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Abstract The sea lamprey Petromyzon marinus

(Linnaeus) is both an invasive non-native species in

the Laurentian Great Lakes of North America and an

imperiled species in much of its native range in North

America and Europe. To compare and contrast how

understanding of population ecology is useful for

control programs in the Great Lakes and restoration

programs in Europe, we review current understanding

of the population ecology of the sea lamprey in its

native and introduced range. Some attributes of sea

lamprey population ecology are particularly useful for

both control programs in the Great Lakes and restora-

tion programs in the native range. First, traps within

fish ladders are beneficial for removing sea lampreys

in Great Lakes streams and passing sea lampreys in the

native range. Second, attractants and repellants are

suitable for luring sea lampreys into traps for control in

the Great Lakes and guiding sea lamprey passage for

conservation in the native range. Third, assessment

methods used for targeting sea lamprey control in the

Great Lakes are useful for targeting habitat protection

in the native range. Last, assessment methods used to

quantify numbers of all life stages of sea lampreys
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would be appropriate for measuring success of control

in the Great Lakes and success of conservation in the

native range.

Keywords Sea lamprey � Population ecology �
Management � Conservation

Introduction

The sea lamprey Petromyzon marinus (Linnaeus) is

both an invasive exotic species in the Laurentian Great

Lakes of North America and an imperiled species in

much of its native range along the north Atlantic coasts

of North America and Europe (Fig. 1). In the Lauren-

tian Great Lakes, the sea lamprey evidently invaded

the Great Lakes from the Atlantic Ocean (Christie and

Goddard 2003; Eshenroder 2014), and were first found

in Lake Ontario in 1835 (although this date has been

disputed by Eshenroder 2014), Lake Erie in 1921,

LakeMichigan in 1936, Lake Huron in 1937, and Lake

Superior in 1938 (Applegate 1950; Lawrie 1970;

Smith 1979; Smith and Tibbles 1980; Smith 1985). By

the 1950s, sea lampreys were abundant in all Great

Lakes, where they imposed high mortality on nearly

all teleost species, but especially the lake trout

Salvelinus namaycush (Hansen 1999). Control of sea

lamprey populations began in the 1950s, initially with

mechanical and electrical barriers to upstream

migration, and later with a selective pesticide, 3-tri-

fluoromethyl-4-nitrophenol (TFM; Smith and Tibbles

1980). Suppression of sea lamprey populations con-

tinues to rely on TFM, but was expanded to also

include use of an integrated program of physical

(barriers and traps) and biological (sterile-male

releases) control methods (Christie and Goddard

2003), although sterile-male releases were suspended

until further research could be completed to confirm its

efficacy.

In its native range, the sea lamprey is considered

threatened in France, Spain, and Portugal, European

countries where the main populations are found,

although the species is considered of Least Concern

according to the International Union for Conservation

of Nature (IUCN) Red List of Threatened Species, and

the European Red List of Freshwater Fishes (Mateus

et al. 2012). The sea lamprey is highly valued as a food

fish where populations are large enough to be

exploited (Quintella 2006), so commercial overfishing

is a serious threat for the species in areas such as the

Iberian Peninsula (Mateus et al. 2012) and elsewhere

in Europe (Maitland et al. 2015). In general, however,

the sea lamprey has declined over the last 25 years in

Europe from a combination of (1) habitat loss

associated with dam construction, (2) degradation of

water quality from mining, industrial, and urban

development, (3) direct loss of habitat by sand

extraction and dredging, (4) overfishing, and (5)

changes in water quality (temperature) and quantity

Fig. 1 Worldwide

distribution of native (black

shading North Atlantic

Ocean) and non-native (gray

shading Laurentian Great

Lakes, North America) sea

lamprey populations

Rev Fish Biol Fisheries

123



associated with climate change (Mateus et al. 2012).

To enable population recovery, lost or damaged

habitat must be restored, while sustainably managing

commercial fisheries (Mateus et al. 2012).

The purpose of this review is to synthesize and

relate the state of knowledge concerning the popula-

tion ecology of sea lamprey between Continents, to

increase understanding of how knowledge of popula-

tion ecology bears on control programs in the Great

Lakes and restoration programs in Europe. First,

current understanding of the life cycle is reviewed,

including adult life stage, reproduction, larval life

stage, metamorphosis, juvenile life stage, feeding, and

effects on host species, pointing out when present

differences between North American versus European

populations and/or landlocked versus anadromous

form. Second, implications for future status of the

species are reviewed, including how global climate

change will affect sea lamprey population ecology in

the Great Lakes and Europe, which attributes of sea

lamprey population ecology can be used to control

populations in the Great Lakes, which attributes of sea

lamprey population ecology can be used to restore and

conserve populations in Europe, which attributes of

sea lamprey population ecology are in need of further

study for management of the species worldwide, and

how understanding of population ecology bears on

both control programs in the Great Lakes and restora-

tion programs in Europe. For each topic below, we

attempted to include information for both non-native

populations in the Laurentian Great Lakes and native

populations in Europe, although gaps in available

information prevented complete coverage of all topics

in both the Great Lakes and Europe.

Overview

Lampreys have an unusual life cycle for a vertebrate

because of a relatively long larval life stage and a

relatively short adult life stage. A complete life cycle

of a sea lamprey takes at least 4–5 years (ran-

ge = 3–10? years), including 12–18 months (mini-

mum of 14 months for anadromous populations) in the

juvenile and adult life stage (Fig. 2). The long larval

life stage, a disadvantage for most anadromous fishes

because of increased risk of predation during this

vulnerable period, is more beneficial than detrimental

to the sea lamprey because larvae spend that period of

life burrowed in river sediments and are mostly

sedentary. Osmotic, bioenergetics, and predation-

exposure costs in moving between riverine and

oceanic or lake ecosystems are compensated by a

reduced predation on early life stages in riverine

environments and access to greater trophic resources

in marine or lake environments (Gross 1987). For the

sea lamprey, in particular, richness of the marine or

lake diet is measured not only in terms of numbers of

potential host species and individuals, but also the size

of parasitized species needed to sustain an adult sea

lamprey.

Debate regarding the native or non-native origin of

sea lampreys in Lake Ontario continues (Siefkes et al.

2013; Eshenroder 2014), but once established in the

upper Great Lakes, sea lampreys spread rapidly to

reproduce in *500 Great Lakes tributaries (Lake

Superior = 161, Lake Michigan = 126, Lake

Huron = 122, Lake Erie = 23 and Lake Ontar-

io = 66). Following their invasion, sea lampreys

spread rapidly throughout the five Laurentian Great

Lakes and are now found in streams of Minnesota

(Eddy and Underhill 1974), Wisconsin (Becker 1983),

Michigan (Applegate 1950), Illinois (Smith 1979),

Indiana (Gerking 1955), Ohio (Trautman 1981),

Pennsylvania (Emery 1985), New York (Smith

1985), and throughout Ontario (Adair and Sullivan

2013). As evidenced by marking on host fishes,

juveniles are distributed throughout open waters of

all Great Lakes, and larvae are currently distributed in

streams from eastern Lake Ontario to western Lake

Superior.

Adult life stage

Following completion of their 1–2 year-long marine

trophic phase (Beamish 1980; Silva et al. 2013a, b),

anadromous adult sea lampreys migrate upstream to

river stretches where they build nests, spawn, and die

(Larsen 1980; Moser et al. 2015). Passage from sea to

fresh water is a stressful stage of migration, so adults

use estuaries to acclimate from salt-water to fresh-

water osmoregulation (Bartels and Potter 2007). The

spawning migration ranges from September to March

along the east coast of North America (Beamish

1980); begins in December, peaks in February–March,

and ends with spawning in April-June in Southwestern

Europe Portuguese rivers (Almeida et al. 2000;
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Oliveira et al. 2004); and begins in February, contin-

ues through May–June, and ends with spawning

between the end of May and early July in the

Northwestern Europe Severn River, Britain (Hardisty

1986). Upstream spawning migration is triggered by

flow variation and temperature, so increasedmigratory

activity in periods of high discharge is likely a

behavior adopted by sea lampreys to overcome

difficult passage stretches to reach upstream spawning

areas (Almeida et al. 2002a; Andrade et al. 2007;

Binder et al. 2010). Regulated increased river dis-

charge at night (i.e. hydropeaking) seems to stimulate

lamprey movement, although reduced ground speed of

upstream movement has also been observed (Almeida

et al. 2002a).

Adult sea lampreys do not appear to home to natal

streams (Bergstedt and Seelye 1995; Waldman et al.

2008; Swink and Johnson 2014), but rather, select

spawning streams through innate attraction using other

sensory cues (Sorensen and Vrieze 2003; Li et al.

2003; Vrieze et al. 2010, 2011). In the Great Lakes,

adults from the same stream and cohort migrate into

numerous streams throughout one or more of the Great

Lakes, and tagged juveniles have been recaptured as

adults in streams more than 400 km from their natal

stream (Swink and Johnson 2014; Johnson et al. 2014;

U.S. Fish and Wildlife Service, unpublished data).

Mechanistic factors driving these movements are still

unknown, although adults locate spawning streams

using a three-phase odor-mediated strategy that

includes searching a shoreline while casting vertically,

followed by stream-water-induced turning toward a

stream mouth, where they ascend using rheotaxis

(Vrieze et al. 2011; Meckley et al. 2014). In the Great

Lakes, adult sea lampreys are highly selective in the

choice of spawning streams (Morman et al. 1980), and

choose streams with high larval density (Moore and

Schleen 1980), signaled by bile acid-based phero-

mones released by larvae (Bjerselius et al. 2000). Lack

of homing is also evident from genetic studies of

spawning migrants returning from the Atlantic Ocean

(Bryan et al. 2005; Waldman et al. 2008). However,

fatty acids and morphology of sea lampreys from

major Portuguese rivers indicate that dispersion in the

ocean may be limited, which suggests some degree of

geographical fidelity when adults return from feeding

Fig. 2 Duration of and

general habitat

characteristics used by

spawning adult, larval,

outmigrating, and parasitic

juvenile sea lamprey life

stages in the Great Lakes

(Great Lakes Fishery

Commission)
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areas (Lança et al. 2014). Further, absence of genetic

exchange among sea lamprey populations spawning in

the western and eastern Atlantic suggests adults do not

intermingle (Rodrı́guez-Muñoz et al. 2004).

Adult sea lampreys congregate at stream mouths

from January throughMarch each year, but the precise

timing of upstream migration differs with latitude

(Moser et al. 2015). In the Great Lakes, upstream

migration of adults begins in March–April (Applegate

1950) when water temperature reaches *15 �C
(Binder et al. 2010). In Europe, adult begin to migrate

into streams in December–January, with the peak of

migration in February–April, and spawning in April–

May. Migratory activity is stimulated when water

temperature increases daily, and is suppressed when

water temperature decreases daily (Binder et al. 2010).

Migration distance depends on river size, location of

suitable spawning areas, and length of river stretches

downstream of impassable barriers (Hardisty 1986). In

Great Lakes streams without natural or man-made

barriers, adult sea lampreys migrate more than 100 km

upstream. In the Iberian Peninsula, 80 % of accessible

sea lamprey habitat was lost by obstruction of lower

stretches of all major rivers: historical available

habitat in the main stretch of the larger rivers was

516 km in the Douro, 633 km in the Tagus, 648 km in

the Guadiana, 394 km in the Guadalquivir, and

680 km in the Ebro (Mateus et al. 2012). In Portugal,

the present distribution of the sea lamprey is quite

limited, with spawning areas located below impass-

able dams, with the upstream limit ranging between

27 km (Cávado River) and 150 km (Tagus River)

(Almeida et al. 2002b; Mateus et al. 2012). In Britain,

spawning habitat lies within 10–100 km of the tidal

limit (Hardisty 1986). Sea lampreys historically

migrated upstream 850 km in the Rhine River, Europe

(Hardisty 1986) and 320 km in the Delaware and

Susquehanna rivers, North America (Bigelow and

Schroeder 1948), until construction of the Conowingo

Dam near the mouth of the Susquehanna in 1928

obstructed migration (Waldman et al. 2009).

Adult sea lampreysmigrating upstream have ceased

feeding, the digestive system has atrophied and is non-

functional, and the sea lamprey invests remaining

energy in gamete production, nest construction and

spawning. Lampreys are negatively phototaxic, so

move upstream in fresh water primarily during dusk

and darkness (Almeida et al. 2000, 2002a) and seek

refuge before dawn (Andrade et al. 2007). The adaptive

value of nocturnal behavior might be related to the

greater protection afforded by darkness. When swim-

ming through slow river stretches, adult sea lampreys

can maintain constant activity at an average ground

speed of 0.76 body lengths/s (Quintella et al. 2009),

although typical swimming is at a ground speed of

0.2–0.4 body lengths/s (Andrade et al. 2007). Adults

seek cool, well-oxygenated water with a unidirectional

flow over rock, gravel, and sand substrate (Applegate

1950; Hardisty and Potter 1971b). Nests are typically

constructed bymales using theirmouth tomove stones,

while flushing smaller particles from the nest with

rapid body movements. Spawning pairs intertwine in

the nest, and with a series of convulsions, release milt

and eggs into the nest. Sea lampreys are semelparous,

so they die shortly after spawning (Applegate 1950;

Johnson et al. 2015a, b).

Mortality of adult sea lampreys prior to spawning is

poorly understood, but has been observed (Applegate

1950), although dead carcasses observed in one stream

may have been caused by spawning or chemo-

sterilization (Hanson and Manion 1980). Natural

mortality of adult sea lampreys introduced into two

Lake Ontario tributaries ranged from 6 to 30 % and

mortality from predation ranged from 1 to 11 %

(O’Connor 2001). Mortality from predation, particu-

larly on nest sites has been assumed to be relatively

small, although predators could prevent successful

spawning in streams with few adults (Applegate 1950;

Morman et al. 1980). The Eurasian otter (Lutra lutra

Linnaeus) commonly prey sea lamprey adults during

spawning period with estimated predation rates around

8 % (Andrade et al. 2007; Maitland et al. 2015).

Emigration of adult sea lampreys introduced into

streams ranged from 8 to 49 % within a spawning

season (Manion and McLain 1971; Hanson and

Manion 1980; Kelso and Gardener 2000; Dolinsek

et al. 2014). Depending upon their state of maturation,

sea lampreys that emigrated from streams may die

(Applegate 1950; Applegate and Smith 1951) or move

to another stream to spawn (Dolinsek et al. 2014).

Lamprey can use their oral disc to attach to

substrate and rest between bouts of swimming, a

strategy referred to as ‘‘burst-and-attach’’ (Quintella

et al. 2009). In areas of fast water velocity, a

combination of intermittent burst swimming and

periods of rest when attached to the substrate is

characteristic behavior (Applegate 1950; Hardisty and

Potter 1971b; Haro and Kynard 1997; Mesa et al.
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2003; Quintella et al. 2004). This highly active

swimming is the most energy-inefficient form of

activity (Beamish 1978) and can only be achieved for

short periods. Nevertheless, absence of a swim bladder

to sustain neutral buoyancy (Hardisty and Potter

1971b) and less-efficient anguilliform propulsion used

by lampreys (Webb 1978; van Ginneken et al. 2005)

makes this pattern the most energetically conservative

for overcoming rapid flow or man-made obstacles

(Quintella et al. 2004).

Adult anadromous sea lampreys are larger in

Europe than in North America, and exhibit latitudinal

and temporal trends, with body size increasing from

north to south, and length of spawners increasing from

1980 to 2005 (Beaulaton et al. 2008). In Europe, adults

are the largest in Portugal (Beaulaton et al. 2008),

where they averaged 85 cm in TL and 1.2 kg in weight

(Fig. 2). In North America, adult anadromous sea

lampreys averaged nearly 20-cm shorter (66 cm) in

the East Machias River, Maine (Davis 1967) and

nearly 15 cm shorter in the Connecticut River

(71 cm), St. John (72 cm) River, and New Brunswick

Rivers (Beamish and Potter 1975; Stier and Kynard

1986) than in Portugal. In the Laurentian Great Lakes,

adult sea lampreys are even smaller, and averaged

only 48 cm in TL (SD = 4.5 cm) over all lakes

(Fig. 3), with small variation among lakes Superior

(44 cm; SD = 4.2 cm), Huron (48 cm; SD = 3.9 cm),

Michigan (49 cm; SD = 3.8 cm), Erie (51 cm;

SD = 4.2 cm), and Ontario (49 cm; SD = 4.4 cm).

Fecundity of landlocked sea lampreys, measured as

the number of eggs per gram of body weight, ranged

from 339 eggs/g for Lake Ontario populations

(O’Connor 2001) to 670 eggs/g for a Lake Superior

population (Manion 1972). This measure of relative

fecundity depends on when gravid females are

collected, because adult sea lampreys stop feeding,

so females collected later in the spawning run

expended more energy and body mass searching for

mates and building nests. Consequently, wet weight is

lower late in the spawning run, so the ratio of eggs to

gram of body mass increases (Manion 1972). Absolute

fecundity is proportional to sea lamprey size, so larger

sea lampreys in Great Lakes with warmer water

(Michigan, Erie, and Ontario) are more fecund than in

Great Lakes with colder water (Superior and Huron,

Sullivan and Adair 2014). Absolute fecundity is also

related to diet quality, so female sea lampreys are more

fecund in Lake Superior (67,000 eggs/female), with a

large population of lake trout, than in Lake Huron

(46,000 eggs/female) or Cayuga Lake (43,000 eggs/

female), with fewer preferred prey (Manion 1972).

This difference in absolute fecundity among lakes may

be lower since the 1960s, because sea lamprey control

continued to suppress sea lamprey populations while

host populations increased (Heinrich et al. 1980).

In the Laurentian Great Lakes, lake-wide adult sea

lamprey abundance has been a primary metric used to

evaluate success of the bi-national sea lamprey control

program since the late 1970s and early 1980s. Lake-

wide estimates are generated by summing estimates of

adult sea lamprey abundance from tributaries that sea

lampreys use for spawning. In streams with traps,

stream-specific estimates are generated using mark-

recapture or measures of trap efficiency. Estimates for

streams without traps are generated using a model that

incorporates five independent variables (Mullett et al.

2003). Since the onset of sea lamprey control in the

Great Lakes, lake-wide estimates of adult sea lamprey

abundance ranged from 261,000 in 1981 to 12,000 in

1994 in Lake Superior, 169,000 in 2004 to 29,000 in

1997 in Lake Michigan, 450,000 in 1993 to 42,000 in

1997 in Lake Huron, 33,000 in 2009 to 1700 in 2002 in

Lake Erie, and 297,000 in 1982 to 23,000 in 1994 in

Lake Ontario.
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Fig. 3 Length-frequency distributions of adult sea lampreys

caught during upstream spawning migrations in streams

throughout the Laurentian Great Lakes basin, North America,

2000–2015 (N = 50,348; USFWS and DFO unpublished data),

and in Europe (Portugal) in rivers Minho, Lima, Cávado, Douro,

Vouga, Mondego, Tagus and Guadiana, 2000–2014 (N = 1580;

Quintella et al. 2003)
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In Europe, abundance of the anadromous sea

lamprey has rarely been measured or monitored,

although abundance and exploitation of the population

in the Garonne River basin in France, a river with one

of the largest populations and fisheries for the species

in Europe, have been estimated (Beaulaton et al.

2008). The average catch of sea lampreys from the

Garonne basin was 72 t (*67,000 individuals) during

1985–2003. Abundance, estimated using a generalized

linear model (GLM) of catch per unit of effort (CPUE)

during 1943–2000, peaked at 10–15 kg/day (weighted

average) in 1957–1965. From 1973 through the 1990s,

abundance was stable at 35–40 % of the maximum in

1957–1965. Since the end of the 1990s, abundance

increased, and by 2000, reached abundance levels last

observed in the 1960s. Portuguese rivers also support

large populations of sea lampreys, but lack of good

records from annual catches makes accurate estima-

tion of population abundance difficult for most rivers.

In the River Minho, northern Portugal, official records

of landings dating back to 1914 show an increase in the

number of sea lampreys caught by professional

fisherman, with a peak in 2009 of about 60,000

specimens (Mota 2014). For the River Mondego,

central Portugal, a professional fisheries survey in

2014 enabled an estimate of annual harvest of 30,000

individuals and a total estimate of 100,000 individuals

that entered the river during the spawning migration

(ICES 2014).

Reproduction

Physical factors essential for successful reproduction

include steady, unidirectional water flow, and suit-

able sand and gravel (0.9–5.1 cm diameter) substrates,

water velocity (0.5–1.5 m/s), depth (13–170 cm), and

temperature (10.0–26.1 �C) (Manion and Hanson

1980). Nest building begins when water temperature

warms to *15 �C (Applegate 1950). Nest construc-

tion is usually initiated by males, but females may

initiate nest construction near the end of the spawning

season when numerically dominant. Nest construction

takes 1–3 days, with activity increasing after females

join males (Applegate 1950). Mature spermiated

males release a potent sex pheromone that induces

preference and searching behavior in ovulated females

ascending to upstream spawning areas (Li et al. 2002).

On average, spawning lasts *2–5 s and is repeated

every 4–5 min (see Johnson et al. 2015a, b for a

thorough review of spawning behavior). Spawning

activity is typically monogamous (Applegate 1950;

Manion and McLain 1971; Hanson and Manion

1978, 1980), although polyandry may increase when

the adult sex ratio is skewed away from 1:1 (Hanson

and Manion 1978, 1980). Genetic evidence suggests

that both polyandry and polygyny are widespread

(Scribner and Jones 2002). In the upper Great Lakes,

each female produces an average of *60,000 eggs,

and fertilization and survival of eggs in the nest can be

as great as 90 % (Manion and Hanson 1980). Egg

development depends on temperature (Piavis 1961)

and hatching success typically averages only*6.3 %

(Manion 1968). After eggs incubate for about

2 weeks, pro-larvae emerge from the nest at night

over a period of several weeks and range 5–12 mm in

length (Applegate 1950; Derosier et al. 2007).

Larval life stage

After hatching, blind, poor-swimming larvae are

carried downstream from nests to depositional areas

of sand, silt, and detritus, where they burrow into soft

sediments to feed on suspended organic matter (Sutton

and Bowen 1994; Dawson et al. 2015). Dispersal from

nests is highly variable and is influenced by larval

density and water temperature (Derosier et al. 2007).

Age-0 larvae can remain within a few hundred meters

of the nest in their first year of life (Manion and

McLain 1971), or they may move downstream after

emerging to reduce density-dependent effects on

recruitment (Derosier et al. 2007). Although larval

sea lampreys seldom leave their burrows, some larvae

move downstream spontaneously in response to

hydrologic conditions or at night (Hardisty and Potter

1971a, b). Downstream movement is stimulated more

in streams with higher gradient, particularly during

periods of high water discharge (Quintella et al. 2005),

which may lead to the observation of larger (older)

larvae in the lower reaches of some streams where

spawning habitat is limited (Hardisty and Potter

1971a, b; Quintella et al. 2003). Redistribution of

larvae over short distances may result in burrowing in

more suitable habitat (Hardisty and Potter 1971a, b;

Yap and Bowen 2003). Depth of the burrow is directly

correlated with lamprey size (Hardisty and Potter

1971a). Habitat selection, indexed as larval density, is
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correlated with water velocity and substrate hardness

(Thomas 1962). Age-1-and-older larvae are also

known to migrate from silty substrates to locations

with coarser substrates in summer, presumably as

temperature increases and oxygen concentration

declines in depositional areas (Sullivan 2003). Larvae

are sensitive to light, and withdraw into burrows

during daytime. Larvae remain burrowed for

3–5 years on average, and filter-feed on seston,

diatoms, and biofilm (Sutton and Bowen 1994;

Quintella et al. 2003). Larvae are able to move

upstream against relatively slow currents (\0.2 m/s)

(Quintella et al. 2005).

Overlap in habitat among lamprey species may lead

to interspecific competition that affects survival and

growth of sea lamprey larvae (Beamish and Lowartz

1996). For example, Northern brook lamprey (Ichthy-

omyzon fossor) select habitats that leads to higher-

quality diet (Yap and Bowen 2003), and consequently,

they may compete with sea lamprey larvae for

resources. Year-class strength is driven by both

density-independent and density-dependent forces,

so environmental variation plays a large role in

determining year-class strength that is not explained

by adult abundance (Jones et al. 2003; Dawson 2007;

Dawson and Jones 2009). Density-independent

recruitment variation leads to occasionally strong year

classes of larvae even when adult abundance is low

(Jones et al. 2003). Strong year classes can be

produced by adult density as low as 1.0 female/

100 m2 of larval habitat, but evidently not at adult

density sizes below 0.2 females/100 m2 (Dawson and

Jones 2009). Therefore, control programs could aim to

reduce adult female density to fewer than 0.2 females/

100 m2 of suitable nursery habitat for recruits, and

conversely, recovery programs could seek to increase

adult female density to more than 0.2 females/100 m2

of nursery habitat for recruits.

Typical larval habitat is protected from major

fluctuations in water levels or stream flow, where

current velocity is slow. Such conditions are often

found in eddies or backwaters at bends in a river,

where soft silt and sand accumulate to provide

suitable substrate for burrowing larvae (Table 1).

Such habitat is often partially shaded, so diatoms

often encrust the interface between silt and water,

thereby contributing to stability of such microenvi-

ronments (Hardisty 1979). Most importantly, exis-

tence of suitable conditions for larval colonization

depends on stream gradients that determine overall

current velocity, the size of deposited substrate

particles, and accumulation of organic debris (Hard-

isty and Potter 1971a). Suitable river substrate is

essential for development of larval lampreys, to enable

burrow construction and to maintain water flow

(Hardisty 1979; Kainua and Valtonen 1980; Mal-

mqvist 1980; Morman et al. 1980; Potter 1980; Young

et al. 1990a, b; Kelso and Todd 1993; Beamish and

Jebbink 1994; Ojutkangas et al. 1995; Beamish and

Lowartz 1996; Sugiyama and Goto 2002; Goodwin

et al. 2008). Larvae depend on unidirectional water

flow through their branchial chamber, to provide

detritus food and to exchange respiratory gases and

metabolic wastes (Hardisty and Potter 1971a). Small

larvae (20–60 mm TL) prefer small-grained substrate

(silt-sand), medium-sized larvae (60–140 mm TL)

prefer medium-grained substrate (gravel-silt-sand),

and large larvae (140–200 mm TL) prefer coarse-

grained sediments (gravelly-sand and sand) (Almeida

and Quintella 2002; Sullivan 2003; Table 4). Small

Table 1 Habitat variables important for larval sea lamprey at different spatial scales (adapted from Dawson et al. 2015)

Variables Study type Source

Substrate (medium-fine sand) Laboratory Lee (1989)

Substrate (sand) Field Young et al. (1990a)

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

Substrate (sand) Field Almeida and Quintella (2002)

Substrate/distance from stream mouth/slope of the lake bottom Field Fodale et al. (2003)a

Substrate (sand/fine organic matter) Field Slade et al. (2003)

Geomorphic features (river slope - radius of curvature) Field Neeson et al. (2008)

Substrate (fine-medium sand)/water depth ([2 m)/current (slow)/macrophyte roots Field Taverny et al. (2012)

a Lentic habitat
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larvae are often found in fine-grained sediments, likely

because soft sediments allow young larvae with

reduced swimming capacity to propel their head and

branchial region into the substrate (Quintella et al.

2007). In contrast, large larvae colonize a wider range

of sediments because their ability to burrow is

considerably higher (Quintella et al. 2007), and

because they have had a greater amount of time to

colonize multiple habitats (Sullivan et al. 2008).

Because selection of sediment is size-dependent,

differences in preference for distinct sediment types

within the same age group may have resulted from

larval redistribution at the end of each annual growing

season, perhaps as a strategy to avoid high density in

areas colonized by younger individuals to reduce

intraspecific competition for space and food (Almeida

and Quintella 2002). Larval distribution is also

associated with slow current, although sediment

particle size is strongly determined by current veloc-

ity, thereby confounding the relative importance of

current and substrate particle size in determining

larval distribution (Young et al. 1990b; Almeida and

Quintella 2002).

Small-scale studies of larval lamprey habitat have

been useful for developing a general understanding of

the biology of lampreys. However, conservation and

management of lamprey populations requires the

ability to evaluate and predict spatial patterns in larval

abundance at several scales (Torgersen and Close

2004). The evaluation of ecological patterns and

processes at multiple scales may reveal causal factors

that are important at one scale, but are less important

or have an opposite effect at other scales (Torgersen

and Close 2004). Studies of lamprey ecology in

streams and rivers have addressed the interplay of

macro- and micro-environmental factors as influences

on larval distribution (Baxter 1957; Hardisty and

Potter 1971a, b). Broad-scale distribution patterns of

larval lampreys, including the juxtaposition of adult

spawning habitat upstream of larval habitat, is related

to variation in channel gradient within and among

streams (Baxter 1957; Young et al. 1990a). For

example, larval sea lamprey density varies longitudi-

nally with channel gradient, and the influence of

channel gradient on larval density increases with

spatial scale (Torgersen and Close 2004).

Larval abundance is directly linked to environmen-

tal variables, but biological factors, such as the

spawning distribution of adults, also plays an

important role in larval distribution (Torgersen and

Close 2004). For example, larval distribution along a

river is strongly associated with spawning areas, with

larval density inversely related to distance down-

stream from spawning areas (Morman et al. 1980;

Almeida and Quintella 2002; Quintella et al. 2003;

Derosier et al. 2007). Similarly, adults must have

access to spawning habitat, so the presence of

migration barriers influences larval abundance and

distribution (Goodwin et al. 2008). Last, metamor-

phosing lampreys are often found in the same sites

where larvae of all sizes are found (Potter 1980;

Quintella et al. 2003). During the initial stage of

metamorphosis, transforming juveniles are relatively

more sedentary than larvae (Quintella et al. 2005),

whereas later on, juveniles burrow less, so are found

hiding between pebbles, and under aquatic vegeta-

tion, rocks, and other structures (Dawson et al.

2015).

Prior to burrowing, larval mortality from predation

is likely high (Potter 1980), although estimates of age-

specific larval survival are limited by a lack of age

estimates. Larval survival was 96 % between age 1

and age 4 (Morman 1987), although this estimate was

likely too high because caged larvae were protected

from mortality (Johnson et al. 2014). In contrast,

results from modeling studies have yielded estimates

of much lower larval survival in streams of Lake Erie

(39.5 %, Irwin et al. 2012), Lake Michigan (45 %

Jones et al. 2009), and Lake Ontario (51.8 % Irwin

et al. 2012). In the St. Marys River, estimates of

survival have ranged from 35–49 % (Haeseker et al.

2003) to 66–91 % (Jones et al. 2012). Variability

among estimates may reflect environmental condi-

tions or uncertainty associated with using multiple

parameters to simulate the response of sea lamprey

populations to management actions with management

strategy evaluation (MSE) models. Regardless, the

wide range of survival estimates is consistent with a

large range in variation of density-independent sur-

vival (Jones et al. 2003).

Larval sea lampreys hatch at*9 mm in length, and

growth depends on biotic and abiotic factors like

population density and water temperature (Table 2;

Morman 1987;Murdoch et al. 1992). In a LakeOntario

tributary, the first year class to infest a stream following

lampricide treatment grew faster than subsequent year

classes (Weise and Pajos 1998),which suggests growth

was density dependent (Dawson et al. 2015). In the
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River Mondego, Portugal, larval sea lampreys aver-

aged 59 mm in TL (range = 53–74 mm) at age 0?

(\9 months post-hatch), 95 mm in TL (ran-

ge = 58–144 mm) at age 1? (9–21 months post-

hatch), 140 mm in TL (range = 93–179 mm) at age

2? (21–33 months post-hatch), 166 mm in TL (ran-

ge = 142–190 mm) at age 3? (33–45 months post-

hatch), and 184 mm in TL (range = 179–188 mm) at

age 4? ([45 months post-hatch; Quintella et al. 2003).

Larval growth is nearly 0 mm in some years, and some

individuals may stay 1 year in a river to accumulate fat

needed to metamorphose (i.e. sometimes termed the

‘‘retarded growth phase’’). Larvae from the River

Mondego, Portugal, had shorter larval stage duration

(Quintella et al. 2003) than in more northerly river

basins, such as anadromous populations in Canada

(range = 6–8 years; Beamish and Potter 1975) and

Great Britain (average = 5 years; Hardisty 1969a, b),

likely because higher productivity associated with

warmer water enhances feeding efficiency and growth

(Morman 1987). As expected for a poikilothermic

organism, growth of sea lamprey larvae is correlated

with water temperature (Potts et al. 2015), and varies

among geographic regions with different climatic

conditions, with faster growth in more favorable

climates (Potter 1980; Dawson et al. 2015).

Age estimation of sea lamprey larvae, particularly

in controlled populations, initially relied on analysis of

length-frequency data (Table 3) but can be supple-

mented by knowing the number of years since known

recruitment (Weise and Pajos 1998; Hansen et al.

2003; Dawson et al. 2015). However, growth rates

vary greatly within and among cohorts within stream

populations, so age cannot be accurately assigned

from length-frequency histograms (Dawson et al.

2009), especially for older age classes (Hardisty and

Potter 1971a; Hardisty 1979). Statoliths, like otoliths

in teleosts, are calcium carbonate structures that

accumulate annuli for use in age estimation of sea

lampreys (Volk 1986; Hollett 1998; Henson et al.

2003). Although statolith-based age estimates may be

biased for sea lamprey larvae (Dawson et al. 2009),

accurate estimates of age can be obtained by combin-

ing length-frequency information with a sample of

bias-corrected statolith-based age in a statistical model

of larval growth. Statolith-based age estimation is not

reliable for populations that do not form cohesive

statoliths (Barker et al. 1997) or for larvae that resorb

statoliths (Lochet et al. 2013). In addition, age

estimates vary greatly among readers (Dawson et al.

2009).

Although analysis of length–frequency distribu-

tions and statolith readings are the only method for

estimating larval sea lamprey age, growth rate can be

estimated with other methods, such as in situ cages

(c.f. Malmqvist 1983; Morman 1987; Zerrenner

2004), laboratory growth experiments (c.f. Murdoch

et al. 1992; Rodriguez-Muñoz et al. 2003), release of

adult spawners into naturally inaccessible streams or

stream reaches (Dawson et al. 2009), and surveys

Table 2 Minimum, maximum, and mean lengths of sea

lampreys at larval (minimum and maximum only), recently

metamorphosed juvenile, feeding juvenile (minimum and

maximum only), and spawning adult life stages in the

Laurentian Great Lakes (landlocked form; USFWS and DFO

unpublished data) and North American and European rivers

draining to the Atlantic Ocean (anadromous form; Quintella

et al. 2003; doi:10.1006/jfbi.2000.1465)

Life stage Total length (mm) Mean

Minimum Maximum

Laurentian Great Lakes—landlocked

Larvae 9 196

Recently Metamorphosed Juvenile 100 196 135

Feeding Juvenile 100 639

Spawning Adult 49 624 477

Europe—anadromous

Larvae 9 200

Recently Metamorphosed Juvenile 105 188 149

Feeding Juvenile – –

Spawning Adult 607 1113 853
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within lampricide-treated streams in years following

treatment (Griffiths et al. 2001). Use of in situ cages

and laboratory methods to measure larval growth rate

have been useful for assessing effects of factors such

as density (Malmqvist 1983; Mallatt 1983; Morman

1987; Murdoch et al. 1992; Rodriguez-Muñoz et al.

2003; Zerrenner 2004) and temperature (Mallatt 1983;

Holmes 1990; Rodrı́guez-Muñoz et al. 2001). Most

such studies confirmed that larval growth was

inversely related to larval density (Malmqvist 1983;

Morman 1987; Murdoch et al. 1992; Rodriguez-

Muñoz et al. 2003), although one study of larvae held

for 1 year in 0.16-m2 circular cages suggested larval

growth was independent of density (Zerrenner 2004).

In the Great Lakes, larval sea lampreys are present in

streams where winter water temperatures near 0 �C
(USFWS and DFO unpublished data). Growth was

highest in streams with mean annual water tempera-

ture of *8 �C, discharge of 0.5–2.0 m3/s, and

[300 lS conductivity (Griffiths et al. 2001) and

larvae reach a maximum length of 196 mm in total

length (Table 1). In Europe, 8 �C is close to the

minimum temperature where the sea lamprey is

present, and growth is highest in systems with higher

average temperatures, with some larvae attaining

190 mm in total length (Quintella et al. 2003).

Gonadogenesis in larval sea lampreys usually

begins when larvae are 40–60 mm TL and ages 1–2

and gonadal differentiation is usually complete when

larvae are 90–100 mm TL and ages 3–4 (Hardisty

1969a; Docker 1992; Wicks et al. 1998). Biotic and

abiotic factors are thought to contribute to sex

determination in lamprey species, such as larval

density, temperature, pH, and when physiological

resources are diverted into somatic growth, although

mechanisms are not well established (Hardisty

1965a, b; Barker et al. 1998; Neave 2004; Dawson

et al. 2015). In Great Lakes sea lamprey populations,

selection pressure from pesticide application is impli-

cated in sex determination (Smith 1971; Heinrich et al.

1980; Wicks et al. 1998). For example, males

predominated in high pre-control sea lamprey popu-

lations (Smith 1971), with 70 % males in Lake

Superior and 68 % males in lakes Huron and Michi-

gan, whereas sex ratios shifted toward females after

years of treatment, with only 28 % males in Lake

Superior and 21 % males in Lake Michigan (Heinrich

et al. 1980). A similar shift in the sex ratio in Lake

Huron began before treatment reduced larval density,

and was as low as 31 % males by 1975, likely because

of environmental conditions and extremely low abun-

dance of lake trout in the 1950s (Purvis 1979; Heinrich

et al. 1980). Contemporary sex ratios have typically

been 50–70 % males in the Great Lakes (Fig. 4),

although the increase in the proportion of males in

Lake Erie in 2007 and 2008 corresponds to record-

high abundance of adult lampreys in those years,

despite consecutive years treating sea lamprey pro-

ducing streams in 2008–2009 and 2009–2010. In

French rivers, the sex ratio favors females for both

exploited and unexploited rivers (Beaulaton et al.

2008). For North American anadromous sea lamprey

populations, males typically outnumber females

(Beamish 1980). Estimates of adult sex ratio are

fraught with uncertainty, depending on sampling time

and methods (see Johnson et al. 2015a, b).

Abundance of larval sea lampreys was estimated in

most Great Lakes tributaries during 1995–2013 using

quantitative assessment methods, which were gener-

ally greater than those estimated by mark-recapture

(Slade et al. 2003; Hansen and Jones 2008; Dawson

et al. 2015). Stream-specific estimates of abundance

ranged from less than 50 to more than 6-million larvae.

Larval abundance has also been estimated in small to

mid-sized tributaries using mark-recapture tech-

niques, with estimates ranging from 3,000 to nearly

2-million larvae (Steeves 2002; Hansen and Jones

2008). Estimates of maximum larval abundance in
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Fig. 4 Proportion of adult male sea lampreys caught during

upstream spawning migrations in streams throughout the

Laurentian Great Lakes basin, North America, 2000–2015

(N = 50,348; USFWS and DFO unpublished data)
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Great Lakes tributaries currently infested with larval

sea lampreys suggest that these streams are capable of

producing nearly 69 million larvae, with 2.7 million in

Lake Superior, 15 million in Lake Michigan, 22

million in Lake Huron, 0.5 million in Lake Erie, and

4.5 million in Lake Ontario.

Metamorphosis

In spring of the year of metamorphosis, larvae are

usually 3–5 years old, and are at least 100-mm long in

the Great Lakes and 120-mm long in Europe (aver-

age = 130–140 mm; Table 1; Dawson et al. 2015).

Larvae metamorphose into juveniles by development

of an oral disk, appearance of teeth, eruption of eyes,

enlargement of fins, and changes in pigmentation

(Hardisty and Potter 1971b), all of which enable

transformed individuals to change from sedentary

larvae filter-feeding in streams to free-swimming

predators in marine or lake environments (Manion

and Stauffer 1970; Youson et al. 1977; Potter and

Beamish 1977; Youson 1980; Hardisty 2006). Meta-

morphosis depends on length and weight, and partic-

ularly, on accumulation of lipids as energy stores,

because the sea lamprey does not feed during meta-

morphosis (Holmes and Youson 1994; Youson 2003;

Treble et al. 2008). Metamorphosis generally com-

mences in July with changes to internal organs and

body proportions, and concludes by September (Potter

and Beamish 1977). Larval sea lampreys were once

thought to transfer somatic growth strictly to mass and

accumulation of lipids in the year of metamorphosis

(Potter 1980), but recent data suggest that larvae also

change in total length prior to metamorphosis (Hollett

1998; Treble et al. 2008). Age at metamorphosis is

primarily related to growth and accumulation of lipid

stores in larvae (Youson 1980; Treble et al. 2008), and

inversely related to latitude, with larvae in southern

streams growing faster than in northern streams

(Hansen et al. 2003; Treble et al. 2008; Quintella

et al. 2003). In cold untreated streams, larvae may not

metamorphose until age ten or more, as in the St.

Marys River (Haeseker et al. 2003) or the Big Garlic

River (Manion and McLain 1971; Manion and Smith

1978). Sea lampreys then migrate from a stream,

typically during high water events in autumn or spring

(Applegate 1950), and begin the parasitic stage of life

in an ocean or lake environment.

Juvenile life stage

Downstream migration of juveniles is triggered by

increasing stream flow (Potter 1980; Bird et al. 1994;

Hardisty 2006) that coincides with peak stream flows

in autumn and spring in the Great Lakes (Applegate

1950; Potter 1980). Numbers of downstream migrat-

ing juveniles are usually greater in autumn than spring

in the Great Lakes (Applegate and Brynildson 1952;

Applegate 1961; Hodges 1972; Potter and Huggins

1973; Potter 1980; Hanson and Swink 1989; Swink

and Johnson 2014). Downstream migration begins as

early as September and ends as late as mid- to late-

April or early-May, and is predominantly at night,

with out-migrating juveniles burrowing into substrates

or hiding beneath cover during the day (Applegate

1950, 1961; Hanson and Swink 1989; Swink and

Johnson 2014). For anadromous populations in

Europe, downstream migration is from late autumn

through early winter (Taverny and Elie 2009),

although movement is between October and May,

with a peak in March, in the Galician region of

northwestern Spain (Silva et al. 2013a, b). In Western

Europe, milder weather may lead to a more continuous

and gradual downstream migration than in the Great

Lakes region of North America (Silva et al. 2013a, b).

Timing of downstream migration was markedly

bimodal in North American sea lamprey populations

(landlocked and anadromous populations entering

Canadian Atlantic Rivers) in autumn and spring

(Applegate 1950; Hardisty 2006). This bimodal dis-

tribution, typical for North American populations, is

not followed by European anadromous populations,

which typically migrate with progressively increasing

number of individuals moving toward a peak in

March, although peak movement varies annually

(Silva et al. 2013b). The spatial distribution of out-

migrating juveniles in the water column is believed to

be greatest in the thalweg near the surface where

current velocity is greatest.

Survival of juvenile sea lampreys is poorly under-

stood, but is likely related to factors associated with

conditions in natal streams when juveniles out-migrate

and availability of hosts in lake or ocean environments

near natal streams when juveniles begin to feed

(Young et al. 1990a). In lakes Michigan and Huron,

mark-recapture studies indicated that survival of out-

migrating juveniles to migratory adult stage was

highly variable and was as high as 90 % (Sullivan
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and Adair 2010). Survival did not differ between

autumn and spring juveniles of three parasitic cohorts

that were tagged and released while out-migrating and

recovered as adults 12–18 months later (Swink and

Johnson 2014). Therefore, the opportunity for fall

migrants to feed over winter did not improve survival.

Little is known about the marine life-history phase

of anadromous sea lampreys (Beamish 1980; Halliday

1991), whereas studies of the landlocked form to

estimate the duration of the parasitic phase using

diverse methods suggest a juvenile parasitic stage of

*1 year (Table 4) or about 18–20 months between

completion of metamorphosis and reproduction. Sim-

ilarly, a mark-recapture study suggests a period of

18–20 months between completion of metamorphosis

and reproduction in the Galician River, northwest

Spain, where 408 sea lampreys were captured and

tagged with external T-bar anchor tags at the onset of

feeding (Silva et al. 2013a, b).

Growth of juvenile sea lampreys increases with the

onset of sexual maturity (Bergstedt and Swink 1995),

where mass increases linearly from June through

September, but more sharply in October (Madenjian

et al. 2003). Growth of juvenile sea lampreys is also

greater at higher temperatures, as is mortality of host

fish following sea lamprey attack (Swink 2003;

Farmer et al. 1977). However, the observed increase

in growth during October was not associated with an

increase in water temperature, but rather, may have

been due to an increased likelihood of attaching to a

host and actively feeding on host blood during October

(Madenjian et al. 2003). Models of juvenile sea

lamprey growth in Lake Superior indicate that sea

lampreys can reach spawning size within 12 months

even in the coldest temperature regimes (Moody et al.

2011). The effect of climate change is expected to

increase the range of thermal habitat, and subsequently,

the growth rate and attained size of sea lampreys (Cline

et al. 2013). Juvenile sea lamprey grew 227–268 g in

weight in one summer, from outmigration in autumn

and spring 1998–2000 (initial weight = 5.33–6.01 g)

to recapture in spring 1 year later, in the Black Mallard

Creek, Michigan, a tributary to Lake Huron (Swink and

Johnson 2014). In the Galician River, Spain, one

lamprey grew from 218 mm in total length and 20 g in

weight when tagged to 895 mm in total length and

1218 g in weight 13.5 months later when recaptured

during its spawningmigration into the same river (Silva

et al. 2013a, b).

The period between final metamorphosis (October–

November) and downstream migration can extend up

to 3–4 months in European rivers, so sea lampreys

may start feeding in freshwater streams after meta-

morphosis is complete (Potter and Beamish 1977;

Beamish 1980; Silva et al. 2013a, b). For example,

small juvenile sea lampreys were attached to resident

brown trout Salmo trutta in a Spanish river (Silva et al.

2013a, b), which corroborates observations of North

American populations for which 10–30 % of meta-

morphosed juveniles started feeding in rivers before

migrating downstream (Davis 1967; Potter and

Beamish 1977). The golden grey mullet Liza aurata

(Risso, 1810), is an important and very abundant prey

species in lower parts of European estuaries (Silva

Table 3 Duration of the sea lamprey larval life stage (methods listed are those used to estimate age and growth; adapted from

Dawson et al. 2015)

Larval stage (years) Method Source

3.4–3.9 Length–frequency Applegate (1950)

5 Length–frequency Hardisty (1969)

6 Length–frequency Lowe et al. (1973)

6–8 Length–frequency Beamish and Potter (1975)

5–12 Known recruitment date Manion and Smith (1978)

5 Length–frequency Hardisty (1979)

3–7 Length–frequency Purvis (1979)

5 Cage Morman (1987)

2 Length–frequency/statolith Morkert et al. (1998)

3–4 statolith Griffiths et al. (2001)

4 Length–frequency/statolith Quintella et al. (2003)
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et al. 2013a, b). In rivers Mondego and Tagus,

Portugal, thin-lipped grey mullets (Liza ramada,

Risso, 1827) are also commonly observed with

wounds from sea lamprey juveniles (Almeida, unpub-

lished data). Large schools of mullets in European

estuaries (Almeida 1996) may constitute an easy prey

during this last phase of adaptation to the marine

environment (Almeida and Quintella 2013). Juvenile

lampreys have limited swimming capacities (Dauble

et al. 2006), so predation on an intermediate species

that is moving to the sea may increase survival of

young sea lampreys during initial parasitic feeding in

predator-rich marine environments.

Abundance of out-migrating juvenile sea lampreys

estimated using mark-recapture methods ranged widely

in Lake Huron (536,000–1,100,000) and in Lake

Michigan (325,000–813,000; Sullivan and Adair 2010;

Young et al. 2003). Young et al. (2003) concluded that

these mark-recapture methods likely overestimated

abundance of out-migrating sea lampreys. For example,

mark-recapture estimates of the abundance of five

cohorts of out-migrating juveniles (639,000–803,000)

were larger on average than those of five cohorts of

feeding juveniles (515,000–2,342,000), likely because

tagging and handling mortality was higher for feeding

juveniles than for out-migrating juveniles (Bergstedt

et al. 2003). In the absence of control, these estimates of

juvenile sea lamprey abundance for controlled popula-

tions would have been much greater.

Feeding

A bioenergetics model for the sea lamprey by Kitchell

and Breck (1980) was developed from laboratory

studies of standard metabolism (Beamish 1973), blood

consumption (Farmer et al. 1975), egestion and

excretion (Farmer et al. 1975), and the effect of water

temperature on sea lamprey growth (Farmer et al.

1977). Sea lampreys used in laboratory experiments

by Beamish (1973) showed very little, if any, move-

ment within the respiration chamber, and therefore

these respiration rate measurements were categorized

as standard metabolic rates (SMRs). However, the

energy budget of sea lampreys from the Laurentian

Great Lakes would not balance based on respiration

that only included SMR, so Kitchell and Breck (1980)

hypothesized that sea lampreys must exhibit some

activity and multiplied SMR by an activity multiplier

(ACT = 1.5) to balance the energy budget. Recent

underwater video of sea lampreys attached to lake

trout in Lake Champlain confirms that sea lampreys

swim even when attached to hosts (E. Marsden,

University of Vermont, personal communication;

Madenjian et al. 2013).

Size-based interactions between individual sea

lampreys and individual lake trout, the preferred host

in the Laurentian Great Lakes, appeared to be

important factors affecting mortality inflicted by sea

lampreys on lake trout, so individual-based models

(IBMs) have been applied to Great Lakes sea lamprey

populations (MacKay 1992; Madenjian et al. 2003).

Feeding models for the sea lamprey were based on

laboratory studies in which sea lamprey growth was

measured during the time of attachment to a host, and

then fitted to observed growth to estimate sea lamprey

feeding rate with the sea lamprey bioenergetics model

(Cochran and Kitchell 1989; Cochran et al. 1999).

Bioenergetics and feeding models were incorporated

into IBMs to estimate blood consumption and sea

Table 4 Duration of the sea lamprey juvenile and adult life stage (methods listed are those use to determine duration)

Juvenile and adult stagea

(years)

Ecotype/population Method Source

1–1.7 Landlocked Captures at Great Lakes Applegate (1950)

2–2.5 Anadromous/North

America

Captures at sea Beamish (1980)

1.5 Anadromous/North

America

Captures at sea Halliday (1991)

1 Landlocked Captures at Great Lakes/Mark-

recapture

Bergstedt and Swink

(1995)

1.5–1.7 Anadromous/Europe Mark-recapture Silva et al. (2013a, b)

a Period between completion of metamorphosis (completion of stage 7 and prior to outmigration) and reproduction
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lamprey-induced mortality on lake trout by a sea

lamprey population. Results indicated that sea lam-

prey growth, blood consumption by sea lampreys, and

sea lamprey-induced mortality on lake trout peaked in

October and November. The incidence of fresh

wounds by sea lamprey on lake trout should therefore

peak in October–November. Application of the sea

lamprey bioenergetics model to sea lamprey in Lake

Ontario confirmed that growth and blood consumption

by sea lampreys peaked in autumn, which suggests

that sea lamprey-induced mortality on hosts should

peak in autumn (Kitchell and Breck 1980).

Recent comparisons of contaminant concentrations

between male and female adult sea lampreys from

northern Lake Huron suggested that males expended

energy at a faster rate than females, because of higher

swimming activity and possibly higher SMR (Maden-

jian et al. 2013, 2014). Mercury (Hg) and polychlo-

rinated biphenyls (PCBs) have both been used as

tracers of food consumption by fish, and male sea

lampreys were 16–17 % higher in Hg and PCB

concentrations than female sea lampreys, which

suggests males fed at a 16–17 % higher rate than

females. Higher swimming activity by adult male sea

lampreys than adult female sea lampreys has been

documented in the laboratory (Madenjian et al. 2013).

Effects on host species

Interactions between sea lampreys and their hosts in

the Great Lakes are well-described by a Type-2

functional response in the attack rate and a develop-

ment response in the growth rate (Bence et al. 2003).

A Type-2 functional response assumes that the sea

lamprey attack rate on a host increases with host

density to a maximum attack rate at which the sea

lamprey population is satiated by prey density.

Similarly, a developmental response assumes that

sea lamprey growth increases with host density to a

maximum growth rate at which sea lamprey growth is

satiated by host density. Sea lamprey populations in

the Great Lakes do not exhibit numerical responses in

either attack or growth rates, but rather, survival from

metamorphosis to the summer–autumn period is

assumed to be constant (S = 0.5) for parasitic-phase

animals (Bence et al. 2003). However, survival of

young parasites, as well as older parasites, is variable

and partially depends on host density and also perhaps

on water temperature (Christie and Kolenosky 1980;

Eshenroder et al. 1995; Swink 1995).

Host selection is influenced by host size, with sea

lampreys preferring to attack larger hosts (Cochran

and Kitchell 1989; Bence et al. 2003; Swink 2003).

Moreover, the lake trout is the preferred host of sea

lampreys in the Great Lakes (Christie and Kolenosky

1980; Johnson and Anderson 1980; Bence et al. 2003;

Morse et al. 2003; Harvey et al. 2008), although

ciscoes (Coregonus spp.) are preferred by small

(\15 g) sea lampreys (Johnson and Anderson 1980;

Harvey et al. 2008). Sea lampreys may change their

selectivity for hosts, perhaps in response to changing

host abundance (Bence et al. 2003). For example, sea

lamprey wounding on lake whitefish (Coregonus

clupeaformis) was lower than wounding on lake trout

when lake trout were abundant, whereas wounding on

lake whitefish increased when lake trout were scarce.

Similarly, wounding of large Chinook salmon (On-

corhynchus tshawytscha) was relatively high when

lake trout abundance was low in northern Lake Huron.

Based on stable-isotope signatures of sea lampreys and

their prey in six regions of Lake Superior, sea

lampreys fed predominantly on lake trout across the

lake, but fed heavily on Coregonus spp. and Catosto-

mus spp. in Black Bay, where these alternate hosts

were more abundant than lake trout (Harvey et al.

2008).

Lethality of a sea lamprey attack on host species is a

key determinant of sea lamprey-inducedmortality on a

host species’ population (Bence et al. 2003), but

available estimates vary widely and those based on

tank studies may have been biased by confinement

stress. Estimates of lethality of a sea lamprey attack on

lake trout vary from nearly 0 % (negligible lethality)

to 82 %, and mortality from a sea lamprey attack was

higher (64 %) for small lake trout (469–557 mm TL)

than for medium (44 %; 559–643 mm TL) and large

(43 %; 660–799 mm TL) lake trout in laboratory

tanks (Swink 2003). However, stress from confine-

ment in relatively small (151 L in volume) tanks may

have contributed additional mortality in these labora-

tory experiments. Lake sturgeon (Acipenser ful-

vescens) similar in size to young adult lake trout

survived sea lamprey attacks at a higher rate (70 %) in

larger ([1000 L) tanks (Patrick et al. 2009), perhaps

because lake sturgeon have tougher skin than lake

trout. Further, 66–74 % of adult lake trout survived

sea lamprey attacks based on field data from Lake
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Champlain, Lake Ontario, and Lake Huron (Maden-

jian et al. 2008a). In contrast, the lethality of a sea

lamprey attack on age-3 to age-5 lake whitefish was

75 %, based on a mark-recapture study in Lake Huron

(Spangler et al. 1980), lethality of sea lamprey attacks

on lake whitefish should be substantially higher than

on lake trout because adult lake trout are substantially

larger than adult lake whitefish. Similarly, lethality of

sea lamprey attacks on adult burbot (Lota lota) should

be higher than on adult lake trout.

Sea lampreys are capable of contributing substan-

tially to declining abundance of host populations in

aquatic ecosystems they invade. For example, preda-

tion by sea lamprey, along with overfishing, were

responsible for collapses of lake trout populations in

lakes Superior, Michigan, and Huron in the 1940s and

1950s (Hansen 1999). Lake trout abundance was

already declining in each of these three lakes from

overfishing in the early 1900s, but sea lamprey

invasion in the 1930s accelerated rates of declining

lake trout abundances in each lake in the 1940s and

1950s (Hansen 1999). In the 1960s, sea lamprey

control in conjunction with intensive stocking enabled

a buildup of lake trout populations in the 1970s and

1980s in the upper Great Lakes, and widespread

natural reproduction by lake trout in Lake Superior.

Further, sea lamprey predation contributed to declin-

ing abundance of lake whitefish in the upper Great

Lakes in the 1950s (Lawrie and Rahrer 1972; Berst

and Spangler 1973; Wells and McLain 1973), after

which sea lamprey control contributed to recovery of

lake whitefish populations (Madenjian et al. 2008b).

Sea lamprey predation has also been suspected of

having some effect on abundance of coregonines other

than lake whitefish in the upper Great Lakes (Lawrie

and Raher 1972; Berst and Spangler 1973; Wells and

McLain 1973). Last, sea lamprey predation con-

tributed to declining burbot abundance in the upper

Great Lakes in the 1950s (Berst and Spangler 1973;

Wells and McLain 1973; Gorman and Sitar 2013),

after which sea lamprey control enabled recovery of

burbot populations in the Laurentian Great Lakes

(Madenjian et al. 2008b; Stapanian et al. 2008).

Even with reduced sea lamprey populations due to

control activities, sea lamprey predation is still a large

source of mortality on host populations in the Lauren-

tian Great Lakes. For example, sea lamprey predation

was the predominant source of mortality experienced

by the lake trout population in Lake Huron during

1984–1993 (Sitar et al. 1999). More recently, sea

lamprey predation is still believed to be an important

source of mortality on lake whitefish populations in

northern Lake Huron (M. Ebener, Chippewa Ottawa

Resource Authority, personal communication). Of

course, accuracy of these estimates of sea lamprey-

induced mortality depend on accuracy of estimates of

sea lamprey attack lethality. In addition to predation

effects, sea lamprey attacks on hosts can also lead to

sub-lethal effects. For example, lake sturgeon that

survived a sea lamprey attack suffered acute anemia

(Sepúlveda et al. 2012). Similarly, immune function

was reduced and lipid stores were depleted in lake trout

surviving sea lamprey attacks (Smith 2013). Long-

term influences of such sub-lethal effects on host

population dynamics have not been quantified.

Future status

How will climate change affect sea lamprey

population ecology in the Laurentian Great Lakes

and Europe?

Global climate change has been identified as a driver of

change in thermal habitat of fish species that would

increase biomass of sea lampreys in Lake Superior

(Moody et al. 2011). Forecasts of increased fecundity

and sea lamprey induced mortality are expected to

negatively impact native fish species, particularly

siscowet lake trout in Lake Superior (Cline et al.

2013). Global climate change is expected to increase

negative effects of sea lamprey-induced mortality on

host fish populations in Lake Superior, one of the most

rapidly warming lakes on Earth (Kitchell et al. 2014).

As Lake Superior continues to warm, sea lamprey

growth is predicted to increase, thereby producing

larger sea lampreys, greater blood consumption by sea

lampreys, and increased lethality of sea lamprey

attacks on hosts (Cline et al. 2014; Kitchell et al.

2014). Further, climate change may cause longer

feeding seasons, increased growth, and larger sea

lampreys (Cline et al. 2013), with increased fecundity,

particularly in Lake Superior (Moody et al. 2011),

which may lead to increased sea lamprey abundance.

Climate change is also predicted to increase the

magnitude of flood events that could lead to reduced

effectiveness of low-head barriers used to block

upstream spawning migrations of sea lampreys in the
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Great Lakes (Rahel and Olden 2008). The impact of

climate change on the geographic distribution of sea

lampreys in the Great Lakes is unknown, but changes

inwater levels, discharge, and temperature are likely to

result in variation in streams selected for spawning,

with varying impacts on larval recruitment and growth.

In total, global climate change will likely require

additional effort tomaintain the current level of control

of sea lampreys in the Great Lakes.

Global climate change is expected to greatly alter the

geographic distribution of the sea lamprey in Europe

(Lassalle et al. 2008). Specifically, the presence of sea

lampreys in basins bordering the east coast of the

Adriatic Sea, most Italian basins, and in the Iberian

Peninsula (including Spain and Portugal) is expected to

decrease in the future, based on predictions of precip-

itation and water temperature in tributaries. In the

northern part of the species’ range, conditions would

likely remain suitable and waters in Iceland could even

become suitable for the sea lamprey (Lassalle et al.

2008; Maitland et al. 2015). In Southwestern Europe,

the sea lamprey is economically valuable, and supports

commercial fisheries in major river systems, but is

vulnerable to reductions in suitable essential habitats.

Conservation measures to rehabilitate sea lamprey

habitat and to manage for sustained commercial

exploitation have been proposed (Almeida and Quin-

tella 2002; Andrade et al. 2007). Further, conservation

plans for sea lamprey should include projections of the

geographic distribution of the sea lamprey in response to

global climate change, with priority given to restoring

suitable basins in Portugal (Lassalle et al. 2008).

Which attributes of sea lamprey population

ecology can be used to control populations

in the Laurentian Great Lakes?

Adult

Migratory habits of adult sea lampreys are currently

being exploited by using barriers to block upstream

migration and traps to capture and remove upstream

migrating adults in Great Lakes tributaries (McLaugh-

lin et al. 2007). Nonetheless, increased knowledge of

adult sea lamprey movement and barrier design will be

crucial to effective control (McLaughlin et al. 2007).

Further, current barrier technology limits passage of

non-jumping fishes, so new barrier designs must

enable fish passage (McLaughlin et al. 2007).

Trapping of adult sea lampreys is presently not used

for control, but could be important if trapping efficacy

is improved and the number of spawning adults is

reduced enough to minimize larval recruitment

(McLaughlin et al. 2007). Therefore, development of

new trap designs that exploit ecological and behavioral

aspects of adult migration, such as staging behavior at

river mouths or movements within streams, while

minimizing by-catch of other species, would benefit

future control (Bravener and McLaughlin 2013). Use

of attractants or repellents may increase trap efficacy,

thereby reducing adult abundance and larval recruit-

ment, or reducing infested areas of streams by making

them less desirable for migrating or spawning adults

(Johnson et al. 2015). Enhanced barrier design and

more effective trapping can also reduce reliance on

chemical use (McLaughlin et al. 2007).

Larval

The sedentary life habits that last 2–5 years appears to

be the critical ecological attribute for control at this

life stage. Current control depends on reducing

recruitment of juvenile sea lampreys to the Great

Lakes by killing larvae during their sedentary life

stage with strategic applications of lampricides every

2–4 years, depending upon larval recruitment and

growth. Further exploitation of this life stage should be

explored, by developing new lampricides to further

reduce or eliminate larval populations, or autocidal

technologies (Thresher 2008) to manipulate genes that

slow growth, determine sex, prohibit metamorphosis,

or increase larval mortality by disrupting feeding

behavior (McCauley et al. 2015). Last, because larvae

spend multiple years in the same stream environment,

they acquire regionally unique chemical signatures

that identify their general natal origin (Hand et al.

2008). Refining methods to determine the specific

stream of origin of larvae that survive or are not

exposed to lampricide applications would be benefi-

cial for targeting future control.

Juvenile

Success of sea lamprey control in the Great Lakes

depends on the ability to apply pesticides to natal

streams prior to sea lamprey metamorphosis and

migration. Research has attempted to identify factors

controlling metamorphosis (Docker et al. 2003), such
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as endocrinology (Youson 1994; Youson et al. 1994;

Youson 1999), environmental conditions such as

temperature (Purvis 1980; Youson 2003), conspecific

density (Purvis 1980; Morman 1987; Treble et al.

2008), and gender distortion (Thresher et al. 2014).

Recent sequencing of the sea lamprey genome may

provide control opportunities if genes that regulate

metamorphosis can be exploited (Smith et al. 2013;

McCauley et al. 2015). Further, downstreammigration

of juveniles is a stage in the sea lamprey life history

that is not presently exploited for control, but holds

promise for the future (Johnson and Miehls 2014).

Because out-migration of juveniles typically occurs at

night during protracted periods of high discharge,

efforts to trap this life stage are costly and have met

with limited success. However, this life stage of sea

lamprey ecology represents the last opportunity to

remove this pest before it inflicts damage on host

fishes. Development of new trapping technologies or

guidance systems to lead out-migrating juveniles into

traps or areas where survival can be reduced may

result in more effective methods for exploiting this

stage of the sea lamprey life history.

Future research on sea lamprey bioenergetics and

feeding should focus on sea lamprey feeding rates,

feeding models, and sex-specific bioenergetics mod-

els. Weight-specific feeding rates of sea lampreys in

summer did not significantly change as sea lamprey

weight increased from 20 to 160 g (Farmer et al.

(1975), but weight-specific consumption rates may

substantially decrease as lamprey body weight

increases from 160 to 400 g and may also be

influenced by seasonal cues (Madenjian et al. 2003).

Attachment time is also suspected to be influenced by

sea lamprey size, host size, and water temperature.

Sex-specific bioenergetics models will require SMR

and swimming activity to be determined for male and

female juvenile (parasitic-phase) sea lampreys at

various sizes, water temperatures, and times of the

year, and would, for example, be useful for modeling

how climate change would affect population fecundity

and predation effects on host species.

Which attributes of sea lamprey population

ecology can be used to restore and conserve

populations in Europe?

An absence of genetic differences among sea lamprey

populations within western Atlantic (Waldman et al.

2008) and eastern Atlantic rivers suggests regional

panmixia with reproductively isolated European and

North American sea lamprey populations (Rodrı́guez-

Muñoz et al. 2004; Bryan et al. 2005; Genner et al.

2012). Nevertheless, recent studies in Portugal sug-

gested the existence of a population structure com-

posed of three different stocks (North/Central, Tagus

and Guadiana) possibly promoted by sea bed topog-

raphy (Lança et al. 2014). The hypothesis of a limited

dispersion capacity in the ocean raises questions about

management and conservation of this species in

Europe, because oceanic regions and specific water-

sheds likely play an important role in the conservation

of sea lamprey populations in southwestern Europe.

Sea bed topography could play a major role in

dispersion of sea lampreys from natal streams, thereby

causing dispersion to differ between European and

North American Atlantic coasts. Such differences are

particularly important in areas where the species

presents conservation challenges, because success of

any management plan implemented to sustain the

species’ fisheries depends on sound understanding of

the species life cycle (Almeida and Quintella 2013).

More research on this subject is warranted, to guide

future restoration and management of the species in

Europe.

Because of its decline across Europe, the sea

lamprey was given some legal protection (Lelek 1987;

Renaud 1997; Mateus et al. 2012) under Annex II of

the European Union Habitats Directive, Appendix III

of the Bern Convention, and in the OSPAR (Oslo-

Paris) convention list (Convention for the Protection

of the Marine Environment of the North- east

Atlantic). Aquatic pollution, and habitat fragmenta-

tion and reduction caused by construction of large

dams, weirs, and other man-made barriers, are among

the greatest threats to European sea lamprey popula-

tion (Gardner et al. 2012; Mateus et al. 2012; Hogg

et al. 2013; Rooney et al. 2015; Maitland et al. 2015).

Since the late twentieth century, sea lamprey popula-

tions have increased slightly following improvement

of water quality in some European rivers (Beaulaton

et al. 2008). The sea lamprey is presently assessed as

Least Concern in the European Red List of Freshwater

Fishes (Freyhof and Brooks 2011), although it is

considered threatened in Red List categories of several

European countries (Mateus et al. 2012). Recovery of

sea lamprey populations in Europe will depend mostly

on restoration of freshwater habitat and on promoting
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sustainable management of commercial exploitation

in both estuarine and freshwater environments. Lack

of reliable records of commercial harvest from each

river basin where this species occurs is a major

drawback that introduces subjectivity and risk to

fishery management.

Pheromones are crucial for the sea lampreys’ life-

history that could potentially be useful as management

tools for both control programs in the Great Lakes and

conservation programs in Europe. The sea lamprey

produces at least two types of pheromones. Stream-

dwelling larvae release a migratory bile acid-based

pheromone that guides adult sea lampreys to water-

sheds that were successful as spawning and nursery

areas for larvae (Bjerselius et al. 2000). Mature

spermiated male sea lampreys also release a potent

sex pheromone that induces preference and searching

behavior by ovulated female lampreys ascending to

upstream spawning areas (Li et al. 2002). The bile acid

pheromone released by larvae may be used to attract

adults to rivers where habitat was restored, thereby

increasing speed of recolonization. Male sex pher-

omone may be used to increase the efficiency of fish

passage devices by increasing attractiveness of a fish

passage entrance.

Which attributes of sea lamprey population

ecology are useful for both control programs

in the Great Lakes and restoration programs

in Europe?

Many of the same features of sea lamprey population

ecology that are useful for control programs in the

Great Lakes of North America are also useful for

restoration programs in Europe. For example, migra-

tion by adult sea lampreys into streams to spawn has

been exploited since the late 1940s as a population

control strategy by blocking upstream migration with

traps and barriers (McLaughlin et al. 2007). Non-

target effects of traps and barriers on species other than

the sea lamprey have been the focus of research and

engineering aimed to enable passage of non-target

species while simultaneously blocking passage of sea

lampreys (McLaughlin et al. 2007). Not surprisingly,

dams on rivers in Europe are presently one of the

primary factors limiting sea lamprey access to spawn-

ing areas upstream (Mateus et al. 2012). We propose

that understanding of how to block adult sea lamprey

passage in streams for control purposes in the Great

Lakes is also useful for allowing passage of adult sea

lampreys for restoration purposes in Europe and

elsewhere where the species is imperiled (Moser

et al. 2015). For example, traps within fish ladders to

sort and remove adult sea lampreys in Great Lakes

streams would be useful designs for traps within fish

ladders to catch and transport adult sea lampreys to

European streams free from dams (McLaughlin et al.

2007). Similarly, use of attractants and repellants to

lure sea lampreys into physical or ecological traps for

their control in the Great Lakes would be equally

useful for luring sea lampreys into traps and fishways

for their conservation (e.g. to guide their passage

around or through barriers) where they are imperiled

in their native range (Li et al. 2007).

The long period of life spent in streams by larval

and juvenile sea lampreys that makes the species

vulnerable to pesticide control in the Great Lakes

also provides a focus for habitat protection, mitiga-

tion, and enhancement where the species is imper-

iled in Europe and elsewhere. Since 1958, sea

lamprey control in the Great Lakes targeted the

stream-dwelling non-parasitic larval phase of the sea

lamprey life history, because larvae are relatively

sedentary and live for several years in streams

(McDonald and Kolar 2007). Pesticide control of

sea lamprey populations in the Great Lakes was

subsequently directed by assessments of the abun-

dance and distribution of larval sea lampreys within

and among streams, including assessment of the

suitability of instream habitat (Hansen et al. 2003;

Jones 2007). These same assessment methods for

targeting sea lamprey control in the Great Lakes are

equally useful for targeting habitat protection,

mitigation, and enhancement of sea lamprey popu-

lations where they are imperiled in their native

range. Similarly, assessment methods for juvenile

and adult sea lampreys that aim to enhance effec-

tiveness of control in the Great Lakes (e.g. migra-

tion timing, mating systems, and factors influencing

spawning success, Jones 2007) would be useful for

enhancing effectiveness of conservation measures

where the species is imperiled in its native range.

Assessment methods presently used for measuring

success of sea lamprey control in the Great Lakes

(e.g. quantifying numbers of all life stages, Jones

2007) would be equally useful for measuring

success of sea lamprey conservation elsewhere in

its native range.
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Which attributes of sea lamprey population

ecology are in need of further study

for management of the species worldwide?

Much has been learned about sea lamprey population

dynamics, but some areas of sea lamprey population

dynamics require further study, especially in relation

to abundance, survival, recruitment, and feeding. For

example, abundance of the sea lamprey in Europe has

rarely been measured or monitored (except for the

population in the Garonne River, France; Beaulaton

et al. 2008), but is crucial for understanding the

population status of the species. Methods by which

juvenile and adult sea lamprey abundance is moni-

tored in the Laurentian Great Lakes may be useful

models for European population monitoring (e.g.

Hansen et al. 2003; Jones 2007). Similarly, little is

known about the marine phase of anadromous sea

lampreys, especially habitat and host preferences,

dynamics and mechanisms of movement, although

much has now been learned about how adults locate

freshwater spawning streams and mates with streams

using pheromones (e.g. Bjerselius et al. 2000; Li et al.

2002; Silva et al. 2013a). Research into the effects of

pheromones in the different spatial and chemical

scales of the marine environment may provide man-

agement tools applicable to the regional stocks of

anadromous sea lampreys. Telemetry (acoustic and

archival) may be useful for increasing knowledge of

movement by feeding-phase sea lampreys in the

Atlantic Ocean and Great Lakes (e.g. Johnson et al.

2015a, b). Movement of out-migrating juveniles is

only generally understood, so is an area of fruitful

future study (e.g. Johnson and Miehls 2014). Recruit-

ment is highly dynamic, because of the interplay of

strong density-independent and density-dependent

forces, but must be studied more broadly in both

native and introduced populations, to better under-

stand general patterns of recruitment dynamics. As a

general subject of study, dynamics of survival and

mortality of sea lampreys is poorly understood for all

life stages, including adults, larvae, recently meta-

morphosed juveniles, and feeding juveniles. Feeding

dynamics of sea lamprey have benefited from bioen-

ergetics studies, but more research is needed on

feeding rates, feeding models, and sex-specific bioen-

ergetics models (e.g. Madenjian et al. 2003). Last,

long-term sub-lethal effects of feeding-phase sea

lampreys on host populations should be studied, to

improve understanding of effects of invasive non-

native sea lampreys in the Laurentian Great Lakes.
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