxa (e.g., Kottelat and Freyhof 2007; Crother et al. 2017). An
explicitly phylogenetic classification of lampreys may be challenging given their
dearth of taxon-distinctive morphological characters. On a positive note, however,
the task may be manageable in lampreys given the relatively few species compared
to other vertebrate classes.

7.2.1 Taxonomy and Communication

One fundamental role that species names play is to enable accurate communication
between researchers and managers from different geographic regions. Consistent
taxonomy is important to guarantee that we are all talking about the same organism
and to ensure that existing and new information can be linked to the correct organism
(Pante et al. 2014). Bad taxonomic practices can result in two parties referring to
the same species with a different name or to different species with the same name.
Accurate species lists are also necessary for thoughtful national and international
planning (e.g., protecting areas with high species richness).

Although lamprey taxonomic work is still underway and not all authorities recog-
nize the same species, this does not mean that all proposed classifications are equally
valid. First and foremost, because classification changes over time, biologists need
to be aware that older references likely used outdated classification schemes. For
example, although The Freshwater Fishes of Canada by Scott and Crossman (1973)
remains a treasure trove of information regarding the biology and distribution of
many North American lamprey species, the scientific name for American brook
lamprey Lethenteron appendix is no longer Lampetra lamottei, and some freshwater
populations of Pacific lamprey Entosphenus tridentatus have since been described as
distinct species (e.g., Vladykov and Kott 1979; Beamish 1982; see Chap. 4). When
in doubt, biologists should refer to up-to-date and accepted classifications (e.g., Page
et al. 2013; Potter et al. 2015; Froese and Pauly 2018), and, when there are discrepan-
cies even among these authorities (e.g., regarding the number of recognized lamprey
species), the source should be cited.

Among lampreys, one of the most notable examples of taxonomic confusion in
recent years is the Korean lamprey (also referred to by some authors as the Northeast
Chinese lamprey; Zu et al. 2016). The valid name of this species is Eudontomyzon
morii (Berg 1931), but it has been variously referred to as Lethenteron morii (Lang
et al. 2009; Pu et al. 2016; Zu et al. 2016), Lampetra morii (Li et al. 2016; Yan et al.
2016), andLampetramorri (Peng et al. 2016). Phylogenetic analysis ofmitochondrial
DNA (mtDNA) suggests that the Korean lamprey ismore closely related to theArctic
lamprey Le. camtschaticum and its satellite species than it is to other Eudontomyzon
species (Lang et al. 2009; see Chap. 4), but this has not been fully resolved nor
formally recognized (Potter et al. 2015). The Lang et al. (2009) study relied on a
singlemetamorphosing individualwith under-developed dentition, andLi (2014) and
White (2014) used this same specimen. It is reassuring that the mtDNA sequence
of this one specimen was sufficiently distinct from any known species to suggest
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that it was not merely a misidentified Arctic lamprey or Lethenteron brook lamprey,
but independent confirmation on fully metamorphosed specimens is needed. The
means by which specimens of Korean lamprey were identified in more recent studies
were not reported. Based on their geographical distribution (Li et al. 2016) or near-
identity to Arctic lamprey and its satellite species with respect to mtDNA sequence
(Peng et al. 2016; Pu et al. 2016; Yan et al. 2016), these studies may have used
specimens of Arctic lamprey (Peng et al. 2016; Pu et al. 2016; Yan et al. 2016) or Far
Eastern brook lamprey (Li et al. 2016). It is exciting to see papers being published
on this enigmatic lamprey species, but it is important that the new discoveries be
unambiguously linked to the correct organism. Accurate communication with non-
scientists, including policy makers, is also important. Peng et al. (2016) indicate that
Lampetra morri [sic] is “one of the most important freshwater aquaculture species in
China.” If the authors are actually referring to the more widespread Arctic lamprey,
policymakersmight bemisled into thinking that theKorean lamprey ismore abundant
than it is in reality.

Nomenclature of the Arctic lamprey itself is also confused. It is still frequently
referred to as Lampetra japonica or Lethenteron japonicum, and by the common
name Japanese lamprey or river lamprey (e.g., Mehta et al. 2013; Kawai et al. 2015).
Kottelat (1997) showed Le. japonicum (von Martens 1868) to be a junior synonym
of Le. camtschaticum (Tilesius von Tilenau 1811). Thus, according to the principle
of priority in the International Commission on Zoological Nomenclature (ICZN),
camtschaticum is the valid species epithet and reference to these other names should
be discontinued to avoid confusion (see Renaud et al. 2009). Although there are no
specific prohibitions against using the name Japanese lamprey, because there are no
conventions regulating common names, Arctic lamprey ismore appropriate given the
broad circumpolar distribution of this species (Potter et al. 2015). Arctic lamprey is
the common name accepted by theAFS, the International Union for the Conservation
of Nature (IUCN), and the Food and Agriculture Organization (FAO) of the United
Nations (Renaud 2011).

7.2.2 A New Taxonomic Framework

Like most other taxonomic groups, the existing classification of lampreys does not
follow an explicitly phylogenetic framework, that is, one in which the classifica-
tion intentionally reflects the evolutionary relationships among taxa. Like traditional
fish classifications in general, lamprey classification mixes taxa with explicit phy-
logenetic support with traditional but subjective groupings based on “deep-rooted
anatomical concepts” (Bentacur-R et al. 2017). Traditional lamprey classification
schemes, based on morphological characters alone, have resulted in some non-
monophyletic taxa. Monophyletic taxa (i.e., those that consist of all the descendants
of a common ancestor) are considered the only “natural” taxa. In contrast, evolu-
tionary relationships are obscured by paraphyletic taxa (i.e., those whose members
are descended from a common ancestor but where other descendants of this ancestor
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are subjectively excluded from the taxon) and polyphyletic taxa (i.e., where mem-
bers are derived from more than one common ancestor). For example, the genus
Lampetra is non-monophyletic despite the rather stunning morphological similar-
ity of European river lamprey Lampetra fluviatilis and western river lamprey La.
ayresii (see Potter et al. 2015). Recognizing their phylogenetic distinctiveness will
allow researchers to better understand the way in which dentition and other char-
acters change over time. For example, it may be that these species developed the
same dentition pattern independently as an adaptation to similar hosts or that both
retained the ancestral pattern of dentition due to similar constraints related to feeding
(Li 2014). An explicitly phylogenetic approach based on a comprehensive molec-
ular phylogeny was recently applied to the bony fishes with success (Bentacur-R
et al. 2017). An explicitly phylogenetic classification for lampreys will likewise rely
heavily on molecular phylogenies, given the paucity of morphological and meristic
characters (see Docker et al. 1999; Lang et al. 2009; Potter et al. 2015). However,
one drawback of this approach is that molecular phylogenies to date in lampreys rely
almost exclusively on mtDNA sequence data, which lack the necessary resolution to
resolve some relationships (e.g., among Lethenteron, Eudontomyzon, and European
Lampetra). A robust molecular phylogeny of lampreys will require the use of a wider
range of genes and particularly of nuclear genes (Potter et al. 2015).

Likewise, resolution of the paired species problem, one of the major conundrums
regarding lamprey taxonomy (see Docker 2009; Chap. 4), cannot be resolved with
mtDNA data alone. Analysis of mtDNA sequence data is revealing that many paired
species are not reciprocally monophyletic (i.e., with all non-parasitic members of
a pair sharing an ancestor more recently with all other non-parasitic members of
that pair than to any parasitic individuals and vice versa), but DNA barcode (i.e.,
cytochrome c oxidase sub-unit I, COI) sequencing is insufficient to resolve the issue.
For example, individuals that are barcode indistinguishable should not be summarily
lumped into a single species (e.g., Artamonova et al. 2011). Resolving this conun-
drum requires more than just lumping paired parasitic and non-parasitic species into
one monophyletic taxon or splitting polyphyletic non-parasitic species into multiple
monophyletic units. At the heart of the problem is an understanding of what consti-
tutes a species, and we would do well in this regard to recognize that the “species
problem” is not unique to lampreys (e.g., Taylor 1999; Vogler and Monaghan 2007;
Hendry et al. 2009; Klemetsen 2010). Most biologists agree that species are evolu-
tionarily independent units that are isolated by a lack of (significant) gene flow, but
there is a lack of consensus on how, in practice, these evolutionarily independent
units are recognized (Mayden 1997; de Queiroz 2007; see Docker et al. 2015). de
Queiroz (2007) suggested that the root cause of the problem is confusing the issue of
“species delimitation” with “species concepts.” Thus, if we focus on species delim-
itation (i.e., the process by which populations are identified as being diagnosably
distinct and reproductively isolated) rather than the subjective arguments regarding
what constitutes a species, then the problem becomes focused on the methodology
of inferring species boundaries.

An integrated framework that combines morphology, molecular phylogenetic and
population genetic approaches, and behavioral ecology—while recognizing that all
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sources of data are not equal all of the time—is likely to be of greatest utility (e.g.,
Schlick-Steiner et al. 2010; Carstens et al. 2013; Harrison and Larson 2014; Pante
et al. 2014, 2015). Rather than adopting a strictly morphological or strictly molecu-
lar phylogenetic approach, integrating both with population genetic and behavioral
information should be considered. For example, ecological and genetic studies are
showing that sympatric European river lamprey andEuropean brook lampreyLampe-
tra planerimaintain distinct phenotypes even with contemporary gene flow (Rouge-
mont et al. 2015, 2017), while some other paired species appear to exhibit temporal,
spatial, or behavioral differences that prevent gene flow (see Docker 2009; Chap. 4).
Such information will help us better recognize evolutionary independence. There-
fore, more explicit convergence of previously disparate research fields will allow
us to establish criteria for species boundaries based on objective evidence from a
range of data sources, and it will provide a framework that explicitly considers both
evolutionary history and the dynamic nature of species boundaries.

7.2.3 Conservation of Diversity Below the Species Level

Despite the critical importance of correct species identification and nomenclature,
most conservation legislation also acknowledges the importance of biological diver-
sity below the species level. This is reassuring given current taxonomic uncertainties
(that may be resolved with time) and the fluidity of species boundaries within young
species (that may not be easily resolvable). Recognition of biological diversity below
the species level can ensure that genetically or morphologically distinct populations
are afforded protection even if they fall under the umbrella of a widespread and abun-
dant species (i.e., are identified by the same Latin binomial). Ryder (1986) coined
the term “evolutionarily significant unit” (ESU) to recognize critical diversity below
the species level in mammals, and Waples (1991, 1995) applied it to Pacific salmon
Oncorhynchus spp. According to Waples (1991), an ESU is a population or group of
populations that: (1) is substantially (but not necessarily completely) reproductively
isolated from other conspecific population units; and (2) represents an important
component of the evolutionary legacy of the species. ESUs now have important legal
ramifications under the U.S. Endangered Species Act (ESA), the Canadian Species at
Risk Act (SARA), and similar legislation in other countries (Fraser and Bernatchez
2001). Under the ESA, a distinct population segment (DPS) is a vertebrate popula-
tion or group of populations that is discrete from other populations of the species and
significant in relation to the entire species (United States Fish and Wildlife Service
1996). Similar designatable units (DUs) are recognized under SARA when a single
status designation is thought not to reflect the extent of evolutionarily significant
diversity within a species (COSEWIC 2015).

For example, western brook lamprey Lampetra richardsoni in Morrison Creek,
British Columbia, is recognized as a distinct DU given its apparent ability to produce
both non-parasitic and parasitic forms from a common gene pool (Beamish 1987;
Docker 2009; see Chap. 4). Despite the fact that the species as a whole occurs in
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innumerable tributaries from Alaska to California, the Morrison Creek DU is listed
as Endangered under SARA (Renaud et al. 2009). Lethenteron sp. N and sp. S are
listed as Vulnerable in Japan, although they have yet to be formally described as
species (Maitland et al. 2015). Other genetically distinct and geographically isolated
brook lamprey populations likewise appear to represent non-interchangeable ESUs,
regardless of whether they are recognized as distinct Linnean species (e.g., Martin
and White 2008; Pereira et al. 2011, 2014; Mateus et al. 2013a; Tutman et al. 2017).
In contrast, where brook lamprey populations occur sympatrically with their par-
asitic counterpart, the migratory parasitic species may facilitate gene flow among
populations and between species, in which case all populations of both species in
that region might be best managed as a single ESU. This would not preclude us from
considering these same Linnean species as distinct ESUs in cases where they are
highly differentiated and there is no evidence of contemporary gene flow between
them. An integrated framework will allow us to recognize and protect those lam-
prey populations that are important to the evolutionary legacy of the species without
prematurely or inconsistently describing each as a distinct species. Finer level sub-
divisions (e.g., stocks or management units) are also important to conservation and
management (see Sect. 7.3.5), but they are often not afforded the legal protections
enjoyed by listed entities.

7.3 New Tools for Lamprey Conservation and Control

As with many other aspects of science, a furthering of our understanding of lam-
prey biology goes hand in hand with the development of new technologies. Novel
methodologies can reveal facets of lamprey biology not previously observed, and
these observations can drive further improvements to methodology.

7.3.1 Deepwater Sampling

It is generally thought that larval lampreys most commonly inhabit shallow stream
environments, typically in water depths <1 m (Dawson et al. 2015). Nevertheless,
it has been observed for decades that larvae can also reside in deeper lake waters
near river mouths (Hansen and Hayne 1962; Wagner and Stauffer 1962; Lee and
Weise 1989; Bergstedt and Genovese 1994), and larval and metamorphosing lam-
preys are being increasingly detected in deep water in large river systems (e.g.,
Beamish and Youson 1987; Jolley et al. 2012; Taverny et al. 2012; Harris and Jolley
2017). Although the majority of larval lampreys in deepwater environments at river
mouths are thought to be a consequence of natural downstream drift (Fodale et al.
2003; see Dawson et al. 2015), it is not clear to what extent these habitats contribute
to recruitment. In species of conservation concern, dredging of large rivers for navi-
gation could result in significant larval mortality and loss of larval habitat (Maitland
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et al. 2015). Conversely, lentic areas could provide “safe havens” for sea lamprey
larvae in the Great Lakes basin, particularly if use of lampricides has resulted in
earlier or more extensive migration of larvae out of more easily treated tributaries
(Dunlop et al. 2018). Larval sea lamprey populations in large rivers also pose signifi-
cant challenges to control in the Great Lakes basin. Fodale et al. (2003) estimated that
the total population of sea lamprey larvae in the St. Marys River, the interconnecting
waterway between Lake Superior and Lake Huron, was 5.2 million. The St. Marys
River is more than 20× larger in volume than the largest tributary ever treated with
the lampricide 3-trifluromethyl-4-nitrophenol (TFM), necessitating treatment with
bottom-release lampricide formulations (Schleen et al. 2003) and prompting explo-
ration of alternative controlmethods in this river (e.g., sterile-male-release technique;
see Chap. 5).

Early attempts at sampling larvae in deep water largely relied on deepwater elec-
trofishing to stimulate emergence of larvae from the substrate coupled with a trawl
or suction pump to collect them (McLain and Dahl 1968; Bergstedt and Genovese
1994). These methods (or dredging alone; Beamish and Youson 1987) were costly
in relation to backpack sampling and likely caused habitat destruction. Furthermore,
lack of a standardized methodology and knowledge of detection efficiencies limited
the application of these sampling methods by management agencies and researchers
interested in estimating abundance. Subsequent improvements have included incor-
poration of a remote seabed classification device that uses acoustic sonar to identify
substrate suitable to sea lamprey larvae (Fodale et al. 2003) and incorporation of an
optical camera to detect larvae without the need to bring them to the surface (Mueller
et al. 2012). In the western United States, initiatives tomore accurately assess the dis-
tribution and abundance of Pacific lamprey larvae (Wang and Schaller 2015; Reid and
Goodman 2015, 2016a; Clemens et al. 2017a) have seen a push to evaluate the detec-
tion efficiency of different deepwater sampling methods under different conditions
and for different larval size classes. For example, Jolley et al. (2012) demonstrated
that a deepwater electrofisher with a suction pump was able to detect larval lamprey
measuring 20–144 mm total length (TL) at depths up to 16 m. Reach- and quadrat-
specific detection probabilitieswere 0.07 and0.23, detection probability did not differ
with depth, and the sampling effort required for 80% confidence that larval lamprey
were indeed absent when undetected was 20 quadrats, each 30m2. Using Pacific lam-
prey larvae seeded into hatchery chambers, Harris and Jolley (2017) experimentally
estimated capture probability of their deepwater electrofishing method to be 0.70,
which is comparable to the shocking efficiency (50–80%) reported by Bergstedt
and Genovese (1994). Using their video-based deepwater electroshocking platform,
Arntzen and Mueller (2017) reported that observation rates at three locations within
the Columbia River basin (in water depths 0.8–4.5 m) ranged from 21 to 61% and
averaged 56%. Video data analyzed in the laboratory allowed these authors to esti-
mate sediment type and larval length. Observed larvae were estimated to range from
<50 to 150 mm TL; 70% of larvae were ≤75 mm TL, although Arntzen and Mueller
(2017) suggested that fewer large larvae may have been detected due to their ten-
dency to burrow deeper in the substrate (see Dawson et al. 2015). This method
appears to be useful for determining presence/absence of larval lampreys at mod-
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erate depths without requiring sediment dredging, but its usefulness will be limited
under conditions of restricted visibility (e.g., high turbidity or at depths greater than
~6.5 m without artificial lighting). Further research evaluating sampling efficiency
under different conditions (cf. Steeves et al. 2003 for backpack electrofishing) could
encourage management agencies in other regions to consider these methods where
practical.

Despite recent marked improvements in our ability to detect the presence of lar-
val lampreys and even estimate abundance (Fodale et al. 2003; Harris and Jolley
2017), our general understanding of larval growth, survivorship, and persistence in
deepwater habitats still lags behind that of stream populations. Johnson et al. (2016)
suggested that larval annual survival rate was marginally higher in deepwater lentic
areas (63%) compared to shallow tributary streams (40–57%; Jones et al. 2009; Irwin
et al. 2012; Johnson et al. 2014), and larval survival in the St. Marys River was even
higher (66–91%; Jones et al. 2015). However, larval growth rates in Great Lakes
deepwater habitats is estimated to be 2–4× lower than in shallow streams (albeit
from only six tagged individuals), resulting in a longer developmental period prior to
metamorphosis and possibly higher overall larval mortality as a consequence (John-
son et al. 2016). Clearly, much is still unknown about the productivity of deepwater
habitats and they warrant further study.

7.3.2 Tools to Monitor the Spawning Migration

The terminal reproductive migration is a comparatively well-studied part of the life
cycle for several lamprey species, yetwe still lack a deep understanding of their swim-
ming capacity, motivation, and behavior during this period (see Moser et al. 2015).
Understanding these aspects of the upstream migration is important to effectively
mitigate the negative impact of anthropogenic barriers on species of conservation
concern (Maitland et al. 2015; Kemp 2016) and to impede the spawning migration
of sea lamprey in the Great Lakes (see Chap. 5). For example, until very recently,
nothing was known of how lampreys that feed at sea or in large lakes locate coastal
regions before entering rivers to spawn.Meckley et al. (2017) found that acoustically
tagged sea lamprey in the Great Lakes located the coast bymoving towards shallower
water, presumably by sampling hydrostatic pressure during periodic dives to the lake
bottom and then following decreases in depth. While at the surface, sea lamprey
may detect and respond to olfactory cues emanating from river water, enabling them
to orient towards the river mouth and initiate upstream movement to the spawning
grounds (Meckley et al. 2014).

The timing of river entry is variable within and among species (Moser et al. 2015).
Sea lamprey generally enter rivers a few months before spawning, but pouched lam-
prey Geotria australis and most Pacific lamprey generally enter fresh water ≥1 year
prior to spawning. The reason for such “premature migration” in these latter species
is not clear (Quinn et al. 2016; see Chap. 4). Early river entry reduces growth oppor-
tunities, but it may be favored when the freshwater environment provides moderate
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temperatures and flows, relative safety from predators, and reduced energetic expen-
ditures compared to the sea or lake environment (Quinn et al. 2016). Climate change
might affect the relative benefits and risks of this migration strategy in lampreys, for
example, by accelerating the body shrinkage experienced by upstream migrants fol-
lowing freshwater entry (Clemens et al. 2009). Within species, timing of river entry
often varies with environmental conditions such as water temperature and discharge
(Moser et al. 2015), and knowledge of these triggers has important applications to
conservation and control. For example, earlier sea lamprey migration in some Great
Lakes tributariesmay improve young-of-the-year growth and survival (McCann et al.
2018a).

Furthermore, the long-held belief that maturing sea lamprey in the Great Lakes
“staged” off the mouths of spawning streams until a temperature threshold (10 °C)
was reached (Applegate 1950) has, in part, guided the timing of setting barrier-
associated traps to capture migrants to index their abundance. However, dual-
frequency identification sonar (DIDSON) has recently revealed that sea lamprey
enter streams at temperatures as low as 4 °C up to 6 weeks prior to their first appear-
ance in traps (McCann et al. 2018b). This finding has major implications for sea
lamprey control because seasonal barriers are sometimes used to block access to
spawning habitat (McLaughlin et al. 2007). If seasonal barriers are not erected early
enough, then a portion of adults may escape upstream and reproduce. DIDSON can
produce high-resolution near-video-quality images in low-visibility water. Fishes as
small as a few centimeters in length can be imaged, and they can be detected at
distances exceeding 40 m. This method is increasingly being used in fisheries mon-
itoring applications and to observe fish behavior (Martignac et al. 2015). However,
although DIDSON works well for detecting sea lamprey at relatively low densities
(McCann et al. 2018b), this technology appears susceptible to observer bias. Keefer
et al. (2017) found that, when observing Pacific lamprey migrations using DIDSON,
among-viewer variability in lamprey enumeration was high, and individual viewers
scored only 32–63% of the total observations. Keefer et al. (2017) suggested that
these differences were due to a combination of viewer familiarity, image duration and
orientation, and lamprey density. Therefore, although DIDSON is a remarkable tool
with positive applications to lamprey management, ensuring good quality control
and proper set-up will be important.

Advances in telemetry methods, as well as more sophisticated statistical
approaches and reduction of costs associated with these methods (DeCelles and
Zemeckis 2014), are sure to result inmore fascinating insights into lamprey spawning
migrations in the near future. Early work by Almeida et al. (2002) using radio-tagged
anadromous sea lamprey revealed in-stream barriers to be a serious impediment dur-
ing the spawning migration of this valued species in Portugal, but it also identified
areas that were important for completion of its life cycle. Rooney et al. (2015) simi-
larly used radio telemetry in anadromous sea lamprey in Ireland to monitor passage
success at artificial weirs prior to and following weir modifications. Pacific lamprey
behavior at dams (e.g., Keefer et al. 2010, 2013; Mesa et al. 2010; see Moser et al.
2015) and in unobstructed rivers (Clemens et al. 2017b) has likewise been evaluated
using radio telemetry. Using a combination of radio and acoustic telemetry, Holbrook
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et al. (2015) found that sea lamprey migrate close to the river substrate and often at
channel edges, suggesting a preference for low water velocities. This is similar to
findings from Pacific lamprey observed in artificial raceway environments (Reid and
Goodman 2016b). These findings have implications for the positioning of traps to
control sea lamprey (where acoustic telemetry has also confirmed spatial mismatch
between trap positioning and lamprey movement tendencies; Rous et al. 2017) and
for the location and design of fish passage devices for native lampreys (Reid and
Goodman 2016b; Castro-Santos et al. 2017; Goodman and Reid 2017). Holbrook
et al. (2016), concerned that sea lamprey recruitment from the St. Clair-Detroit River
systemwas a significant new source of parasites in Lake Erie, used acoustic telemetry
to help narrow the search for spawning locations in this large river system.

Acoustic telemetry has also shown that the anadromous European river lamprey,
against expectation, ignores potential energetic savings during initial entry into rivers
by not taking advantage of selective tidal stream transport (STST; Silva et al. 2017a).
Other migratory fishes (especially those that, like lampreys, are poor swimmers)
often take advantage of water currents to migrate. For example, fishes using STST to
move upstream will move into strong inland currents when the water level is rising
and take refuge out of the current to avoid the ebb (seaward) tide. Silva et al. (2017a)
suggested that European river lamprey do not use STST due to fitness costs (e.g.,
risk of predation) separate from energetic expenditure, but the use of STSTmay vary
under different environmental conditions.

Counts of lampreys undertaking spawningmigrations are a useful metric to evalu-
ate the effectiveness of control measures (see Chap. 5) and of conservation initiatives
(e.g., whether population trends are positive or negative following intervention), and
they are also important for estimating absolute abundance. Lake-wide sea lamprey
abundance is estimated in each of the Great Lakes based on the number of upstream
migrants captured in index streams (Mullett et al. 2003), and Pacific lamprey are enu-
merated from video recorded at “count stations” at dams in the Columbia River basin.
However, the Pacific lamprey count stations were designed to enumerate salmonids
during the day rather than anguilliform lampreys migrating at night, and manu-
ally counting lampreys from video is labor intensive and fraught with uncertainty
due to observational error and complex movement patterns (Clabough et al. 2012).
An advanced automated video counting system (FishTick), which builds on widely
adopted systems of the 1990s that save images onlywhenmotion is detected, has been
tested for Pacific lamprey (Fryer 2008). This design is intended to reduce the amount
of data that must be reviewed by human observers, but Fryer (2008) reported that
lamprey attached to the viewing window and those swaying passively in the current
were not ignored by the computer algorithm (i.e., were counted as moving lamprey),
and the abundance of lamprey was too high to reduce the human effort required to
review the data. More recently, by using a new algorithm that removes empty video
frames (in conjunction with submerged cameras), Negrea et al. (2014) showed that
it was possible to reduce video observation time by >80% while detecting 99% of
Pacific lamprey. Thus, rapid advancements are being made in this methodology, and
its application could spread to other lamprey species.
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7.3.3 Environmental DNA

Rapid advances in genetic methodologies are similarly providing significant oppor-
tunities to aid lamprey conservation and control efforts (see also Sect. 7.3.5). This
includes the field of “environmental DNA” or eDNA, a term which was unfamiliar
to most fish biologists 5–10 years ago but which is now becoming commonplace,
as is evidenced by several special eDNA issues in journals related to ecology and
conservation (e.g., Tablerlet et al. 2012; Goldberg et al. 2015) and by the newly
launched Wiley journal Environmental DNA. Organisms shed DNA into their sur-
rounding environment (e.g., via mucus, feces, gametes, or sloughed off cells), and
detection of this species-specific genetic material in easily collected water samples
offers a promising and economical alternative or supplement to traditional survey
approaches (Rees et al. 2014; Goldberg et al. 2016; Port et al. 2016). Studies in
other aquatic species have shown that eDNA surveys can be more sensitive than
traditional electrofishing or other collection methods for determining species pres-
ence, particularly at low population densities (e.g., Biggs et al. 2015; Sigsgaard et al.
2015; McKelvey et al. 2016; Wilcox et al. 2016). This enables detection of rare
endangered species or those in the early stages of invasion with relatively little field
effort and without the need for specialized equipment and experienced operators.
Such non-invasive sampling also reduces impacts on species or habitats sensitive to
physical disturbance. However, the relative effectiveness of eDNA and traditional
surveys are often not rigorously compared (Roussel et al. 2015), and some studies
have concluded that traditional techniques are more effective than eDNA at detecting
rare aquatic species, particularly in flowing waters (e.g., Ulibarri et al. 2017).

Assays for eDNA have been developed for anadromous sea lamprey to moni-
tor passage across in-stream barriers (Gustavson et al. 2015) and for Pacific lamprey
(Carim et al. 2016) andLampetra spp. (Ostberg et al. 2018) to assess their distribution
and evaluate conservation status. eDNA assays have also been developed to detect
invasive sea lamprey in the Great Lakes and distinguish it from the native lampreys
in this basin (American brook lamprey, chestnut lamprey Ichthyomyzon castaneus,
and northern brook or silver lampreys I. fossor and I. unicuspis) (Gingera et al. 2016;
Schloesser et al. 2018). Monitoring with eDNA can reduce the level of effort tradi-
tionally required for assessing lamprey presence (e.g., its presence in inaccessible
upstream reaches can be inferred by eDNA detection at downstream locations). In
addition to detecting presence, Gustavson et al. (2015) and Gingera et al. (2016)
noted that sea lamprey eDNA concentration or detection frequency increased dur-
ing the spawning season, and Ostberg et al. (2018) reported Entosphenus spp. and
Lampetra spp. eDNA was similarly higher in the spring than in the fall. This is
likely because the free-swimming, large-bodied adults, their gametes, and later their
carcasses likely release more DNA into the water than the small, burrowed larvae
(Gingera et al. 2016). Such eDNA “spikes” coincident with spawning could be used
in monitoring programs (for both conservation and control) to identify streams with
reproducing lampreys. Although spawning lampreys are visible in many stream sys-
tems (i.e., when they spawn in shallow riffle areas of clear streams), they are far more
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difficult to detect in larger and more turbid river systems or lentic areas (Johnson
et al. 2015a).

Nevertheless, despite its great promise and utility to date, study design and inter-
pretation of eDNA results should be carefully considered (Goldberg et al. 2016).
The strengths of eDNA (i.e., its high sensitivity and ability to detect species presence
without capturing or even seeing the organisms) can also cause drawbacks. Thus,
stringent quality assurance and quality control are very important if the results are
to be useful. For example, false positives (i.e., when eDNA tests are positive but the
species is not there) can be caused by methodological errors, such as contamination
(where DNA detected in the assay came from a source outside of the system, such
as when equipment or reagents came in contact with the organism or its DNA) or
non-specific amplification (where the assay erroneously amplified DNA from one or
more non-target species). False positives can also result when DNA of the species
of interest is present in the water sampled and correctly identified, but the species
itself is not present in the system (e.g., whenDNA is transported into the system from
another source such as water flow, boat movement, or a predator’s feces;Mahon et al.
2013; Merkes et al. 2014). Nevertheless, false positives caused by methodological
errors can be eliminated or reduced with adherence to strict “clean” procedures (e.g.,
ensuring that filtration equipment and collected samples do not come into contact
with the organism or its DNA), and non-specification amplification can be prevented
by careful development and testing of the assay to ensure that DNA from only the
target species is amplified (Wilcox et al. 2013). False positives or false detections
caused by transport of the species’ DNA into the system fromother sources are harder
to detect. Such situations require follow-up sampling to assess reproducibility (Rees
et al. 2014). This will be particularly critical when the cost of initiating management
actions (e.g., applying lampricide to a large stretch of river) is high.

False negatives (i.e., failure of the assay to detect the DNA of the species when it
is there) can result when the sensitivity of the assay is not sufficient for detection of
low-quantity, low-quality DNA. Dilution of eDNA in the water sample (e.g., due to
high flow rates), or the presence of inhibitors (e.g., humic acids) that interfere with
the PCR (see Gingera et al. 2016), can also result in false negatives. Nevertheless,
improved amplification methods (e.g., probe-based quantitative PCR or digital drop
PCR), increased sampling effort (e.g., increasing the volume of water collected per
sample and the total number of water samples), and use of methods that reduce or
detect the effect of inhibitors on the PCR reaction can help to reduce the incidence
of false negatives (e.g., Nathan et al. 2014; McKee et al. 2015). Distinguishing false
from true negatives will be particularly critical if the cost of inaction (e.g., failing
to treat an infested stretch of river or identifying critical habitat for an imperiled
species) is high.

Methods are being developed to use eDNA to estimate relative abundance (e.g.,
Lodge et al. 2012; Lacoursière-Roussel et al. 2016), but the effects of different
environmental variables (e.g., flow rate, temperature) on eDNA detectability and
signal strength have yet to be fully elucidated (Deiner and Altermatt 2014; Deiner
et al. 2015; Jane et al. 2015). Furthermore, because eDNA is an indirect method of
detection, inferring the presence of the species “sight unseen” (Jerde et al. 2011), it
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does not provide information on the size, stage, or condition of the organisms present
(e.g., whether sea lamprey detected might be young-of-the year larvae, transformers
that will soon migrate out of the stream and become parasitic, or spawning adults).

Therefore, although eDNAmethods have the potential to revolutionizemonitoring
of aquatic species (particularly cryptic organisms like larval lampreys), at present,
lamprey eDNA assays would be best used as a supplemental larval assessment tool
rather than as a replacement for traditional survey methods. For example, Gingera
et al. (2016) suggested that eDNA detection could be used as a “red flag” warning
system for sea lampreydetection in theGreatLakes. Preliminary eDNAsurveys could
economically test for sea lamprey presence across large scales with relatively little
field effort (e.g., to test for presence above barriers or in tributaries not currently
known to harbor larval lamprey populations). Positive detections would warrant
further investigation with traditional electrofishing, although lack of eDNA detection
would not ensure that sea lamprey larvae were absent (e.g., where the eDNA signal is
diluted in large rivers; Gingera et al. 2016). Nevertheless, with increased sensitivity
and further refinements to eDNA methodologies, it will be exciting to see what is
possible within the next 10 years.

7.3.4 Pheromone Detection

Pheromones and other semiochemicals are organic compounds used to convey infor-
mation (e.g., mate availability or presence of predators) between individuals. They
often occur as species-specificmixtures inwater, and thismakes themuseful formon-
itoring purposes (Sorensen and Johnson 2016). Similar to eDNA, these compounds
can be extracted from water samples using a relatively simple and inexpensive pro-
cess, and they can then be measured with high sensitivity. Like eDNA, detection
of pheromones could allow inferences to be made regarding the distribution and
perhaps abundance of lampreys at a particular time of year, although not always to
species (Fine et al. 2004; Buchinger et al. 2017a). However, unlike eDNA, mea-
suring the concentration of particular pheromones in a water sample could provide
insights into the reproductive condition of the organism. For example, although the
male sex pheromone 3-keto-petromyzonol sulfate (3kPZS) is also released by larvae
at low rates, spikes in 3kPZS could be used to identify spawning times (Johnson
et al. 2015a; Brant et al. 2016; Sorensen and Johnson 2016). Furthermore, although
eDNA false positives might occur if, for example, a predator sheds feces containing
its prey’s DNA into the system (see Sect. 7.3.3), it is thought that pheromones cannot
be vectored as easily by another animal given that they are produced during relatively
short periods of time (Stacey and Sorensen 2009). Methods that have been devel-
oped to detect minute environmental concentrations of lamprey pheromones (e.g.,
Xi et al. 2011; Stewart and Baker 2012) reduce the chance of false negatives, partic-
ularly when samples are concentrated before analysis (Fine et al. 2006). Therefore,
detection of eDNA and pheromones together—from a single water sample—could
provide complementary alternatives or supplements to traditional samplingmethods.
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Our ecologically relevant knowledge of the pheromonal mixture released by
larval lampreys is largely restricted to three compounds: petromyzonamine disul-
fate (PADS), petromyzosterol disulfate (PSDS), and petromyzonol sulfate (PZS)
(Sorensen et al. 2005; Buchinger et al. 2015; see Moser et al. 2015). The ability
to detect these compounds in low concentrations is now aiding conservation efforts
for pouched lamprey in New Zealand streams. Stewart et al. (2011) reported on a
methodology to rapidly extract and identify these larval pheromones from stream
water, and Stewart and Baker (2012) subsequently developed a method whereby
passive accumulation of pheromone compounds can be achieved in situ via sorbent
cartridges. This new method collects and concentrates pheromones in stream water
and provides quantitative data on release rates. Unlike Northern Hemisphere lam-
preys (Buchinger et al. 2015), pouched lamprey principally release PZS, and PADS is
released at far lower concentrations and PSDSmay not be released at all (Baker et al.
2009). Thus, not only does this type of work allow for remote detection of lamprey
populations, it also has the potential to reveal deeper insights into the evolution of
chemical communication in lampreys (Buchinger et al. 2017a, b; Hume and Wagner
2018). Finally, pheromone detection techniques have been further refined for more
rapid detection of the sea lamprey sex pheromone 3kPZS, potentially enabling esti-
mation of adult abundance based on the concentration of the compound in stream
water (Wang et al. 2013). The rate at which new pheromone compounds are being
characterized is increasing rapidly (e.g., Li et al. 2017; Scott et al. 2018), as is the
potential to make inferences about lamprey distribution, physiology, and behavior
from their analysis. More research is still required to fully understand the limitations
of these techniques (e.g., the degree to which different Northern Hemisphere species
could be differentiated and the effect of stream discharge, abundance, and degra-
dation rates on detectability), as well as what biological factors (e.g., body size)
are responsible for variation in pheromone release rates (Buchinger et al. 2017c).
In general, the remote sensing of lamprey populations is an area with considerable
potential to improve our understanding of lamprey biology and management.

7.3.5 Other Genetic and Genomic Tools

Awealth of genetic resources are beingdeveloped for lampreys, including sequencing
of the complete mitochondrial genome for a number of species (Lee and Kocher
1995; Kawai et al. 2015; Ren et al. 2015, 2016; Pu et al. 2016), development of
nuclear microsatellite loci for population genetic applications (Bryan et al. 2005;
Takeshima et al. 2005; McFarlane and Docker 2009; Luzier et al. 2010; Spice et al.
2011; Gaigher et al. 2013; Schedina et al. 2014), and sequencing of the complete
somatic and germline genome of the sea lamprey (Smith et al. 2013, 2018) and
somatic genome of the Arctic lamprey (see Mehta et al. 2013; Manousaki et al.
2016; see Chap. 6). Next generation sequencing technologies such as Restriction site
Associated DNA Sequencing (RAD-Seq), which sequences small segments (totaling
~0.1–10%) of the genome, are allowing researchers to identify large numbers of
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single nucleotide polymorphisms (SNPs) for various applications related to lamprey
evolution, ecology, and conservation (e.g.,Mateus et al. 2013b;Hess et al. 2013;Hess
2016; Rougemont et al. 2017; Hume et al. 2018a). At the same time, new molecular
and genetic tools (e.g., transgenesis and gene knockdown) have been adapted for
use in lampreys (e.g., Kusakabe et al. 2003; Square et al. 2015; Zu et al. 2016; see
McCauley et al. 2015). These new tools have been particularly useful for evo-devo
studies (see Chap. 6), but they may also have application to sea lamprey control (e.g.,
Heath et al. 2014; Thresher et al. 2019a; see Chaps. 1, 5 and 6). These methodologies
are bringing together various fields of study related to the biology, conservation, and
control of lampreys, and they will no doubt do so to an even greater degree in the
next few decades. Managers of natural resources, such as those protecting species
or controlling them, have never had such a diverse array of tools to bring to bear on
the multitude of challenges they currently face (Shafer et al. 2015; Allendorf 2017;
Corlett 2017).

We briefly review here a few of the applications of these genetic and genomic
tools to lamprey conservation and control (see also Sect. 7.3.3). Development and
application of other innovative approaches to sea lamprey control—for example, the
sterile-male-release technique (Bergstedt and Twohey 2007; Bravener and Twohey
2016) and the use of pheromones and alarm cues to disrupt sea lamprey behav-
ior or increase trapping efficiency (e.g., Hume et al. 2015; Sorensen and Johnson
2016)—are reviewed in Chap. 5.

7.3.5.1 Genetic Species Identification

Research and conservation efforts in lampreys are often hampered by the fact that
lampreys can be difficult to morphologically identify to species (or sometimes even
to genus) during their long larval stage. This is particularly true for smaller larvae
(Neave et al. 2007; Docker et al. 2016), resulting in significant information deficits
in regions where multiple species co-occur but where, by necessity, data for the
larval stages are lumped together (e.g., Schuldt and Goold 1980). Morphological
methods for species identification (ID) have been improved by rearing wild larvae
through metamorphosis to confirm identify (Richards et al. 1982) or by artificially
propagating larvae of known parentage (Meeuwig et al. 2006; see Chap. 2). Genetic
species ID has enabled additional fine-tuning of morphological ID methods or have
replaced suchmethods in situationswhenmorphological ID is shown to be unreliable.

As a result of several taxonomically comprehensive datasets now being available,
many lamprey species can have their identity confirmed through comparison of their
mitochondrial cytochrome b (e.g., Lang et al. 2009; Boguski et al. 2012) or COI (e.g.,
Hubert et al. 2008; April et al. 2011) DNA sequence to that of specimens of known
identity. However, there are two important caveats. First, few paired and satellite
species possess diagnostic differences in their mtDNA sequences (e.g., April et al.
2011; Artamonova et al. 2011; Docker et al. 2012; see Chap. 4). Members of a pair
may be distinguishable in somepopulations (e.g., non-sympatric populations ofwest-
ern river and brook lampreys; Boguski et al. 2012), but range-wide species-specific
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mtDNA markers do not exist for most pairs. Likewise, closely related parasitic
Entosphenus species (e.g., Pacific lamprey and Vancouver lamprey E. macrostomus)
lack diagnostic differences in their mtDNA sequences (Lang et al. 2009; Taylor et al.
2012). Genetic ID methods have been developed that can distinguish Entosphenus
spp. from Lampetra spp., which in itself is very useful (see below), but they are not
capable of distinguishing among closely related Entosphenus or Lampetra species
(Docker et al. 2016). The second caveat is that the reliability of this method is only
as good as the available reference sequences. Misidentification or miscommunica-
tion of the species in the database will lead to misleading results (see Sect. 7.2.1),
and users of the database need to be aware that intraspecific (e.g., geographic) or
otherwise unappreciated genetic diversity may confound results. For example, Lang
et al. (2009), although including representatives of almost all known lamprey species,
includes few representatives of each species, and their data set does not begin to cap-
ture the genetic diversity of Lampetra on the west coast of North America (Boguski
et al. 2012). Where funds are available, best practice should include archiving small,
non-lethal tissue samples of lampreys being surveyed. This would generate a bank of
material useful in large-scale comparative studies and would aid in the identification
of specimens with ambiguous species designations.

Genetic species ID has been used to good effect in recent years, even in very small
larvae. Direct cytochrome b sequencing helped confirm the first known occurrence
of American brook lamprey in Maine (Aman et al. 2017) and the identity of a single
western river lamprey above three dams in the Columbia River (Jolley et al. 2016).
In addition to direct sequencing, cost-effective restriction fragment length polymor-
phism (RFLP) assays have been developed that rapidly screen the amplified mtDNA
fragment for species- or genus-specific differences at a restriction enzyme’s recogni-
tion (“cut”) site. An RFLP assay that unambiguously distinguished chestnut lamprey
from northern brook and silver lampreys allowed researchers to determine at what
size (≥105 mm TL) the presence or absence of pigmented lateral line organs defini-
tively distinguished chestnut lamprey from the latter two species (Neave et al. 2007).
Similarly, an RFLP assay unambiguously distinguished the genera Entosphenus and
Lampetra, allowing Goodman et al. (2009) to test the ability of caudal fin pigmenta-
tion to identify larvae ≥60 mm TL to genus. Urdaci et al. (2014) developed genetic
methods to distinguish sea lamprey fromEuropean river and brook lampreys, because
morphological differences are often unclear in larvae <60 mm TL.

Other recent assays have been developed that are even more amenable for
high-throughput applications. Docker et al. (2016) found that size differences in a
microsatellite locus could rapidly and cost-effectively distinguish Entosphenus spp.
from all known North American west coast Lampetra spp. Using this assay, Pacific
lamprey larvae were detected upstream of the former site of the Condit Dam in the
White Salmon River, Washington, 3 years after dam removal (Jolley et al. 2018).
Larvae (n = 13) measured only 26–67 mm TL, which would have made it difficult
or impossible to morphologically distinguish them from western brook lamprey that
were already present in some areas above the dam. Genetic species ID was thus able
to unambiguously confirm that Pacific lamprey had started to naturally recolonize
this river following removal of the impassable dam (see Sect. 7.4.1). UsingRAD-Seq,
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Hess et al. (2015) identified two SNPs capable of separating Entosphenus spp. from
Lampetra. These markers showed the presence of Pacific lamprey larvae (<46 mm
TL) in the Hood River less than 2 years after removal of the Powerdale Dam. These
markers have been included in a panel of 96 SNPs designed to also permit parentage
analysis and characterization of neutral and adaptive variation in Pacific lamprey
(Hess et al. 2015), offering an efficient method for genetically screening lampreys
to address a range of conservation applications (see Sects. 7.3.5.2 and 7.3.5.3).

7.3.5.2 Genetic Stock Structure

Population genetic analyses have long been a cornerstone of management science,
andmodern analyses using genetic and genome-scale data now allow for better detec-
tion of population structure, connectivity, and adaptive variation than ever before
(Palsbøll et al. 2007; Funk et al. 2012). Population genetic analyses are being used
in lampreys for identifying management units within species (e.g., Spice et al. 2012;
Hess et al. 2013), or to test for reproductive isolation among closely related species
that are indistinguishable using mtDNA sequence data (e.g., Docker et al. 2012; Tay-
lor et al. 2012: Rougemont et al. 2015). Because migratory lampreys do not home
to their natal streams (Bergstedt and Seelye 1995; Waldman et al. 2008; see Moser
et al. 2015), they generally show limited population structure relative to salmonids
and other philopatric species (e.g., Bryan et al. 2005; Goodman et al. 2008; Yamazaki
et al. 2014; Bracken et al. 2015). Nevertheless, application of increasingly higher-
resolution markers is revealing some population heterogeneity in most wide-ranging
species, and the occurrence of adaptive variation within species that disperse widely
has significant management implications (Hess et al. 2013; Hess 2016).

Even using presumed neutral markers (i.e., microsatellite loci and SNPs that
showed no evidence of being under selection), Spice et al. (2012) and Hess et al.
(2013) found evidence of isolation by distance in anadromous Pacific lamprey (i.e.,
lamprey from geographically distant locations were more genetically differentiated
from each other than were those in close proximity), especially among locations with
smaller-bodied forms. Bracken et al. (2015) likewise detected significant isolation
by distance in European river lamprey. Spice et al. (2012) suggested that limits to
dispersal distance at sea, especially in the smaller-bodied forms, prevented complete
panmixia (i.e., randommating among all individuals) and range-wide genetic homo-
geneity. In the relatively small-bodied European river lamprey, Mateus et al. (2016)
similarly inferred gene flow among locations but not complete panmixia. Recent
studies using adaptive SNP loci (i.e., those that appear to be under selection) sug-
gest even greater genetic heterogeneity in Pacific lamprey (Hess et al. 2013), leading
Hess and colleagues to conclude that local selection helps maintain high frequen-
cies of particular genetic variants in specific locations despite extensive gene flow.
This and subsequent studies have shown evidence for selection related to geography,
body size, and run timing in Pacific lamprey (Hess et al. 2013, 2014; Parker 2018;
see Chap. 4). These results have important management implications. The absence
of natal homing and strong local adaptation means that Pacific lamprey should be
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able to naturally recolonize areas from which the species has been locally extirpated
(see Sect. 7.4.1), and translocation efforts (i.e., human-mediated reintroductions) are
less likely to disrupt stock structure (Spice et al. 2012; Hess 2016). Nevertheless,
given the weak but significant isolation by distance observed over a wide latitudinal
range, source populations should be from sites reasonably close to the recipient site.
Furthermore, given the evidence of adaptive variation, it would be good to match
source and recipient populations in terms of run timing or body size, and to ensure
that genetic variability is maintained within the population (Hess et al. 2013, 2014;
Parker 2018). However, it is also important to recognize that the lack of philopatry
exhibited by migratory lampreys implies that the offspring of adults translocated to a
particular site will not necessarily return to that site to spawn. Thus, conservation is
a range-wide issue for Pacific lamprey (Spice et al. 2012; Wang and Schaller 2015)
and other anadromous lamprey species.

In sea lamprey, Bryan et al. (2005) used microsatellite loci to identify significant
genetic differentiation between individuals from the Laurentian Great Lakes and
the anadromous population on the Atlantic coast, as well as between freshwater
populations in the upper and lower Great Lakes. Finer-scale genetic structure (e.g.,
among Atlantic locations or among the upper Great Lakes) was not evident using
these loci, leading Spice et al. (2012) to suggest that anadromous sea lamprey (given
their large size and blood-feeding strategy) may remain attached to individual hosts
longer than predominantly flesh-feeding Pacific and European river lampreys (see
Chap. 3) and may thus be able to disperse greater distances during the parasitic
feeding phase. However, dispersal distances in the anadromous sea lamprey are
not limitless; fixed differences in mtDNA sequence between European and North
American sea lamprey indicate that there is a complete lack of gene flow across the
Atlantic Ocean (Rodríguez-Muñoz et al. 2004). With respect to detecting gene flow
or local adaptation within the European and North American populations, higher-
resolution markers and loci under selection likely will be required. Such analyses
will be important to determine the extent to whichmigrants from one basin contribute
to populations in other basins (e.g., from Lake Huron to Lake Erie via movement
through the St. Clair-Detroit River system; Holbrook et al. 2016) and to test for
gene flow with the Atlantic population. A complete lack of gene flow between the
freshwater and anadromous populations will be required if genetic control methods
are to be employed in the Great Lakes (Bergstedt and Twohey 2007; see Sect. 7.4.3).
Modern population genomic analyses may also help resolve questions about the
origins of sea lamprey in Lake Ontario and Lake Champlain, that is, whether they
invaded via canals in historical times (as outlined by Eshenroder 2014) or whether
they colonized post-glacially (e.g., Waldman et al. 2004, 2006, 2009; Bryan et al.
2005; see Chap. 4), and they can be used to test for evidence of selection related to
lampricide resistance (Dunlop et al. 2018).
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7.3.5.3 Other Applications

Application of genetic and genomic tools is improving our understanding of lamprey
biology in myriad other ways. For example, genetic parentage analysis has allowed
researchers to better assess lampreymating systems, estimate effective spawner abun-
dance, and monitor the success of transplantation efforts.

In sea lamprey, Gilmore (2004) used microsatellite loci to identify the parents of
embryos produced by a known population of spawners, and she showed that female
sea lamprey often visited multiple nests and that males and females both mated with
several different partners. Parentage analysis using the set of 96 SNPs developed
by Hess et al. (2015) similarly confirmed that Pacific lamprey were polygynandrous
(i.e., where multiple males mate with multiple females; Johnson et al. 2015a). Hess
et al. (2015) showed that 41% of Pacific lamprey parents in Newsome Creek, Idaho,
spawned with 2–4 mates, and Whitlock et al. (2017) estimated that 29% of parents
were involved in multiple matings in the Luckiamute River, Oregon. Whitlock et al.
(2017)were able tomake a number of other inferences about the reproductive ecology
of this population of Pacific lamprey using genetic pedigree reconstruction. They
found that: individual Pacific lamprey produced offspring in 1–6 redds; themaximum
distance among redds used by a single individual was 815 m; 44% of the redds
contained embryos frommore than one pair of spawners; and western brook lamprey
also spawned in redds created by Pacific lamprey. This study also supported previous
suggestions that Pacific lamprey excavate more redds than they use (Moser and Close
2003), and it estimated effective spawner abundance per redd to be 0.48. This value is
similar to that obtained by Farlinger and Beamish (1984) using visual surveys in the
Skeena River, British Columbia. In contrast, Brumo et al. (2009) estimated spawner
abundance per redd in the Coquille River, Oregon, to be only 0.18–0.48 in 2004 and
0.04–0.17 in 2005. Pacific lamprey spawning behavior may vary seasonally (Brumo
et al. 2009) or in response to different environmental conditions or differences in
the density or demography (e.g., sex ratio) of spawners (see Johnson et al. 2015a).
Therefore, genetic pedigree analysis appears to be a very useful complement to
traditional redd surveys, because effective spawner abundance may not always be
predictably correlated with redd abundance.

Genetic techniques are also improving our knowledge of other aspects of lam-
prey biology. For example, using microsatellite loci, Derosier et al. (2007) reported
that siblings were found up to 0.9 km from each other within 3 months of emer-
gence, and they showed even greater dispersal by the end of 1 year. The success
of Pacific lamprey translocation efforts is being monitored using a parentage based
tagging (PBT) approach, which involves using a multifunctional 96 SNP panel (see
Sect. 7.3.5.1) to non-lethally genotype all translocated adults and the larvae collected
from the translocation sites in subsequent years (Hess et al. 2015). Viable offspring
were produced by 54% of the adults released in 2007, and many of these offspring
were recovered as downstream-migrating juveniles 5 years later. Incredibly, these
outmigrants ranged in size from 74 to 145 mm TL. Without parentage analysis to
place them in single year class, we would likely have assumed that they represent a
large range of ages (Hess et al. 2015; Hess 2016). These results are reminiscent of the
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study byManion and Smith (1978), wheremonitoring a single sea lamprey year class
after it was isolated above a barrier dam revealed a range of ages at metamorphosis
(5–12+ years) and showed that female sea lamprey metamorphosed at an older age
than males (see Chap. 1).

Population geneticmethods are also useful for estimating effective population size
(Ne), ameasure of the rate at which populations experience genetic drift. Estimates of
Ne are important for management because they provide an assessment of the adaptive
potential of the population. When Ne is low, the random process of drift becomes
more powerful than selection; in contrast, a population has a high capacity to respond
via selection when Ne is high (Kimura et al. 1963; Lynch and Gabriel 1990; Willi
et al. 2013). Genetic and genomic tools are being used to investigate the genetic basis
for feeding type, body size, and run timing (Mateus et al. 2013b; Hess et al. 2013,
2014; Rougemont et al. 2017; Hume et al. 2018a; Parker 2018) and to reconstruct
the demographic history of European river and brook lampreys (Rougemont et al.
2016; see Chap. 4).

Genetic options for the control of invasive sea lamprey are also being discussed,
including use of “daughterless” technologies and “Trojan” genes to manipulate sex
ratio (Bergstedt and Twohey 2007; McCauley et al. 2015; Thresher et al. 2019a;
see Chaps. 1 and 5). Targeted research using “omics” technologies (e.g., genomics,
transcriptomics, proteomics) could also help identify molecular targets for highly
selective “next generation” lampricides that could provide increased efficiency and
reduced environmental impact relative to those currents used (see Chap. 5). Such
“omics” tools are now being used to identify new targets for pharmaceuticals (e.g.,
Yan et al. 2015) and insecticides (e.g., Van Leeuwen et al. 2012), and concerns over
the evolution of resistance to existing lampricides could also require development of
alternative control tactics (Dunlop et al. 2018).

7.4 Recent Progress and Upcoming Challenges
in Conservation and Control

This sectionwill provide a selective overviewof some of the exciting “wins” achieved
recently related to lamprey conservation and control, and highlight some anticipated
challenges. We focus largely on recent progress related to conservation, because
an up-to-date review of sea lamprey control is provided in Chap. 5. However, as
indicated above, issues related to conservation and control are often “two sides of
the same coin” (e.g., with dam removal providing a “good news, bad news” scenario
for passage of native fishes versus containment of invasive sea lamprey). We focus
largely on efforts targeting passage of upstreammigrants, but recent progress has also
beenmade in terms ofmitigating the impact of instream engineering and construction
activities on larval lampreys (e.g., King et al. 2015) and water diversion structures
on outmigrating juveniles (e.g., Goodman et al. 2017). Other issues “on the horizon”
include preventing spread of sea lamprey into new bodies of water (either via canals
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or as new regions or habitats become available as a result of climate change or
pollution abatement; see Chaps. 4 and 5) and concerns regarding range contractions
in native species that might result from climate change or habitat loss (see Maitland
et al. 2015; Reid and Goodman 2016a).

7.4.1 Restoration of Habitat Connectivity via Dam Removal

Most of the world’s rivers have now been dammed to one extent or another, resulting
in extensive habitat fragmentation for migratory fishes (World Commission on Dams
2000;Grill et al. 2015). For lampreys, impassable barriers sever connectivity between
marine or lake habitats used during the parasitic feeding phase and their riverine
spawning and larval rearing habitats. Such barriers are a major threat on a global
scale (see Maitland et al. 2015).

The good news is that migratory lampreys are able to rapidly recolonize river
reaches when habitat connectivity is restored (Farlinger and Beamish 1984; Lin
et al. 2008; Hogg et al. 2013, 2015; see Maitland et al. 2015). This ability to rapidly
colonize areas may be largely due to their lack of philopatry (see Sect. 7.3.5.2).
In recent years, there has been a major push in some regions to restore longitudinal
connectivity of riverine habitats. In the Scorff River in France, a 50-km stretch of river
was recolonized by sea lamprey within a few years of dam removal, and spawning
sites became both more abundant and more widely distributed upstream of the dam
site (Lasne et al. 2014). Similarly, in the Connecticut River basin, Magilligan et al.
(2016) found that anadromous sea lamprey had moved into the upstream reaches
of Amethyst Brook, Massachusetts, in the year following removal of a large dam.
However, dam removal alone may not be an immediate “fix” to the problem. Habitat
availability may also be a limiting factor in these newly accessible streams following
many decades of altered flow regimes. In the Mill River, Massachusetts, stream
channel reconstruction accompanied dam removal, and anadromous sea lamprey
(not previously recorded in this river) found and spawned in this river in the 2 years
following dam removal (Livermore et al. 2017). Pacific lamprey is also benefiting
from barrier removal initiatives in the northwestern United States, where larvae
are being detected in suitable habitats that were formerly inaccessible due to the
presence of large dams (Hess 2016; Moser and Paradis 2017; Jolley et al. 2018; see
Sect. 7.3.5.1).

The effects of anthropogenic barriers on brook lampreys—or even a basic under-
standing of what constitutes barriers for brook lampreys—are less clear. Brook lam-
preys are so named because they remain resident within their natal streams, under-
going upstream migrations of only a few kilometers (see Moser et al. 2015). With
their naturally limited dispersal, onemight assume that anthropogenic barriers do not
cause significant habitat fragmentation. Nevertheless, Bracken et al. (2015) found
that genetic distance between European brook lamprey populations increased with
the number of anthropogenic barriers separating them. These authors suggested that
such barriers exacerbated isolation among disjunct brook lamprey populations by
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inhibiting gene flow mediated by its paired parasitic and migratory counterpart, the
European river lamprey (see Chap. 4). Bracken et al. (2015) found that barriers
also amplified the asymmetry of gene flow from upstream to downstream sites by
allowing some passive downstream drift but preventing active upstream migration.
Among western brook lamprey populations in the Columbia River basin, Spice et al.
(2019) likewise observed that gene flow occurred primarily in a downstream direc-
tion, resulting in a decrease in genetic diversity in upstream sites. This suggests that
western brook lamprey populations in upstream areas may be particularly vulnera-
ble to local extinction. However, Spice et al. (2019) observed that most gene flow
appeared to take place in tributaries rather than through the mainstem Columbia
River (perhaps not surprising given the size of this river), suggesting that a better
understanding of potential barriers encountered by this species in tributary streams
is needed.

Dam removal, although restoring habitat connectivity for other fishes in the Great
Lakes basin, would be “bad news” for sea lamprey control. Deterioration of the dam
on the Manistique River, Michigan, in the early 2000s allowed sea lamprey access to
>200 river km of previously unavailable spawning and larval rearing habitat, and this
escapement is thought to have contributed to population increases in Lake Michi-
gan (Klar and Young 2005). Jensen and Jones (2018) modeled the effects of barrier
removal on sea lamprey abundance in Lake Michigan and concluded that larval pro-
duction in newly available stream reaches would result in rapid and disproportionate
increases in abundance if there were no increases in lampricide applications to offset
the effect of the barrier removals. Lampricide applications to these upstream reaches
would increase the cost of sea lamprey control and expose native lampreys in these
reaches to lampricide treatment (see Maitland et al. 2015; Chap. 5).

7.4.2 Lamprey Passage at Barriers

Because dam removal is not always possible, efforts are increasing to improve pas-
sage of native lamprey species at these structures. Conversely, in the Great Lakes
basin, research is ongoing to restore habitat connectivity for native fishes while
impeding upstream migration of sea lamprey.

Most traditional fishways were designed to enhance passage of teleost fishes, but
recent research is helping design “lamprey friendly” fishways for species of conser-
vation concern (see Moser et al. 2015). In particular, there has been an increased
emphasis on better incorporating knowledge of each species’ biology into the design
and on more rigorously evaluating the effectiveness of the remediation efforts (e.g.,
Rooney et al. 2015; Kemp 2016). This is exemplified by ubiquitous “pool-and-weir”
style fishways,which can provide passage for some lamprey species butwhich appear
ineffective at passing others. For example, at mainstem dams in the Columbia River,
passage rates through pool-and-weir sections can exceed 90% for Pacific lamprey
(Keefer et al. 2013), but Castro-Santos et al. (2017) reported passage rates as low as
29–55% and delays of up to 2 weeks for anadromous sea lamprey attempting to pass
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structures of similar design. Castro-Santos et al. (2017) speculated that the transition
between natural rivers and highly engineered fishway environments is difficult for
sea lamprey, as this is where the majority of failed passage attempts were detected.
Similar observations have been made for Pacific lamprey that successfully enter
fishways in the Columbia River basin but which subsequently exhibit high levels of
fallback (Kirk et al. 2015).

Use of studded tiles is a common methodology for improving passage of anguilli-
form fishes over obstacles (e.g., European eel Anguilla anguilla; Vowles et al. 2015,
2017). However, thus far, they have proven far less effective for passing lampreys
under the same environmental conditions.Kerr et al. (2015) showed that 77%ofEuro-
pean eel successfully surmounted a Crumpweir that included vertically oriented tiles
covered with bristles. In contrast, only 37% of European river lamprey successfully
passed under the same conditions. Similarly, but in the face of a different barrier type,
Vowles et al. (2017) reported passage rates of 67–93% for European eel when using
tiles studdedwith plastic pegs compared to only 20–22% for European river lamprey.
These findings are consistent with field observations, where Tummers et al. (2016)
reported European river lamprey passage efficiencies of just 17% when an existing
fishway design within a natural stream was retrofitted with wall-mounted studded
tiles. In a subsequent study, passage efficiency past a Crump weir on which studded
tiles were fixed horizontally was 26%, although this was still better than the 9%
passage observed via the tileless control route (Tummers et al. 2018). Anadromous
sea lamprey showed even lower passage rates when using retrofitted studded tiles,
with 8% efficiency reported from 36 radio-tagged individuals in the Mulkear River,
Ireland (Rooney et al. 2015). This suggests that, although novel fishway designs such
as climbing ramps are often better than traditional designs (Foulds and Lucas 2013;
Tummers et al. 2016), there is still much we have to learn to design more appropriate
and effective fishways for migratory lampreys.

A first step towards doing so should be the explicit consideration of lamprey
behavior and not just their physical or physiological capabilities (e.g., Goodman
and Reid 2017). Climbing structures specially designed for Pacific lamprey have
been shown to increase rates of passage at large dams compared with pool-and-weir
designs (Moser et al. 2015; Gallion et al. 2016; Frick et al. 2017; Goodman and
Reid 2017). For example, Goodman and Reid (2017) found that passage efficiency
was only 44% at an existing pool-and-weir fishway, but that two relatively simple
in situ modifications (involving either a corrugated galvanized culvert or a simple
Acrylonitrile Butadiene Styrene pipe) permitted 100% passage efficiency through
the alternative routes. Moreover, passage rates were ~10 and 20× faster with the
culvert and tubemodifications, respectively, compared to the pool-and-weir structure.
Further refinements to such vertical wetted surfaces, such as identifying the lower
and upper bounds of flow rates, is generating consistently high passage rates for
Pacific lamprey (e.g., 94% total passage, including 76% of first attempts) even in
highly engineered experimental environments (Frick et al. 2017). Likewise, anecdotal
evidence indicates that pouched lamprey are able to use ramp style designs by taking
advantage of their strong climbing capability (Cindy F. Baker, National Institute of
Water and Atmospheric Research, Hamilton, NZ, personal communication, 2018),
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which could improve their apparently low usage of nature-like fishways (Beatty et al.
2007).

Recent studies have revealed complex behaviors by migrating lampreys at fish-
ways. Kirk et al. (2017) showed that Pacific lamprey exhibit both avoidance of, and
attraction to, turbulence within a vertical slot fishway. Pacific lamprey were attracted
to turbulence when flow rates were low, but they actively avoided turbulent areas
when flow rates increased beyond a particular threshold. The former behavior is
likely related to orientation within a stream and would aid lamprey in maintain-
ing upstream directionality, while the latter behavior could help individuals reduce
energetic costs in highly turbulent and fast flowing reaches (Kirk et al. 2016). Sim-
ilar behaviors were shown by acoustically tagged European river lamprey as they
approached a navigation lock (Silva et al. 2017b). Furthermore, it is now apparent
that Pacific lamprey express much greater intraspecific variation in passage behavior
compared to other anadromous fishes such as salmonids. Kirk and Caudill (2016)
revealed, using network analysis, that some Pacific lamprey explore multiple poten-
tial routes through a barrier, while others select the first route detected, and either
group may ultimately reject fishways entirely.

Ultimately, for species of conservation concern, we need a better understanding of
the fitness consequences of passage through such highly engineered environments.
For example, even if lampreys pass barriers, delays could disrupt the highly synchro-
nized processes of migration, spawning, and embryonic development, which are all
strongly dependent on stream temperatures (see Johnson et al. 2015a). The energetic
costs of passage also remain poorly studied. Furthermore, it is not clear how many
individuals need to achieve reproductive success in order to maintain the popula-
tion. Following the installation of a vertical slot fishway in the Mondego River in
Portugal, the abundance of larval sea lamprey increased 29-fold within a 2–5-year
period, despite passage rates of just 31% (Pereira et al. 2017). Perhaps given the gen-
erally polygamous nature of lampreys (see Johnson et al. 2015a; Sect. 7.3.5.3) and
the high fecundity of anadromous species (see Chap. 1), relatively few individuals
passing barriers each year are sufficient to sustain the population as long as there
is sufficient high-quality habitat upstream. This is consistent with suggestions that
relatively low rates of escapement past sea lamprey control barriers can result in high
larval abundances upstream (see Sect. 7.4.1), but this clearly requires further study.

The “other side of the coin” regarding lamprey-specific passage requirements is
the ability to exploit differences in lamprey swimming ability and behavior at bar-
riers for sea lamprey control purposes. Lamprey-specific barriers have the potential
to minimize negative effects to other native fishes while still preventing sea lam-
prey from gaining access to spawning habitat (Porto et al. 1999; Dodd et al. 2003;
McLaughlin et al. 2006; Pratt et al. 2009). Advances related to selective fish passage
are reviewed in Chap. 5 (and references therein), and other innovative approaches
may help achieve this goal. Using a combination of studded tile ramps and a putative
alarm cue, Hume et al. (2018b) demonstrated that it is feasible to provision at least
one Great Lakes native fish species (white sucker Catostomus commersonii) with a
potential route through a barrier, while simultaneously excluding sea lamprey from
the same fishway design. Unique features of lamprey climbing abilities and behaviors
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are also being exploited to increase trapping efficiency, and the use of pheromones to
enhance trapping success is also being investigated (Johnson et al. 2015b, c; McLean
et al. 2015; see Chap. 5).

Given the phylogenetic distinctiveness of lampreys (e.g., resulting in reduced
“cross reactivity” of alarm cues or pheromones between lampreys and non-target
bony fishes; Hume and Wagner 2018) and differences in swimming ability related
to their body form and behaviors (see Moser et al. 2015; Sherburne and Reinhardt
2016; Sanchez et al. 2017), lamprey-specific barriers should be feasible. However,
the biggest challenge may be achieving sea lamprey specificity. Two other migratory
lampreys (silver and chestnut lampreys) are native to the Great Lakes basin and
Lake Champlain, and the silver lamprey in particular seems to have been negatively
impacted by sea lamprey control (Schuldt and Goold 1980; Maitland et al. 2015; see
Chap. 5). Given the conserved nature of the larval stage (see Dawson et al. 2015), it
may not be possible to achieve complete sea lamprey-specific control with the use of
lampricides alone, but solutions that exploit species-specific differences in response
to chemical cues or climbing abilities may achieve a higher measure of selectivity.
Exploitation of differences in climbing ability may be particularly fruitful given that
the native silver and chestnut lampreys are considerably smaller (meanTL atmaturity
224 and 216 mm, respectively; Hubbs and Trautman 1937) than freshwater-resident
sea lamprey (mean TL ~ 400–500 mm; see Chap. 4).

7.4.3 Public Perceptions and Social License

Achieving successful lamprey conservation and control goes beyond conducting
more research and implementing informed management actions. Ongoing advances
and response to future challenges must include positive public and legislative atti-
tudes towards species in need of conservation, and “social license” (i.e., broad social
support and ongoing acceptance within the local community and other stakeholders)
for sea lamprey control efforts. In North America and New Zealand, conservation
efforts have been led or propelled largely by Indigenous groupswho have long valued
Pacific lamprey and pouched lamprey, respectively (Close et al. 2002; Petersen Lewis
2009; Columbia River Inter-Tribal Fish Commission 2011; Stewart and Baker 2012;
see Docker et al. 2015; Maitland et al. 2015). In the Great Lakes basin, conservation
of native lamprey species generally has been overshadowed by the pressing need to
control sea lamprey, but the recent increase in outreach and legislative efforts targeted
at conserving native lampreys (particularly outside of theGreat Lakes basin) suggests
that lamprey conservation in North America has not been irrevocably damaged by
the negative public image of invasive sea lamprey (Mesa and Copeland 2009; Moyle
et al. 2009; Renaud et al. 2009; see Maitland et al. 2015). A management plan has
recently been approved for the anadromous sea lamprey in the Connecticut River
basin (Connecticut River Atlantic Salmon Commission 2018). It is believed to be the
first management plan for sea lamprey in North America that is focused on restora-
tion and recovery of this species rather than on control of pest populations, and the
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anadromous sea lamprey has been designated as a “Species of Greatest Conserva-
tion Need” by all four basin states (Connecticut River Atlantic Salmon Commission
2018). In contrast, there has long been an appreciation for lampreys in Europe and
Japan, particularly for those species historically used for human consumption (see
Docker et al. 2015), and this has generated considerable support for research, restora-
tion, and artificial propagation efforts (see Maitland et al. 2015; Chap. 2). In fact, it
is perhaps ironic that the recent invasion of pink salmon Oncorhynchus gorbuscha
into Scottish rivers is raising concerns that they will negatively impact the valued
native sea lamprey (Armstrong et al. 2018).

Given the ecosystem and economic damage caused by the sea lamprey in theGreat
Lakes and Lake Champlain drainages, good public support exists for the sea lamprey
control program in the Great Lakes. Nevertheless, current control methods are not
without concerns related, for example, to costs associated with ongoing control or
the effects of barriers and lampricides on non-target fishes and other organisms (see
Sect. 7.4.2; Chap. 5). Concerns appear to be particularly acute in the Lake Champlain
basin, where sea lamprey control was initiated after the establishment of the U.S.
Environmental Protection Agency and enactment of the Endangered Species Act,
and after significant expansion of the CleanWater Act. National Pollutant Discharge
Elimination System permits are required for use of lampricides, and development
and use of alternatives to chemical control is a high priority in the basin (seeMarsden
et al. 2010; Chap. 5). Alternatives such as pheromones are generally viewed as being
of less concern (because they are non-toxic, biodegradable, highly species-specific,
and capable of inducing responses even in minute quantities), but work with federal
and state regulatory agencies will still be required to register such compounds for
use in control applications (Li et al. 2007; Siefkes 2017). Furthermore, although
Eshenroder (2014) argued convincingly that sea lamprey are invasive throughout the
Great Lakes and Lake Champlain (see Chaps. 4 and 5), public perception of sea
lamprey control in the Lake Ontario and Lake Champlain drainages might change if
sea lamprey are confirmed (e.g., through population genomic analyses) to be native
to these regions. Waldman et al. (2004) suggested that sea lamprey control policies
aimed at intense suppression might need re-evaluation if sea lamprey are shown to be
native to Lake Ontario. However, there are precedents for—but also disagreements
regarding—control measures aimed at other significant but native pest species (e.g.,
Rey et al. 2012; Dale et al. 2014).

Exploration of genetic options for the control of sea lamprey will need to address
many ethical and societal concerns regarding the genetic manipulation of organisms
released into the environment (Thresher et al. 2019a, b). With advances in molecular
and genetic technologies, such options are becoming increasingly feasible (see Chap.
6), but the extent to which there is social license to develop and use such technologies
will need to be evaluated. Similar discussions related to public acceptance of the
use of gene drive and other technologies to suppress insect and other pest species
are occurring worldwide (e.g., Esvelt et al. 2014; Lucht 2015; Webber et al. 2015;
Dearden et al. 2018). With respect specifically to sea lamprey control, a survey of
stakeholder attitudes (e.g., professional fishery managers and recreational anglers)
showed strong support for initiation of research and development related to genetic
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control options (Thresher et al. 2019b). Further exploration of the feasibility and
management applications of such technologies will need to go hand in hand with
public consultation and will need to involve careful evaluation of the actual and
perceived risks and benefits.

7.5 Conclusions

Lampreys have survived for hundreds of millions of years, persisting through at least
four mass extinction events when many other lineages perished (Docker et al. 2015).
As generalists, lampreys may have had “a leg up” on more specialized lineages. For
example, locating spawning tributaries by attraction to larval pheromones,which pro-
vides lampreys with a good indicator of contemporary rather than historical larval
rearing habitat quality, may make them better able to respond to changes in environ-
mental conditions than species that exhibit strong site fidelity. Similarly, the lack of
strong host specificity observed in parasitic species (see Chap. 3) means that lam-
preys are less likely to be impacted by changes in the distribution and abundance of
individual host species. The apparent easewithwhichmigratory and feeding type can
evolve inmost lamprey taxa (e.g., allowing populations to abandon their anadromous
migration or even the entire parasitic feeding phase when the growth opportunities
that this stage permits are no longer balanced by its costs; see Chap. 4) may also
allow lampreys to readily adapt to changing environmental and climatic conditions.
This apparent resiliency is “bad news” for sea lamprey control where compensatory
responses to control measures (e.g., faster growth, earlier metamorphosis, shifts in
sex ratio; see Chaps. 1 and 5) may confound attempts to suppress population levels in
the Great Lakes. Nevertheless, research and management innovations and a diversity
of weapons in the sea lamprey control arsenal are being used and developed to com-
bat this invasive species. With respect to lamprey conservation, their flexibility and
long evolutionary history should not allow us to be complacent. Although lampreys
as a lineage have survived for long periods of evolutionary time, individual species
have not. Species with restricted distributions (e.g., some brook lamprey species), as
well as anadromous lampreys that are facing numerous anthropogenic threats despite
their wider geographic ranges, are at risk of extirpation or extinction. However, with
the recent innovations targeted at conserving native lampreys in many parts of the
world, lampreys should continue to persist as important components of our marine
and freshwater environments if they are afforded the proper management.

From their formerly exalted status as “the food of kings” in theMiddle Ages to the
beginnings of recovery following their decline from our collective conscience and
our rivers during colonial expansions and the industrial revolution, lampreys have
experienced quite a journey. It is also clear that lampreys hold a special place in the
minds of researchers from a broad array of scientific disciplines and that they will
continue to do so for decades to come. Although they are few in number and many
of them are quite little, lampreys are a very fine group of fishes.
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