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Abstract Pacific lamprey Entosphenus tridentatus

has an anadromous life cycle that begins with larvae

that filter-feed in freshwater, followed by transforma-

tion into juveniles that migrate to the ocean where they

parasitize hosts, and adults that migrate into freshwa-

ter to spawn and die. The marine-phase (i.e., juvenile

life stage) is important yet poorly understood, and is

associated with growth opportunities to achieve max-

imum body size and recruitment. The four goals of this

paper are to: (1) synthesize the literature to identify

patterns in the marine biology of Pacific lamprey; (2)

develop hypotheses to explain these patterns; (3)

identify limiting factors and threats, and (4) identify

research needs. We hypothesize that recruitment of

adult lamprey to spawning populations is influenced

by oceanographic regimes through impacts on host

abundance. Three marine factors that may be limiting

lamprey abundance include: (1) predation and fish-

eries bycatch; (2) host availability; and (3) host

contaminant loads. Four potential marine-related
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threats to lamprey include: (1) pollution; (2) climate

change; (3) unfavorable oceanographic regimes; and

(4) the effects of interactions between climate and

regimes. Pacific lamprey is not philopatric and the

extent to which host migrations and other factors

influence lamprey entry into rivers is unclear.

Research is needed to fill information gaps on how,

when, why, and where lamprey move, feed, and grow

in the ocean. Their widespread distribution, parasitic

life history, diverse hosts, and multiple predators

suggest that Pacific lamprey is integrated into diverse

marine ecosystems.

Keywords Anadromous � Lampreys � Parasite �
Marine biology � Organismal biology � Sentinel

Introduction

Anadromous lampreys (Petromyzontiformes) have

complex life cycles that rely on a succession of

freshwater and marine habitats (Hardisty 2006).

Larval lamprey emerge from nests in rivers and

streams after a few weeks of egg incubation and

disperse downstream to depositional areas with soft

silt and sand, where they burrow, filter feed, and grow

(Fig. 1; Dawson et al. 2015; Sutton 2017). After at

least 3 years rearing in freshwater, a combination of

physiological and environmental signals cue larvae to

transform from eyeless, toothless filter feeders into

eyed, sharp-toothed juveniles that emigrate down-

stream into estuaries and the ocean (e.g., Fig. 1;

Dawson et al. 2015; Manzon et al. 2015).

These fishes rear as juveniles in estuaries and

oceans where they parasitize large vertebrates and

consume their blood, fluids, and flesh (e.g., Fig. 1;

Renaud et al. 2009a; Renaud 2011). At some point

during their marine phase, anadromous lampreys stop

feeding and migrate into freshwater streams where

they spawn and die during spring-early summer

(Clemens et al. 2010; Renaud 2011; Johnson et al.

2015).

The anadromous Pacific lamprey Entosphenus

tridentatus is a culturally important species that is

used by local indigenous peoples for food, medicine,

and ceremony (Close et al. 2002, 2004; Petersen-

Lewis 2009). This species is also an important

ecological connector to many other organisms

throughout the food web. For example, as larvae, they

filter feed on diatoms and provide a food source for

various predators (Beamish 1980b; Downey et al.

1996; Close et al. 2002). Adult lamprey migrating into

rivers provide marine-derived nutrients to terrestrial

ecosystems (Nislow and Kynard 2009; Wipfli and

Baxter 2010).

Pacific lamprey faces numerous limiting factors

and threats to persistence (CRITFC 2011; Luzier et al.

2011; Maitland et al. 2015; Clemens et al. 2017a). The

abundance of adult Pacific lamprey migrating into the

Columbia River Basin (USA) has declined over the

last 50? years (CRITFC 2011). However, abundance

trends for adult Pacific lamprey in freshwater is highly

variable across its distribution (Murauskas et al. 2016).

Due to declines in abundance and perceived threats,

Pacific lamprey is a federal species of concern in the

U.S. (USFWS 2018). In 2003, a petition to list Pacific

lamprey under the Endangered Species Act (ESA

1973) was unsuccessful. The 90-day finding by the

U.S. Fish and Wildlife Service concluded that listing

was not justified due to a paucity of information on

biology, ecology, and threats to Pacific lamprey at any

life stage (USFWS 2004). A recent status assessment

indicated that Pacific lamprey were at ‘‘high conser-

vation risk’’ in most watersheds in the U.S. (Wang and

Schaller 2015). Pacific lamprey is ‘‘apparently secure’’

in Canada (Renaud et al. 2009b), ‘‘critically endan-

gered’’ where status has been determined in Japan

(Hokkaido Prefecture 2000; Tochigi Prefecture 2005),

and has no conservation status in Russia (Dyldin and

Orlov 2016).

Recent efforts have been made to improve under-

standing of the biology of Pacific lamprey, but most

have focused on freshwater life stages. For example,

recent research has concentrated on spawning (Stone

2006; Brumo et al. 2009; Gunckel et al. 2009; Johnson
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et al. 2015; Whitlock et al. 2017), embryonic devel-

opment (Meeuwig et al. 2005; Lampman et al. 2016),

development and ecology of larvae (McGree et al.

2008; Jolley et al. 2012, 2015; Schultz et al. 2014;

Harris and Jolley 2017), ecology of emigrating

juveniles (Moser et al. 2015b), ecology of adults

migrating in freshwater (Moser et al. 2015a; Clemens

et al. 2016, 2017b), and limiting factors in freshwater

systems (Maitland et al. 2015; Clemens et al. 2017a).

By contrast, information on the marine phase

(juvenile life stage) of the Pacific lamprey is sparse

(Clemens et al. 2010). Information on some aspects of

the marine biology of Pacific lamprey was presented

nearly 40 years ago (Beamish 1980b). Since that time,

a significant amount of research has occurred,

enabling a more thorough and wider-ranging synthesis

of the marine biology of Pacific lamprey. The four

goals of this paper are to: (1) synthesize the peer-

reviewed literature pertaining to the marine biology of

Pacific lamprey to identify patterns; (2) develop

hypotheses to explain these patterns; (3) identify

potential limiting factors and threats in the estuary and

ocean; and (4) identify research needs in the estuary

and ocean. This review covers all aspects of the marine

biology of Pacific lamprey, including their freshwa-

ter/marine transitions; distribution and movements;

genetic population structure; feeding behavior and

hosts; abundance, recruitment, and growth rates;

predators; life-history diversity; and marine-related

limiting factors and threats. Much of the information

we synthesize comes from a few geographic areas,

particularly the Columbia River estuary, USA, and

estuarine habitat near Vancouver Island, Canada. In

the absence of extensive data across the species’

range, we assume that information from the Pacific

Northwest of North America applies to Pacific lam-

prey throughout its range. A comprehensive synthesis

of the literature on the marine biology of Pacific

lamprey is essential to identifying potential manage-

ment actions and research that will help this species

persist in a changing and uncertain future.

Fig. 1 Life cycle of the Pacific lamprey. This paper focuses on the juvenile ocean parasite life stage. Image adapted and used with

permission from Jeremy Five Crows, Columbia River Inter-Tribal Fish Commission
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Marine biology

Freshwater and marine transitions and timing

Juveniles generally enter seawater in winter through

spring, in association with high river discharge

(Beamish 1980b; Beamish and Levings 1991; van de

Wetering 1999; Moyle 2002; Weitkamp et al. 2015).

Within this general pattern, the transformation timing

of filter-feeding larvae into parasitic juveniles and

subsequent ocean entry varies by latitude among river

systems along the West Coast of North America, and

also by the size of the river basin. Pacific lamprey

generally transform earlier in California (November–

May; Goodman et al. 2015) than they do in Oregon

and British Columbia (July–December; Beamish

1980b; McGree et al. 2008). Pacific lamprey also

emigrate earlier in California (winter–spring; Moyle

2002) than they do in British Columbia (spring–

summer; Beamish 1980b; Beamish and Levings

1991). Transformation timing is intermediate in

Oregon andWashington (early winter–spring; Kostow

2002; Hayes et al. 2013; Weitkamp et al. 2015).

Notable exceptions to these patterns exist; for exam-

ple, some juvenile Pacific lamprey may emigrate

throughout the year (Hayes et al. 2013; Moser et al.

2015b). Basin size may also influence outmigration

timing, with earlier (autumn–winter) outmigration

occurring in small rivers than in larger systems

(winter–spring; Kan 1975; van de Wetering 1999).

Further research is needed to elucidate the influence of

latitude, river size, river discharge, temperature, and

other factors on outmigration timing.

Adult Pacific lamprey can migrate into freshwater

year round (Beamish 1980b; Chase 2001;Moyle 2002;

Weitkamp et al. 2015; Parker et al. 2019). The pre-

spawning, upstream migration of adult Pacific lam-

prey purportedly occurs earlier in southern latitudes in

comparison with northern latitudes, similar to anadro-

mous sea lamprey Petromyzon marinus in North

America (reviewed in Clemens et al. 2010). These

latitudinal differences in freshwater entry may be a

function of water temperature and the distance to the

spawning grounds (reviewed in Clemens et al. 2010).

In addition, lampreys appear to be attracted to the

amount of river discharge (reviewed in Clemens et al.

2016), and Pacific lamprey can migrate further

upstream in years when discharge is greater (Clemens

et al. 2017b). We hypothesize that the earlier upstream

migration timing in southern latitudes may be related

to the timing of peak river discharges or river

temperatures along the West Coast of North America.

An additional factor that complicates cross-basin

comparisons of river entry time is how far upstream

themigration timing was documented. Pacific lamprey

in the Columbia River may take 2–5 months to

traverse the 235 km from the river mouth to Bon-

neville Dam (Weitkamp et al. 2015). This relatively

slow upstream migration rate (\ 4 km/day), if typical

of other systems, suggests that estimates of ‘‘river

entry’’ made upstream of the river mouth may include

substantial time while the fish were already in-river.

The freshwater migration distance and collection

season can also affect the likelihood of observing a

stream-maturing or ocean-maturing Pacific lamprey

(Parker et al. 2019). Documentation of adult Pacific

lamprey immigration into estuaries would help delin-

eate regional patterns of freshwater entry timing.

Based on laboratory observations, the duration of

ocean residence by Pacific lamprey was hypothesized

to be B 3.5 years (Beamish 1980b). However, field

studies are lacking, individual lamprey may differ in

ocean residence times, and variability in adult body

size may reflect different feeding behaviors (Beamish

1980b; Weitkamp et al. 2015) or reflect growth

differences from feeding on different host species.

Field studies on anadromous sea lamprey Petromyzon

marinus have indicated that their juvenile feeding

stage is relatively short at 10–20 months (Silva et al.

2013, 2016). The body size of adult Pacific lamprey

migrating into freshwater to spawn differs signifi-

cantly across locations (Fig. 2). However, different

collection protocols and collection distances from the

ocean may influence this pattern. Age estimates using

anatomical structures or isotopic compositions from

Pacific lamprey may yield insights on the duration of

their marine residence (if methods can be developed to

effectively apply these techniques; reviewed in

Hansen et al. 2016 for anadromous sea lamprey).

Additional research is needed to document ocean-

residence time for Pacific lamprey and factors that

control it.

Distribution and movements

Considering the vast hordes of Entosphenus

tridentatus that at various sizes migrate up many
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coastal streams of the North Pacific to spawn,

there are relatively few records from the sea…
(Hubbs 1967).

The latitudinal range of Pacific lamprey in the ocean is

the greatest of any lamprey in the world, with

observations ranging from southwest of Baja Califor-

nia north to the Bering and Chukchi seas and westward

into Russia and Japan (Renaud 2008; Orlov et al. 2009;

Fig. 2 Mean total body lengths (values shown) of adult Pacific

lamprey migrating into freshwater (or that have already

migrated into freshwater) to spawn. Data are shown across

different locations (left-to-right = south to north) from different

studies in North America: Klamath estuary, California, USA

(Parker 2018); Coquille River, Oregon, USA (Brumo 2006);

Smith river, Oregon, USA (Starcevich et al. 2014); North Fork

Umpqua River, Oregon, USA (Lampman 2011); Columbia

River estuary, Oregon and Washington, USA (Weitkamp et al.

2015); Willamette River, Oregon, USA (Porter et al. 2017);

Columbia River, Oregon and Washington, USA (Keefer et al.

2009); Puget Sound, Washington, USA (‘‘PS watersheds’’;

Hayes et al. 2013); and British Columbia, Canada (‘‘BC

watersheds’’; Beamish 1980b). Different symbols within the

same location indicate different years. With the exception of the

Coquille and North Fork Umpqua rivers, all 95% confidence

intervals (CI) were within the area indicated by symbols.

Weitkamp et al. (2015), Hayes et al. (2013), and Beamish

(1980b) did not report standard deviation or 95% CI. Data for

British Columbia watersheds is the mean of the means. The lack

of significant overlap in 95% CI among locations indicates

significant differences in body sizes of adult Pacific lamprey.

See text for challenges in making comparisons across studies
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Renaud 2011). High catches of Pacific lamprey in the

Pacific Ocean have been reported along the slope area

of the Bering Sea, with some occurrences in the Gulf

of Alaska, from southeast Alaska to the eastern

Aleutian Islands and westward off the Kamchatka

peninsula (Orlov et al. 2008a; AFSC 2019). Pacific

lamprey have also been caught in the ocean off the

Washington and Oregon coasts by the commercial

fishery for Pacific hake Merluccius productus and

stock assessment surveys for Pacific hake and ground-

fishes (Fleischer et al. 2005; Keller et al. 2008).

Movements of Pacific lamprey in the ocean are

poorly understood. Although catch records exist for

Pacific lamprey in the ocean (e.g., Beamish 1980b;

Orlov et al. 2008a; Siwicke and Seitz 2017), where

they originated from or the route taken to arrive at their

location, or whether observations reflect typical sea-

sonal movements is not known. It is also unclear

whether dispersal occurs primarily through indepen-

dent swimming or when attached to hosts. Statisti-

cally-significant associations have been reported

between the abundance of adult Pacific lamprey

returning to the Columbia River Basin and the relative

abundance of their hosts, including Pacific herring

Clupea pallasii, Chinook salmon Oncorhynchus

tshawytscha, Pacific cod Gadus macrocephalus,

walleye pollock Gadus chalcogrammus, and Pacific

hake (Murauskas et al. 2013). Pacific lamprey may

migrate with their host species in the ocean north of

the Columbia River mouth to feed on fish stocks off

Vancouver Island, British Columbia (Murauskas et al.

2013). Further evidence for this hypothesis comes

from genetic stock structuring of Pacific lamprey,

which suggests dispersal in the ocean may be related to

host movements (Spice et al. 2012).

Pacific lamprey observed in the Bering Sea off

Alaska and Russia may originate from rivers in

Canada and the U.S., since there appears to be no

large lamprey populations occupying river basins

emptying into the Bering Sea (Murauskas et al. 2013).

Although evidence of Pacific lamprey originating in

North America and rearing in the Bering Sea is

lacking, evidence of a reverse relationship (rearing in

the Bering Sea and migrating to freshwater in North

America) exists. An adult Pacific lamprey tagged with

a PIT (passive-integrated transponder) tag in the

Bering Sea was subsequently detected at Bonneville

Dam and the Deschutes River in Oregon (USA), a

distance of thousands of kilometers (Murauskas et al.

2019). Further studies are needed to elucidate move-

ments of Pacific lamprey at multiple spatial and

temporal scales in the ocean and to clarify connections

between marine feeding grounds and migrations to

particular rivers for spawning.

Although their depth distribution is highly variable,

Pacific lamprey are generally distributed at mid-water

depths. In the open ocean, Pacific lamprey have been

caught from the surface down to 1485 m in depth

(Orlov et al. 2008a), but they are most often caught

between the surface and 500 m (Orlov et al. 2008a;

Wade and Beamish 2016). In surveys in the Strait of

Georgia, Pacific lamprey were commonly caught

between 31 and 100 m, followed by 101–500 m

(Wade and Beamish 2016). Similarly, the largest

catches made in NOAA Fisheries surveys occurred at

open-water survey depths of 100–300 m, where

bottom depths were 100–800 m (AFSC 2019).

Regional differences in depth distributions of

Pacific lamprey may also occur. For example, very

few lamprey have been caught by the extensive bottom

trawls of the West Coast groundfish survey (Bradburn

et al. 2011), suggesting a pelagic rather than demersal

existence. In contrast, Pacific lamprey are frequently

caught by bottom trawls on the Bering Sea slope

survey (AFSC 2019), suggesting a demersal predis-

position in that area. The reasons for these patterns are

unclear, but may be related to the depth distributions

of hosts of Pacific lamprey. The greater catches of

Pacific lamprey by the Bering Sea slope survey are

probably not caused by differences in trawl gear

because the codend liner used in these surveys

(31.8 mm stretched mesh size) is bigger than that

used by the West Coast groundfish survey (19.1 mm

stretched mesh), and too fine to allow all but the

smallest lamprey to escape. This suggests that the

regional differences in catch and therefore inferred

depth distributions of Pacific lamprey noted above are

not caused by gear type.

Pacific lamprey caught at 100–250 m are ‘‘slightly

larger than the size of the average downstream

migrant’’, and Pacific hake and walleye pollock caught

at these depths occasionally display lamprey wounds

(Beamish 1980b). The largest catches made through

trawl surveys occurred at open-water survey depths of

100–300 m (bottom depths were 100–800 m), and the

largest catches of Pacific lamprey were from stock-

assessment surveys for Pacific hake (Fleischer et al.

2005). However, a very large catch of adult Pacific
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lamprey was recently made in association with a

school of walleye pollock at a depth of 45 m (Wade

and Beamish 2016). This information suggests that

depth distribution of Pacific lamprey is associated with

that of their common hosts, including walleye pollock

and Pacific hake. Pacific lamprey may undergo daily

vertical migrations in the water column (shallower at

night and deeper by day), which has been linked to

vertical migrations (DVM) in walleye pollock (Orlov

et al. 2008a), and may also be linked to the DVM of

Pacific hake (Ressler et al. 2008). It is not known

whether lamprey undergo these vertical migrations

while attached to their hosts, while swimming inde-

pendently, or both.

Genetic population structure

Use of genetic technology on Pacific lamprey in the

Eastern Pacific Ocean has provided considerable

insights into genetic diversity that differs by each of

two marker types. Neutral genetic markers (i.e.,

mitochondrial DNA and microsatellite markers) are

thought to be unaffected by natural selection (Good-

man et al. 2008; Spice et al. 2012), whereas adaptive

genetic markers (i.e., single nucleotide polymor-

phisms) are subjected to natural selection (Hess et al.

2013, 2015). Studies using neutral genetic markers

suggest very low genetic population structure, with

high gene flow across large geographical areas

(Goodman et al. 2008; Spice et al. 2012). Based on

neutral variation, Pacific lamprey in North America

can be grouped into three large geographic regions: (1)

Northern British Columbia; (2) Vancouver Island,

British Columbia/Puget Sound, Washington; and (3)

West Coast of the U.S. and the Columbia River (Hess

et al. 2013). Studies using adaptive markers suggest a

greater level of genetic structure than neutral markers,

and adaptive markers can differentiate Pacific lamprey

from the lower versus the interior Columbia River

(Hess et al. 2013). This adaptive variation in adult

Pacific lamprey appears to be associated with migra-

tion timing, body size, and upstream migration

distance. Adaptive genetic markers were found to

have the strongest association with body size (Hess

et al. 2014). Although the genetic basis of adult body

size in Pacific lamprey appears to be important for the

evolution of this species, it is unclear what selective

mechanism(s) drive variation (Hess et al. 2014). Many

adult migration traits can be correlated, which makes it

difficult to determine the true selective mechanisms at

work.

A better understanding of the selective mechanisms

acting on Pacific lamprey may be possible if more

information can be gathered on juveniles, as they have

the greatest potential for divergence in body size. For

example, lamprey may diverge in body size if they

distribute in different areas of the ocean, feed on

different hosts, spend different periods of time in the

ocean, and grow at different rates. The adaptive

genetic markers that associate with adult body size

may not be underlying a physiological mechanism of

body size, but rather could predetermine individual

lamprey fate to exhibit behavioral difference(s) in the

ocean (Hess et al. 2014).

Feeding behavior and hosts

Pacific lamprey are parasitic during their juvenile life

stage in the ocean, feeding on the blood, body fluids

(Potter and Hilliard 1987; Renaud et al. 2009a), and

flesh (Orlov et al. 2007) of their hosts. Pacific lamprey

attach to the anterior and ventral body areas of hosts

with their oral disc, which is covered with sharp teeth

(Hart 1973; Cochran 1986; Orlov et al. 2009). Thirty-

two different species of fishes and mammals have been

documented as hosts for Pacific lamprey in the Pacific

Ocean (Table 1; Fig. 3); yet many data gaps exist

regarding when, where, why, and how Pacific lamprey

parasitize them, and the degree of switching hosts

(Beamish 1980b; Renaud et al. 2009a; Clemens et al.

2010; Murauskas et al. 2013, 2016; Orlov 2016; Wade

and Beamish 2016). The large number of diverse host

species upon which Pacific lamprey feed suggests this

species is opportunistic. Another widely-distributed,

large anadromous lamprey, the sea lamprey, also

parasitizes diverse species (Silva et al. 2014). One key

parameter necessary to understand lamprey feeding is

the duration of attachment to individual hosts (hours,

days, or months) and whether serving as host is fatal or

impairs the ability of the host to grow.

Pacific lamprey do not always kill their hosts, as

evidenced by the capture of hosts with healed scars

(e.g., Siwicke and Seitz 2015). The extent of sub-lethal

and lethal impacts by Pacific lamprey to their hosts is

unknown and may depend on many factors specific to

the biology and size of each host, duration spent

attached to individual hosts, and host physiology and

health (e.g., see work on landlocked sea lamprey by
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Table 1 Documented host species of Pacific lamprey

Taxa Common name Scientific name References

Fishes Sockeye

salmon

Oncorhynchus nerka Williams and Gilhousen (1968), cited in Beamish (1980b)

Coho salmon O. kisutch Beamish (1980b)

Pink salmon O. gorbuscha Beamish (1980b)

Chinook

salmon

O. tshawytscha Beamish (1980b)

Steelhead O. mykiss Clemens and Wilby (1949)

Rougheye

rockfish

Sebastes aleutianus Beamish (1980b)

Yellowmouth

rockfish

S. reedi Beamish (1980b)

Shortraker

rockfish

S. borealis Abakumov (1964)

Widow

rockfish

S. entomelas L. Weitkamp et al. NOAA Fisheries unpubl. data

Pacific ocean

perch

S. alutus Novikov (1963) and Orlov et al. (2007)

Pacific cod Gadus

macrocephalus

Novikov (1963), Beamish (1980b) and Orlov et al. (2007, 2008b, 2009)

Walleye

pollock

G. chalcogrammus Beamish (1980b) and Orlov et al. (2007, 2008b, 2009)

Pacific hake Merluccius productus Beamish (1980b); L. Weitkamp et al. NOAA Fisheries unpubl. data

Lingcod Ophiodon elongatus Beamish (1980b); L. Weitkamp et al. NOAA Fisheries unpubl. data

Atka mackerel Pleurogrammus

monopterygius

Orlov et al. (2007, 2008b)

Jack mackerel Trachurus

symmetricus

L. Weitkamp et al. NOAA Fisheries unpubl. data

Sablefish Anoplopoma fimbria Abakumov (1964), Novikov (1963) and Beamish (1980b); L. Weitkamp et al.

NOAA Fisheries unpubl. data

Pacific herring Clupea pallasii

pallasii

Prokhorov and Grachev (1965) and Orlov et al. (2007, 2008b, 2009)

Greenland

halibut

Reinharditus

hippoglossoides

Abakumov (1964), Novikov (1963) and Orlov et al. (2007, 2008b, 2009)

Pacific halibut Hippoglossus

stenolepis

Novikov (1963) and Orlov et al. (2007, 2008b, 2009)

Arrowtooth

flounder

Atheresthes stomias Abakumov (1964), Novikov (1963) and Orlov et al. (2009); L. Weitkamp

et al. NOAA Fisheries unpubl. data

Kamchatka

flounder

A. evermanni Abakumov (1964), Novikov (1963) and Orlov et al. (2007, 2009)

Petrale sole Eopsetta jordani L. Weitkamp et al. NOAA Fisheries unpubl. data

Roughscale

sole

Clidoderma

asperrimum

Orlov et al. (2007)

Bigfin eelpout Aprodon cortezianus L. Weitkamp et al. NOAA Fisheries unpubl. data

Starry flounder Platichthys stellatus Orlov et al. (2008b)

Flathead sole Hippoglossoides

elassodon

Orlov et al. (2008b)
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Swink 2003; Patrick et al. 2009; Sepulveda et al.

2012). Host switching by Pacific lamprey likely occurs

as they grow, based on the duration of estimated time

at sea and the growth that occurs during the juvenile

life stage. Wounds on Pacific herring are smaller than

those on walleye pollock, which are smaller than those

on Pacific cod (Orlov et al. 2009). This suggests that

larger Pacific lamprey, like anadromous sea lamprey

(Silva et al. 2014), may selectively parasitize larger

individuals or host survival may be size dependent.

Wounding rates by Pacific lamprey on Pacific cod in

the Bering Sea were most prevalent on relatively large

Pacific cod (Siwicke and Seitz 2015). Data on these

wounds were used to infer that some mortality of

Pacific cod was caused by Pacific lamprey (Siwicke

and Seitz 2015).

Host species of Pacific lamprey have been identi-

fied by the wounds and scars on them that match the

shape and size of the oral disc of Pacific lamprey

(Siwicke and Seitz 2015). In addition, hosts are

Table 1 continued

Taxa Common name Scientific name References

Mammals Sei whale Balaenoptera

borealis

Pike (1951) and Nemoto (1955)

Fin whale B. physalus Pike (1951) and Nemoto (1955)

Blue whale B. musculus Pike (1951)

Humpback

whale

Megaptera

novaeangliae

Pike (1951)

Sperm whale Physeter

macrocephalus

Pike (1951)

Fig. 3 Examples of wounds (shown by black arrows) by Pacific lamprey on hosts in the ocean. Pictures from NOAA Fisheries

groundfish surveys; courtesy of NOAA Fisheries
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sometimes identified by finding Pacific lamprey in

samples with fishes bearing lamprey wounds. How-

ever lamprey wounds and scars may not always clearly

indicate which species of lamprey caused the wound,

and Pacific lamprey typically detach from their host

upon capture with fishing nets (Nikiforov et al. 2018;

L. Weitkamp, pers. obs.). Wounds and scars made by

Pacific lamprey can be difficult to distinguish from

those made by Arctic lamprey Lethenteron camtscha-

ticum (Siwicke and Seitz 2015; Orlov and Baitaliuk

2016). In these situations genetic sampling (scraping)

the tissues of hosts with fresh wounds for DNAmay be

an effective method to identify the particular species

of lamprey that caused those wounds (Nikiforov et al.

2018). Another method to identify host species is to

genetically sample lamprey gut contents, although

examination of these revealed blood and crushed

tissue that could not be traced back to particular host

species (Orlov et al. 2007). Environmental DNA

(eDNA) has been used to identify host species from

the gut contents of Arctic lamprey (Shink et al. 2019),

and it has been proposed that eDNA sampling of the

gut contents of Pacific lamprey should be conducted

(Nikiforov et al. 2018). If, however, one is more

interested in the general trophic position of feeding

rather than identifying particular prey species, then

assaying fatty acid profiles or stable isotopes from

lamprey tissue can be used (e.g., for sea lamprey, see

Harvey et al. 2008; Lança et al. 2013; Happel et al.

2017).

Despite the diversity of known hosts, two species of

gadids, walleye pollock and Pacific hake, appear to be

common hosts for Pacific lamprey. These species

exhibit a relatively high frequency of lamprey wounds,

and relatively large numbers of lamprey are caught in

fisheries or surveys targeting them (Fleischer et al.

2005; Siwicke and Seitz 2015; L. Weitkamp unpubl.

data). Walleye pollock have a more northern distribu-

tion with the highest abundance in Alaskan waters

(Hart 1973; Mecklenburg et al. 2002), and this species

appears to be the most common host for Pacific

lamprey in the Strait of Georgia and farther north

(Orlov et al. 2008b; Wade and Beamish 2016; Orlov

2016). By contrast, Pacific hake are most abundant in

the California Current off the coasts of Washington,

Oregon, and California (Ressler et al. 2008; Mecklen-

burg et al. 2002), and this species is likely a common

host in this region (Orlov et al. 2008b; Wade and

Beamish 2016).

Abundance, recruitment, and growth rates

The abundance of Pacific lamprey is likely associated

with the abundance of their hosts. Time-series data for

Pacific lamprey suggests decadal cycles of abundance,

which has been attributed to their approximate life

span (Murauskas et al. 2013). Marine survival of

Pacific lamprey may be limited by the availability of

hosts, which is influenced by environmental condi-

tions and therefore may be important in determining

the abundance of adult Pacific lamprey migrating into

freshwater (Murauskas et al. 2013;Wade and Beamish

2016). However, the survival rate of Pacific lamprey

from larval to adult life stages is not known, and no

relationship between adult and larval counts has been

established (Clemens et al. 2017a).

A potential model for how marine conditions might

affect Pacific lamprey recruitment to adult spawners

stems from studies of Pacific salmon. Research on

Pacific salmon has developed a theory of population

recruitment pertaining to the Pacific Decadal Oscilla-

tion (PDO). Cold phases of the PDO have been

associated with increasing bottom-up processes (i.e.,

upwelling and subsequent nutrient infusion into sur-

face sea water), subsequent proliferation of zooplank-

ton with high lipid content, and the increase of

zooplanktivorous fishes, including juvenile Pacific

salmon. Warm phases of the PDO, by contrast, lead to

top-down processes, which include increased numbers

of piscivores that migrate northward in the California

Current and feed on small fishes at the same time that

upwelling and nutrient infusions into surface seawa-

ters are reduced, along with the zooplankton and fishes

that feed on them. Hence cool PDOs are linked to

greater marine survival and returns of Pacific salmon,

whereas warm PDOs are associated with poor survival

and returns (Mantua et al. 1997; Peterson and Schwing

2003; Peterson et al. 2014). Pacific lamprey parasitize

fishes that would benefit from the cool-phase PDO,

and the abundance of these fishes is associated with

numbers of adult Pacific lamprey migrating into the

Columbia River (Murauskas et al. 2013). As a result,

we hypothesize that Pacific lamprey, like Pacific

salmon, may benefit from cool PDOs in the Pacific

Northwest. That is, we hypothesize that marine

survival of Pacific lamprey is influenced by PDO

regimes through its impact on host abundances, which

determines the abundance of adult lamprey migrating

into freshwater (Fig. 4). We acknowledge that this is a
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simplistic hypothesis that may not adequately fit the

complex biology of Pacific lamprey that have many

possible hosts (Table 1).

Pacific lamprey attain their maximum body size

during their juvenile life stage in the ocean (Beamish

1980b; Weitkamp et al. 2015). Although empirical

data on growth rates for Pacific lamprey as juveniles

are lacking, some information exists. The mean total

length of Pacific lamprey caught in the Columbia

River estuary immediately before and after their

marine phase was 133 mm and 596 mm, respectively

(Weitkamp et al. 2015). If these lamprey spent 3 to 4

years in the ocean (Beamish 1980b), then growth rates

are estimated to be 0.42 mm/d for 3 years and

0.32 mm/d for 4 years. Mean weight data from the

same individuals (3.6 g juveniles, 460 g adults) indi-

cate growth rates of 0.42 and 0.31 g/day or 0.19% and

0.14% body weight/day if they spend three and 4 years

in the ocean, respectively. This is somewhat lower

than the 0.65–0.79 g/day estimated by Beamish

(1980b) for anadromous sea lamprey in the Western

Atlantic Ocean and landlocked sea lamprey the Great

Lakes (0.89 g/day, Applegate 1950; 0.5–2.0%/day,

Farmer 1980), both of which have shorter parasitic

phases at 1–2.5 years (Beamish 1980b). Recent

information suggests that anadromous sea lamprey

feed as juveniles for only about one to 1.5 years (Silva

et al. 2013, 2016). Improvements in the understanding

of how long Pacific lamprey rear in the ocean, seasonal

patterns of growth, empirical information on feeding

behavior and hosts, temperatures experienced, and

bioenergetics modelling (e.g., Madenjian et al. 2008;

Jorgensen and Kitchell 2005) will be necessary to

refine these growth estimates.

Predators

Pacific lamprey exhibit two characteristics that make

them a high-quality prey: (1) they have high lipids and

high energy content; and (2) they do not have the

Fig. 4 Conceptual model of how oceanographic regime

changes may affect recruitment of juvenile Pacific lamprey in

the ocean. Arrows can be read as ‘‘leads to’’, ‘-’ decreased, and

‘?’ increased. Each of the boxes directly influences those

factors indicated in the boxes to the right. For example, the top

line of the figure indicates that a warm phase of the Pacific

Decadal Oscillation (PDO) has been linked to decreased

upwelling and nutrient infusion into surface seawater, which

leads to less production of zooplankton and reduced recruitment

of zooplanktivorous fishes for juvenile Pacific lamprey to

parasitize, leading to reduced numbers of them. In addition, the

warm phase of the PDO is associated with increased numbers of

piscivores moving northward from the California Current into

the waters of the Pacific Northwest, and these may depredate

juvenile Pacific lamprey. This is referred to as ‘‘top-down’’

process, because of the influence of predators from atop the food

web on production of fishes (in this case lamprey) during the

warm phase of the PDO. The cold phase of the PDO yields

opposite reactions in all cases, and is referred to as a ‘‘bottom-

up’’ process because increased production from the bottom of

the food web leads to increased production of fishes
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swimming capabilities necessary to avoid many

predators (Close et al. 2002). Caloric values of Pacific

lamprey range from 5.92 to 6.34 kcal/g wet mass

(Whyte et al. 1993), which is 3.3–6.2 times higher than

five species of Pacific salmon (Oncorhynchus spp.;

1.03–1.79 kcal/g; O’Neill et al. 2014). Pacific lamprey

are known to serve as prey for at least 17 different

species of fishes, birds, and mammals in estuarine and

ocean waters (Table 2), with more likely to be

identified. The lack of a bony skeleton may enable

more rapid digestion of Pacific lamprey, leading to

under-estimates of presence in the guts of predators

(Cochran 2009).

Some studies reported the frequency with which

Pacific lamprey appeared in gut contents in relation to

other prey. For example, California sea lions Zalophus

californianus, Steller sea lions Eumetopias jubatus,

and Pacific harbor seals Phoca vitulina richardii

consumed Pacific lamprey more than any other fish

species in the Rogue River (Roff and Mate 1984).

Pacific lamprey are likely a trophic buffer to some

species of migrating salmon, as pinnipeds may

preferentially consume Pacific lamprey (Close et al.

2002). In the Columbia River estuary, large colonies

of gulls Larus spp., Caspian terns Sterna caspia, and

double-crested cormorants Phalacrocorax auritus

reside on dredge spoils and consume outmigrating

larval and juvenile lampreys, which comprised

\ 1.9% of the diet samples of these birds (e.g., Collis

et al. 2002).

Indigenous peoples harvest Pacific lamprey for

food, medicine, and ceremonial purposes in estuaries

and rivers (Close et al. 2002; Petersen-Lewis 2009).

When other high lipid foods (e.g., Pacific salmon

Oncorhynchus spp.) are seasonally unavailable, the

capture of Pacific lamprey provides high caloric food

Table 2 Predators (documented evidence from peer-reviewed literature and white papers) of Pacific lamprey in estuaries and the

ocean

Taxa Common names Scientific names References

Fishes White sturgeon Acipenser

transmontanus

Semakula and Larkin (1968)

Sablefish Anoplopoma fimbria Beamish (1980b)

Lingcod Ophiodon elongates Tinus (2012)

Bluntnose sixgill shark Hexanchus griseus Ebert (1986)

Spiny dogfish shark Squalus acanthias Beamish (1980b)

Blue shark Prionace glauca Harvey (1989)

Birds Osprey Pandion haliaetus Stillwater Sciences (2010) T. Confer, Oregon Department of Fish

and Wildlife, pers. comm.

Caspian tern Sterna caspia Collis et al. (2002)

Double crested

cormorant

Phalacrocorax auritus Collis et al. (2006) and Zamon et al. (2014)

Great blue heron Ardea herodias Wolf and Jones (1989)

Mammals Steller sea lion Eumetopias jubatus Roff and Mate (1984), Trites et al. (2007) and Riemer et al.

(2011)

California sea lion Zalophus californianus Roff and Mate (1984) and Wright et al. (2016)

Northern elephant seal Mirounga angustirostris Antonelis and Fiscus (1980) and Condit and Le Boeuf (1984)

Northern fur seal Callorhinus ursinus Antonelis and Fiscus (1980)

Pacific harbor seal Phoca vitulina richardii Roff and Mate (1984) and Orr et al. (2004)

Sei whale Balaenoptera borealis Flinn et al. (2002)a

Sperm whale Physeter

macrocephalus

Pike (1950), cited in Pike (1951) and Flinn et al. (2002)a

Additional predators (e.g., American Mink Neovison vison; Beamish 1980a, b) may be considered more as freshwater predators on

adult lamprey migrating upstream to spawn. Additional species not listed here may be important predators on juveniles migrating in

streams to the ocean
aDiet reported as containing ‘‘lamprey’’ (Lampetra sp.). Lampetra was the former genus name of Pacific lamprey (e.g., Beamish

1980b), and these fish were probably Pacific lamprey, given its wide distribution in the ocean (see text) and large body size
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(Close et al. 1995) for indigenous people coinciding

with the coldest season of the year (Parker 2018).

While not targeted directly by ocean fisheries, Pacific

lamprey are caught as bycatch by marine fisheries for

other species. The geographically-wide distribution of

Pacific lamprey in the ocean indicates they are

potentially vulnerable to numerous fisheries. How-

ever, preliminary data suggest that bycatch is greatest

in fisheries targeting walleye pollock (Orlov and

Pelenev 2009; Orlov 2016) and Pacific hake (Beamish

1980b). While Pacific lamprey bycatch has not been

quantified nor has post-release survival been evalu-

ated, persistent and high bycatch rates could be a

conservation concern.

Life-history diversity

It is already evident that this species, [Pacific

lamprey] like salmon and some other anadro-

mous fishes, comprises a multitude of races, the

members of which differ sharply in body size…
(Hubbs 1967).

Life-history diversity in adult Pacific lamprey that

have immigrated into freshwater for spawning migra-

tions has been described in at least three dichotomies

(which may not be mutually exclusive), including:

1. Stream-maturing and ocean-maturing Some Paci-

fic lamprey enter freshwater with immature

gonads (stream-maturing genotype) and overwin-

ter in freshwater before spawning, whereas others

enter with more mature gonads (ocean-maturing

genotype) and likely spawn within several weeks

(Clemens et al. 2013; Porter et al. 2017; Parker

et al. 2019). Unlike similar life histories charac-

terized in a different anadromous species (e.g.,

premature and mature steelhead; Hess et al. 2016),

these two Pacific lamprey life histories display

overlapping freshwater-entry timing (Parker et al.

2019).

2. Day eels and night eels Native American tribes

often refer to Pacific lamprey as ‘‘eels’’ (Miller

2012). Day eels are described as small in body size

(short body length) and light in coloration, as

opposed to night eels which are large and dark in

coloration (Downey et al. 1996; Close et al. 2004;

Sheoships 2014). It has been hypothesized that

day eels might have been in freshwater for an

extended period of time (possibly equivalent to the

stream-maturing, life-history strategy), whereas

night eels may be recent migrants to freshwater

ecosystems (Close et al. 2004).

3. Normal and dwarf Observations on normal and

dwarf life-history strategies of Pacific lamprey

have been made in the Coquille River, Oregon

(Kostow 2002) and Puget Sound, Washington

(Hayes et al. 2013). The dwarf life-history is

smaller in body size and has been observed to

spawn at a different time within the same season

than the normal life-history strategy (Kostow

2002). Genetic markers that are associated with

the dwarf life history of Pacific lamprey have been

identified (see Hess et al. 2013). What we refer to

as dwarf Pacific lamprey here is presumably still

anadromous (they are not blocked from the

ocean). This is different from the dwarf life-

history of European river lamprey Lampetra

fluviatilis in the UK, which are freshwater resident

parasites (Maitland 2003).

More research and careful comparisons are needed to

understand whether these paired terms are describing

the same genotypic and phenotypic diversity among

Pacific lamprey.

Demographic parameters (e.g., feeding, growth,

mortality, etc.) have been implicated in life-history

diversity of fishes (e.g., McMillan et al. 2012; Tattam

et al. 2013; Sloat and Reeves 2014); thus, factors in the

ocean (where Pacific lamprey are rearing to maximum

body sizes) may select for life-history diversity. Life-

history diversity of Pacific lamprey may be most

evident in body size and maturation timing, which

may be associated with the duration of ocean

residency or the type of host (Beamish 1980b;

Weitkamp et al. 2015). Adult body size of Pacific

lamprey is evolutionarily adaptive (Hess et al. 2014),

and is directly related to three key aspects of lamprey

behavior and fitness. First, adult body size is directly

proportional to the ability of Pacific lamprey to ascend

and pass natural and artificial obstacles to upstream

migration, such as rapids, waterfalls, and hydroelectric

dams (Keefer et al. 2009, 2010). Second, adult body

size is directly proportional to the maximum distance

upstream that Pacific lamprey migrate (Clemens et al.

2010; Hess et al. 2014). Third, like most fishes,

(Kamler 2005), adult body size is directly proportional

to the absolute fecundity of female Pacific lamprey
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(Clemens et al. 2010, 2013). Therefore, environmental

and genetic influences on body size may influence life-

history diversity in Pacific lamprey. Considerations of

adult body size of lamprey are interesting in the

context of regional patterns in body size (Fig. 2).

However, attempts to identify life history by one

metric alone (such as with body size) may be

insufficient to identify life-history diversity (Clemens

et al. 2013) for at least three reasons. First, the body

lengths of Pacific lamprey can decrease 18–30% after

entering freshwater (due to cessation of feeding and

lack of skeletal components in their bodies; Beamish

1980b; Clemens et al. 2009, 2010). Second, differ-

ences in the distance upstream where lamprey were

sampled exist across studies. For example, sampling in

the estuary may yield recent migrants at their maxi-

mum body sizes in comparison with sites further

upstream. Third, diversity in maturation timing of

Pacific lamprey (stream maturing and ocean maturing

life histories) has only been distinguished through a

number of characteristics, and not by a single metric

alone (Clemens et al. 2013; Parker et al. 2019).

Potential marine-related limiting factors

and threats

The widespread distribution of Pacific lamprey, its

parasitic life history, use of diverse hosts, and multiple

predators suggests that this species is integrated into

diverse marine ecosystems in the North Pacific Ocean.

However, significant data gaps exist in understanding

the limiting factors1 and threats2 to Pacific lamprey in

estuaries in the marine environment.

Oceanographic work on various marine and

anadromous species (e.g., Keller et al. 2010; Wain-

wright and Weitkamp 2013; Peterson et al. 2014;

Cheung et al. 2015; Beamish 2017) and general

knowledge of the biology of Pacific lamprey (this

review) enables speculation about potential marine-

related limiting factors and threats to them. Three

potential marine-related limiting factors are: (1)

predation (Table 2), including bycatch; (2) availabil-

ity of hosts (Table 1); and (3) contaminant loads of

hosts––which Pacific lamprey may bioaccumulate as a

parasite (e.g., Drevnick et al. 2006). Predation and

bycatch can be categorized as top-down limiting

factors resulting from top predators, including

humans. The last two, availability of hosts and

contaminant loads of hosts, can be categorized as

bottom-up limiting factors. Pacific lamprey is not

exploited commercially or recreationally, which may

explain why, historically, this species has not been

consistently monitored. Bycatch rates of Pacific

lamprey in the ocean and sampling to address ques-

tions about the effects of limiting factors and threats on

their status is lacking. Bycatch is discussed further in

the ‘‘Predators’’ section. Marine-related threats to

Pacific lamprey may include: (1) pollution from

humans; (2) changes in oceanographic regimes that

are unfavorable to recruitment of lamprey (Fig. 4);

and (3) climate change.

Pollution occurs from two general categories: (1)

human-produced, artificial substances (xenobiotics)

that can be ingested by organisms and then bioaccu-

mulate in predators like lampreys (Gray 2002;

Drevnick et al. 2006; Boerger et al. 2010; Zenker

et al. 2014); and (2) releases of excessive nutrients

through human processes (eutrophication) into estu-

aries and the ocean. Excessive nutrients can induce

zones of hypoxia and affect ecosystem functioning,

which can displace, change behavior, and cause die-

offs (i.e., ‘‘dead zones’’; Diaz and Rosenberg 2008;

Keller et al. 2010; Somero et al. 2016). With a few

exceptions, eutrophication is not a problem in most

estuaries in the West Coast of North America.

Xenobiotics and eutrophication have the potential to

negatively impact Pacific lamprey directly by affect-

ing water quality and causing acute stress and death or

indirectly, through ingestion of contaminated host

tissue. The potential limiting factors and threats to

lamprey that we have identified in the marine

environment are broad characterizations across the

vast North Pacific Ocean, and these may not apply in

particular locations.

Estuarine and ocean conditions may influence the

abundance of Pacific lamprey in many ways, including

via oceanographic regimes (Fig. 4) and interactions of

1 We define limiting factors to this species as the physical,

chemical, or biological conditions of the environment that

constrain the behavior, abundance, productivity, diversity, or

distribution. Therefore, direct challenges to Pacific lamprey in

estuaries and the Pacific Ocean include physiological stress,

delayed mortality, misalignment of environmental cues with

species adaptations, and instantaneous mortality via acute

trauma or predation.
2 We define threats as human-induced or natural processes or

actions that may create or exacerbate limiting factors.
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climate change with these regimes. For example,

climate change has been implicated in the following

recent physical, chemical, and biological changes in

the marine environment. These changes include:

increased sea surface temperatures (ISAB 2007; Mote

et al. 2014; Sharma et al. 2016), hypoxia of bottom

waters (Williams et al. 2015), ocean acidification

(Haigh et al. 2015; Mathis et al. 2015), increased sea

Table 3 Research needs for Pacific lamprey, by topic area. All needs refer to the juvenile life stage unless stated otherwise

Topic Research needs Related

research

topic

1. Freshwater and marine

transitions and timing

Identify the influences of latitude, river size, river discharge, temperature, and

other factors on outmigration timing/ocean entrance timing

Identify other abiotic and biotic factors influencing outmigration timing

Identify abiotic and biotic factors influencing freshwater entrance timing (adults)

Empirically discern ocean-residence time.

Estimate age of ocean entrance (juveniles) and age of freshwater entrance

(adults)

1

2. Distribution and Movements Elucidate movements of Pacific lamprey in the ocean at multiple horizontal

(geographical) and vertical (depth) spatial scales

Identify abiotic and biotic drivers of movements

Identify connections between feeding grounds in the ocean and migrations into

particular rivers for spawning

3. Genetic population structure Improve temporal and spatial monitoring of the variation in neutral and adaptive

genetic markers of Pacific lampreya

Improve upon current understanding of gene flow

4. Feeding behavior and hosts Continue to document hosts to: (1) identify previously undocumented hosts

species, and (2) add to the ecological knowledge of the circumstances in which

predation by Pacific lamprey has occurred

Identify the duration of attachment to individual hosts and impacts on hosts

5. Abundance, recruitment, and

growth rates

Empirically estimate growth rates of individual lamprey 2, 4, 7

Identify connections between growth, survival, and the life history diversity of

Pacific lamprey

2, 4, 7

Refine growth rate estimates by discerning ocean-residence time, seasonal

growth patterns, feeding behavior and hosts, temperatures of occurrence, and

bioenergetics modelling

1, 2, 4

6. Predators Identify other predators that have previously not been documented

Estimate predation rates by various predators

Estimate human bycatch rates and post-release survival

7. Life-history diversity Identify geographical patterns of life-history diversity, implications of abiotic

conditions, duration, and feeding behaviors in the ocean, and whether

expression of life history is plastic or heritable

3

8. Potential marine-related

limiting factors and threats

Document and estimate bycatch and predation 6

Monitor availability of host species (Table 1) 4, 5

Monitor host and lamprey contaminant loads 4

Test for physiological and behavioral effects of xenobiotics on lamprey 4, 5

Improve understanding of eutrophication on lamprey, including whether this

should be considered a threat

1, 2, 5

Improve understanding of oceanographic regimes (Fig. 4) on lamprey 2, 4, 5, 6

Improve understanding of the effects of climate change on lamprey 2, 4, 5, 6

aInformation is lacking from basins north of the Straits of Georgia in North America
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levels and estuarine/marsh inundation (ISAB 2007;

Mote et al. 2014), reduced upwelling (Rykaczewski

et al. 2015; Sharma et al. 2016), change in distribution

of host species (discussed below), decreased host

populations (ISAB 2007; Wade et al. 2013; Williams

et al. 2015), and decreased productivity of food webs

(ISAB 2007; Crozier 2016; Sharma et al. 2016).

Climate change has and will continue to cause

environmental and ecological changes that will be

increasingly evident by the mid and late 21st century

(IPCC 2014), and include exacerbation of existing

limiting factors to Pacific lamprey in both indirect and

direct ways. Environmental alterations will affect

organisms inhabiting coastal waters directly (e.g.,

physiological stress due to increased temperatures or

low dissolved oxygen; Somero et al. 2016), and

indirectly through changes to ecosystems (e.g., novel

predator–prey interactions; Cheung et al. 2015;

Rehage and Blanchard 2016). How this multitude of

physical and ecosystem changes will affect Pacific

lamprey is difficult to predict. Increased ocean tem-

peratures are expected to alter fish and invertebrate

distributions to deeper depths and toward the poles

(Pinsky et al. 2013; Cheung et al. 2015), and these

changes were observed in the recent marine heat wave

(Leising et al. 2015; Peterson et al. 2017; Morgan et al.

2019). The poleward movement of animals includes

Pacific hake (Cheung et al. 2015; Auth et al. 2017),

known hosts of Pacific lamprey (Table 1). Pacific

lamprey distributions may also change as they either

follow their hosts northwards or switch to new hosts

that have not been encountered with frequency in the

past. The effects of climate change will have complex,

cumulative, and potentially synergistic effects that are

difficult to predict, but at a minimum may affect host

availability, population recruitment, and growth rates

of Pacific lamprey.

Recommendations and conclusions

We reviewed the literature on the marine biology of

juvenile Pacific lamprey and updated and expanded on

information provided nearly 40 years ago by Beamish

(1980b). We synthesized information on the freshwa-

ter/marine transitions of Pacific lamprey; their distri-

bution and marine movements; genetic population

structure; feeding behavior and hosts; abundance,

recruitment, and growth rates; predators; life-history

diversity; and marine-related limiting factors and

threats. The juvenile life stage of Pacific lamprey in

the ocean is important for the attainment of maximum

body size, which directly correlates with three key

aspects to the behavior and fitness of Pacific lamprey:

(1) passage (Keefer et al. 2009, 2010); (2) migration

distance in freshwater (Hess et al. 2014); and fecundity

(Clemens et al. 2013). The abundance of hosts for

Pacific lamprey in the ocean correlates with abun-

dance of adult migrations into freshwater (Murauskas

et al. 2013).

New, key insights into the marine biology of Pacific

lamprey include apparent latitudinal differences in

transformation and ocean entrance timing; updated

host species and predator lists; a hypothesis of

population recruitment related to the PDO (Fig. 4)

and climate change; a synthesis of descriptions of life

Table 4 Eight hypotheses advanced in this review (see text for details)

Topic Hypothesis

Freshwater and marine

transitions and timing

Earlier upstream migration timing in southern latitudes is related to the timing of peak river

discharges along the West Coast of North America

Distribution and movements Pacific lamprey inhabit depths that differ across regions in the ocean, which is related to the

depth distributions of their hosts

Feeding behavior and hosts Pacific lamprey are opportunistic feeders

Pacific lamprey switch hosts as they grow

Walleye pollock and Pacific hake are common hosts

Abundance, recruitment, and

growth rates

Marine survival of Pacific lamprey is influenced by PDO regimes through impacts on host

abundance

The growth rates of juvenile Pacific lamprey are lower than that of sea lamprey from various

locations

Life-history diversity Regional patterns in adult body size exist and differ significantly (Fig. 2)
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history diversity; a meta-analysis on regional differ-

ences in body size (Fig. 2); and the first identification

of potential, marine-related limiting factors and

threats. Our review has identified 26 key research

needs pertaining to the marine biology and marine-

related limiting factors and threats to Pacific lamprey

(Table 3). Based on patterns that have emerged from

our review of the literature, we have identified and

advanced eight hypotheses (highlighted in Table 4).

Many data gaps remain regarding the biology, limiting

factors, and threats to Pacific lamprey in the marine

environment (Clemens et al. 2010; this review).

Therefore research may be the most important goal

towards furthering science and management of Pacific

lamprey. The widespread distribution of Pacific lam-

prey, its parasitic life history, and diverse hosts

suggest that this species is integrated into diverse

marine ecosystems.
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Silva S, Araújo MJ, Bao M, Mucientes G, Cobo F (2014) The

haematophagous feeding stage of anadromous populations

of sea lamprey Petromyzon marinus: low host selectivity

and wide range of habitats. Hydrobiologia 734:187–199

Silva S, Barca S, Cob F (2016) Advances in the study of sea

lamprey Petromyzon marinus Linnaeus, 1758, in the NW

of the Iberian Peninsula. In: Orlov AM, Beamish RJ (eds)

Jawless fishes of the world. Cambridge Scholars Publish-

ing, Newcastle upon Tyne, pp 346–385

Siwicke KA, Seitz AC (2015) Interpreting lamprey attacks on

Pacific Cod in the Eastern Bering Sea. Trans Am Fish Soc

144:1249–1262

123

Rev Fish Biol Fisheries (2019) 29:767–788 787

https://doi.org/10.1139/cjfas-2018-0299
https://doi.org/10.1139/cjfas-2018-0299


Siwicke KA, Seitz AC (2017) Spatial differences in the distri-

butions of Arctic and Pacific lampreys in the Eastern

Bering Sea. Trans Am Fish Soc 147:111–127

Sloat MR, Reeves GH (2014) Individual condition, standard

metabolic rate, and rearing temperature influence steelhead

and rainbow trout (Oncorhynchus mykiss) life histories.

Can J Fish Aquat Sci 71:491–501

Somero GN, Beers JM, Chan F, Hill TM, Klinger T, Litvin SY

(2016) What changes in the carbonate system, oxygen, and

temperature portend for the Northeastern Pacific Ocean: a

physiological perspective. Bioscience 66:14–26

Spice EK, Goodman DH, Reid SB, Docker MF (2012) Neither

philopatric nor panmictic: microsatellite and mtDNA evi-

dence suggest lack of natal homing but limits to dispersal in

Pacific lamprey. Mol Ecol 21:2916–2930

Starcevich SJ, Gunckel SL, Jacobs SE (2014) Movements,

habitat use, and population characteristics of adult Pacific

lamprey in a coastal river. Environ Biol Fish 97:939–953

Stillwater Sciences (2010) Pacific lamprey in the Eel River

basin: a summary of current information and identification

of research needs. Stillwater Sciences, Arcata, California

for Wiyot Tribe, Loleta, California

Stone J (2006) Observations on nest characteristics, spawning

habitat, and spawning behavior of Pacific and Western

brook lamprey in a Washington stream. Northwest Nat

87:225–232

Sutton TM (2017) Distribution and ecology of Lethenteron spp.

lampreys in interior Alaskan rivers. J Fish Biol

90:1196–1213

Swink WD (2003) Host selection and lethality of attacks by sea

lampreys (Petromyzon marinus) in laboratory studies. J Gt

Lakes Res 29(Suppl 1):307–319

Tattam IA, Ruzycki JR, Li HW, Giannico GR (2013) Body size

and growth rate influence emigration timing of On-

corhynchus mykiss. Trans Am Fish Soc 142:1406–1414

Tinus CA (2012) Prey preference of lingcod (Ophiodon elon-

gatus), a top marine predator: implications for ecosystem-

based fisheries management. Fish Bull 110:193–204

Tochigi Prefecture (2005) Tochigi red data book. http://www.

pref.tochigi.lg.jp/shizen/sonota/rdb/detail/15/0001.html.

Accessed Jan 2019 (in Japanese)
Trites AW, Calkins DG, Winship AJ (2007) Diets of Steller sea

lions (Eumetopias jubatus) in southeast Alaska,

1993–1999. Fish Bull 105:234–248

USFWS (US Fish and Wildlife Service) (2004) Endangered and

threatened wildlife and plants; 90-day finding on a petition

to list three species of lampreys as threatened or endan-

gered. Federal Register 69:257, 27 Dec 2004,

pp 77158–77167

USFWS (US Fish and Wildlife Service) (2018) Pacific lamprey

Entosphenus tridentatus assessment. 27 Aug 2018Draft for

external review

Van de Wetering SJ (1999) Aspects of life history characteris-

tics and physiological processes in smolting Pacific lam-

prey, Lampetra tridentata, in a Central Oregon Coast

stream. Master’s thesis, Oregon State University

Wade J, Beamish R (2016) Trends in the catches of River and

Pacific lamprey in the Strait of Georgia. In: Orlov AM,

Beamish RJ (eds) Jawless fishes of the world. Cambridge

Scholars Publishing, Newcastle upon Tyne, pp 57–72

Wade AA, Beechie TJ, Fleishman E, Mantua NJ, Wu H, Kim-

ball JS, Stoms DM, Stanford JA (2013) Steelhead vulner-

ability to climate change in the Pacific Northwest. J Appl

Ecol 50:1093–1104

Wainwright TC, Weitkamp LA (2013) Effects of climate

change on Oregon Coast coho salmon: habitat and life-

cycle interactions. Northwest Sci 87:219–242

Wang C, Schaller H (2015) Conserving pacific lamprey through

collaborative efforts. Fisheries 40:72–79

Weitkamp LA, Hinton SA, Bentley PJ (2015) Seasonal abun-

dance, size, and host selection of western river lamprey

(Lampetra ayresii) and Pacific (Entosphenus tridentatus)

lampreys in the Columbia River estuary. Fish Bull

113:213–226

Whitlock SL, Schultz LD, Schreck CB, Hess JE (2017) Using

genetic pedigree reconstruction to estimate effective

spawner abundance from redd surveys: an example

involving Pacific lamprey Entosphenus tridentatus. Can J

Fish Aquat Sci 74:1646–1653

Whyte JNC, Beamish RJ, Ginther NG, Neville C (1993)

Nutritional condition of the Pacific lamprey (Lampetra

tridentata) deprived of food for periods of up to 2 years.

Can J Fish Aquat Sci 50:591–599

Williams JE, Isaak DJ, Imhof J, Hendrickson DA, McMillan JR

(2015) Cold-water fishes and climate change in North

America. In: Reference module in earth systems and

environmental sciences, pp 1–10. https://doi.org/10.1016/

b978-0-12-409548-909505-1

Wipfli MS, Baxter CV (2010) Linking ecosystems, food webs,

and fish production: subsidies in salmonid watersheds.

J Fish 35:373–387

Wolf BO, Jones SL (1989) Great blue heron deaths caused by

predation on Pacific lamprey. Condor 91:482–4848

Wright B, Murtaugh T, Brown R (2016) Willamette Falls pin-

niped monitoring project, 2016. Report by the Oregon

Department of Fish and Wildlife, South Willamette

Watershed District Office

Zamon JE, Mannas JM, Sandford BP, Evans A, Cramer B

(2014) Measuring estuary avian predation on juvenile

salmon by electronic recovery of passive integrated

transponder tags from nesting colonies, 2013. Report of

research for the US Arm Corps of Engineers, Portland

District, Nothwestern Division, 69 electronic pp

Zenker A, Cicero MR, Prestinaci F, Bottoni P, Carere M (2014)

Bioaccumulation and biomagnification potential of phar-

maceuticals with a focus to the aquatic environment.

J Environ Manag 133:378–387

Publisher’s Note Springer Nature remains neutral with

regard to jurisdictional claims in published maps and

institutional affiliations.

123

788 Rev Fish Biol Fisheries (2019) 29:767–788

http://www.pref.tochigi.lg.jp/shizen/sonota/rdb/detail/15/0001.html
http://www.pref.tochigi.lg.jp/shizen/sonota/rdb/detail/15/0001.html
https://doi.org/10.1016/b978-0-12-409548-909505-1
https://doi.org/10.1016/b978-0-12-409548-909505-1

	Marine biology of the pacific lamprey Entosphenus tridentatus
	Abstract
	Introduction
	Marine biology
	Freshwater and marine transitions and timing
	Distribution and movements
	Genetic population structure
	Feeding behavior and hosts
	Abundance, recruitment, and growth rates
	Predators
	Life-history diversity

	Potential marine-related limiting factors and threats
	Recommendations and conclusions
	Acknowledgements
	References




