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How the resilient ecophysiology
of the sea lamprey allowed them
to invade the Laurentian Great
Lakes and could protect them
from climate change

Michael P. Wilkie *

Department of Biology and Laurier Institute for Water Science, Wilfrid Laurier University, Waterloo, ON,
Canada

Native to the Atlantic Ocean, anadromous sea lamprey (Petromyzon marinus)
likely invaded the Laurentian Great Lakes in the mid 1800’s-early 1900’s following
construction of the Erie Canal. Initially restricted to Lake Ontario, and some
smaller nearby lakes, they entered Lake Erie via the Welland Canal in the early
1900s. Sea lamprey quickly became established in Lake Erie (1921), from which
they invaded the three upper Great Lakes. Along with overharvest, predation
(parasitism) by blood-feeding sea lamprey devastated commercial, sport and
Indigenous fisheries including lake trout (Salvelinus namaycush) and whitefish
and ciscoes (Coregonus sp.) populations. To deal with the crisis, the Great
Lakes Fishery Commission (GLFC) was founded in 1955 with a mandate to
eradicate sea lamprey. Sea lamprey were not eradicated, but a comprehensive
sea lamprey control (SLC) program brought populations under control using
barriers (dams) and traps to prevent spawning by adult lampreys, and chemical
control using lampricides that selectively targeted larval sea lamprey in nursery
streams draining into the lakes. In this synthesis the sea lamprey invasion is
explored through the lens of “invasion theory” to characterize the likely vectors
that introduced sea lamprey into the Great Lakes ecosystem, and to establish
what eco-physiological features of sea lamprey led to their establishment and
spread. The weight of evidence suggests that pre-existing adaptations and a
robust physiology facilitated the sea lamprey’s invasion of the Great Lakes.
Key features likely included: (i) facultative anadromy, which allowed them to
complete their entire life cycle in fresh water, (ii) a generalist diet enabling them
to feed on a wide variety of fishes, (iii) the high fecundity of females that expedited
their spread, (iv) a resilient thermal physiology, and (v) the availability of similar,
suitable spawning and nursery habitat to that found in their native ranges. Many of
these features may make sea lamprey relatively resilient to climate change, with
changes in water temperature, water quality and hydrology having both negative
and positive effects on the distribution of invasive populations in the Great Lakes,
and imperiled populations native to the Western and Eastern Atlantic Ocean, and
the Mediterranean Sea.
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Introduction

Sea lamprey (Petromyzon marinus) invaded the Laurentian
Great Lakes of North America (hereafter Great Lakes) in the late
1800s and early 1900s, entering the basin via man-made canals
(1–4). The combined effects of sea lamprey predation (parasitism)
of fishes and overharvest devastated sport, commercial and
Indigenous fisheries, causing serious ecological and socioeconomic
harm (5, 6). In response to the crisis, the United States and Canada
signed the Convention on Great Lakes Fisheries in 1954, leading
to the creation of the Great Lakes Fishery Commission (GLFC) in
1955, which was given the mandate to co-manage fisheries in the
Great Lakes and to eradicate sea lamprey (6). Sea lamprey were
not eradicated, but sustained cooperative efforts coordinated by the
GLFC between the two countries resulted in the implementation
of a highly successful sea lamprey research and control program
which resulted in the suppression of sea lamprey populations by
more than 90 percent from peak levels in the 1950s, paving the way
for the ongoing rehabilitation of the Great Lakes’ ecosystem and its
fisheries (6–9).

Sea lamprey control (SLC) measures that were implemented
included an expansive network of barriers and traps to prevent sea
lamprey from reaching spawning sites in the rivers and streams
that drain into the Great Lakes (8, 10, 11). The identification
of a chemical compound, 3-trifluoromethyl-4-nitrophenol (TFM),
which was highly selective to sea lamprey was a game changer,
and led to a chemical control program that used lampricides to
target larval sea lamprey living burrowed in the soft sediments of
stream and riverbeds (8, 12, 13). However, SLC could be potentially
undermined by increases in temperature and adverse hydrological
events arising from climate change (14).

Previous works, exploring the socioeconomic importance,
biology, conservation and control of sea lamprey, have covered
various aspects of lamprey physiology and ecology in the Great
Lakes in recent years (8, 11, 12). However, less attention has
been given to aspects of sea lamprey ecophysiology that allowed
them to invade the Great Lakes in the first place (11). The
objective of this synthesis is to examine the sea lamprey invasion
through the lens of “invasion theory” to better understand what
aspects of the sea lamprey’s ecology and physiology may have
allowed them to initially occupy and then become established in
the Great Lakes. Throughout this synthesis, I propose that pre-
existing physiological adaptations provided sea lamprey with the
capacity to invade the temperate freshwaters of the Great Lakes.
I also suggest that the sea lamprey’s ecophysiology will make
them resilient to climate change and the projected disturbances
to air and water temperature, water quality and hydrology that
are likely to occur in the coming decades. However, these future
climate challenges could also exacerbate the challenges faced by
imperiled native populations of sea lamprey in their more southerly
distributions in the Western and Eastern Atlantic Ocean, and the
Mediterranean Sea.

Lamprey phylogeny and life history

Lampreys (Order: Petromyzontiformes) and hagfishes (Order:
Myxiniformes) are the only two extant groups of jawless fishes,

known as agnathans (Infraphylum: Agnatha), and are commonly
referred to as cyclostomes (round mouths) (15). The lampreys
have an antitropical distribution, with populations in temperate
waters of both the northern and southern hemisphere, but
they are absent from tropical waters (16). There remain three
extant families of lampreys, the Petromyzontidae, represented by
approximately 35 species living in the Northern hemisphere (16),
with the two remaining families, Geotriidae and Mordiciidae,
represented by at least 5 species in the Southern hemisphere
(17). The lampreys are thought to have diverged from the main
vertebrate lineage approximately 450 million years ago, with the
earliest fossil lamprey Priscomyzon riniensis dating back to the
Devonian approximately 360 mya (18). Recent fossil evidence
suggests that the predatory/parasitic lifestyle of lampreys may not
have arisen until the mid-late Jurassic approximately 158–160 mya
(19). All modern lamprey are thought to have descended from
an anadromous predatory/parasitic ancestor, but the majority of
modern lampreys are non-parasitic, and complete their entire
lifecycle in freshwater, with 18 predatory/parasitic species including
the sea lamprey (16).

The life cycle of modern lampreys includes a prolonged
freshwater larval phase in which the larvae (often called
ammocoetes) live burrowed in the soft, silty substrate of rivers
and streams as suspension feeders, primarily ingesting detritus
(>90 % of their diet), and lesser amounts of algae, diatoms and
bacteria (20, 21). Water currents generated by a velar pump direct
water through the oral hood of the larvae into the pharynx, which
then exits via one of seven pairs of branchiopores (gill pores) on
either side of the pharyngeal region (Figure 1A). Food particles are
trapped by mucus secreted by an underlying endostyle, before being
diverted to the esophagus (22, 23). This larval phase is thought
to be a derived feature in modern lampreys, with recent fossil
evidence suggesting that it did not arise until the late Triassic-early
Jurassic approximately 200 mya (24). The multi-year larval phase
is followed by a true metamorphosis into juvenile lamprey, often
referred to as macrophthalmia, characterized by the formation
of well-developed eyes, darkening and silvering of the body, and
changes in the internal organs and metabolism, and the formation
of a multi-toothed oral disc and dagger-like tongue (Figure 1B)
which are used to attach to and feed on the blood of fishes and other
vertebrates in predatory/parasitic species (25–27, 213).

In the anadromous sea lamprey, the larval phase last 3–7 years
prior to metamorphosis, which lasts 3–4 months. Metamorphosis
is followed by a 20–30 month parasitic juvenile phase in marine
(sea water) environments, compared to 12–20 months in the
landlocked, freshwater populations, before the maturing adults
migrate up freshwater streams, spawn and then die (Figure 2) (28,
29). Unlike anadromous salmonids and other fishes, sea lamprey
do not home to their natal streams, but instead identify suitable
streams in which to spawn by searching for freshwater outflows and
olfactory cues secreted by larvae or male sea lamprey, indicating
that habitat is suitable for spawning (30–32, 68). Spawning takes
place on redds constructed by the males using their oral discs, with
females laying hundreds to thousands of eggs depending on the
species (16, 28). In non-parasitic species of lamprey, feeding is by-
passed following metamorphosis, with the mature adults remaining
in fresh water, and then proceeding directly to spawning and
death (15).
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FIGURE 1

Anatomy and appearance of sea lamprey (Petromyzon marinus). (A) In suspension (filter) -feeding larval sea lamprey (ammocoetes) inward water
currents are generated by contractions of a muscular velum (velar pump), which draws in water via the oral hood before it is directed to the
pharyngeal chamber (not labeled) lying between seven pairs of branchiopores (gill pores) on either side of the anterior body. To promote gas
exchange, water is expired across the gills in a unidirectional manner via pumping of the branchiopores. Food particles in the water are trapped by
mucus secreted by the underlying endostyle and directed to the esophagus for digestion. Also note the presence of poorly developed eye spots and
the light brown color of the ammocoete. (B) Following metamorphosis, the juvenile (macrophthalmia) phase is characterized by large
well-developed eyes, and darker, silvery dorsolateral pigmentation. The feeding apparatus (B. Top right) comprises a suctorial oral disc containing
numerous teeth used to latch onto fishes while feeding, and a rasping, dagger-like tongue used to gain access to the blood/tissue of their hosts. The
gill are irrigated tidally by actively pumping water in and out of seven pairs of gill pouches, which is necessary when the juveniles are attached to their
hosts, to rocky substrate, or when moving cobble when constructing redds (nests) for egg deposition and incubation. For further details, refer to the
text or comprehensive reviews by Mallatt (22), Rovainen (23) and Renaud et al. (88). Attribution: (A) Modifed from Wilkie (114). (B) Lower panel. A.
Miehls. US Geological Survey. Public domain.

Invasion of the Great Lakes

Sea lamprey are native to the North Atlantic Ocean, with
populations extending into the Baltic Sea and the Mediterranean
Sea (see Hansen et al. (33) for review). Recent whole genome
sequencing has uncovered three distinct populations of sea lamprey
across the anadromous sea lamprey’s native range: an East
Atlantic/European population, a West Atlantic/North American
population, and a Mediterranean population (211). The West
Atlantic/North American population has a historical distribution
ranging from northern Florida to Labrador, into the Gulf of St.
Lawrence and upper St. Lawrence River, but populations in the
most southern and northern ranges, and some extending further
inland in the U.S., are now absent and possibly extinct (3, 33).
Most likely, the sea lamprey that invaded the Great Lakes was from
this population.

The invasion of novel habitat by an organism requires: (i) A
vector by which the invader can reach the new territory, and it must
have (ii) adequate propagule pressure, defined as the total number
of animals and introductions taking place at an invasion site, and
(iii) that the site has sufficient invasibility, making it susceptible
to the establishment and spread of an introduced species (34–37).
A conceptual framework incorporating these principles of invasion
theory is provide in Figure 3.

Vector(s) of invasion

How sea lamprey got into Lake Ontario is still not completely
resolved (2, 38–40). The first reliable reports of sea lamprey in Lake

Ontario were in the 1880s, but Niagara Falls likely prevented them
from entering Lake Erie via the Niagara River, the only natural
waterway linking the two lakes (Figure 4A) (4, 41). Assuming the
Lake Ontario populations of sea lamprey were due to an invasion
event (but see below), the most likely vector(s) were the Erie Canal
and the Susquehanna River (1, 2, 4, 39, 42). The original Erie Canal,
completed in 1825, links Lake Erie to the Hudson River (Figure 4A),
which was known to contain populations of anadromous sea
lamprey in the 1800s (2). Although the Erie Canal lies south
of and does not directly flow into Lake Ontario, its proximity
in the lake’s watershed likely led to the sea lamprey’s eventual
colonization (2). Eshenroder (2) proposed that sea lamprey may
have been introduced into the Erie Canal via a diversion of the
Hudson River, just west of the canal’s starting point near Albany,
New York (Figure 4A). From there, sea lamprey may have gained
access to Lake Ontario via the Oswego River which emptied into
the lake, via creeks connecting the river to the canal (Figure 4A).
Tributaries of the Susquehanna River drainage, which flows into
the Atlantic and were known to contain sea lamprey, may have
also played a key role by introducing sea lamprey into the Lake
Ontario drainage via feeder streams built in the early 1860s to
supply water to the canal (2). This would have introduced sea
lamprey into upstream tributaries of Oneida Lake, leading to its
colonization, and subsequent migration of lamprey downstream
into Lake Ontario via the Oswego River (Figure 4A). Downstream
migrant juvenile sea lamprey may have also entered the Oswego via
the Seneca River, which branches off the canal and drains into the
river. The presence of sea lamprey in the more western reaches of
the canal, due to the “breach” of the Susquehanna River, may have
also attracted migratory adult sea lamprey from the Hudson River
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FIGURE 2

Life Cycle of the sea lamprey (Petromyzon marinus) in the Laurentian Great Lakes. As in all lampreys, the larval (ammocoete) phase of the sea
lamprey life cycle typically lasts 3–7 years, followed by a 3–4 month period of metamorphosis. The “macrophthalmia” or juvenile phase takes place
in the late fall or late winter-spring, after which the juvenile sea lamprey begin the parasitic, haematophagous (blood-feeding) phase of their life
cycle, which typically last 12–18 months in the Great Lakes, and up to 2 years in marine environments, when the maturing adult sea lamprey stop
feeding and begin their migration up freshwater streams before they spawn and die. Life stage categories follow the nomenclature proposed by
Clemens (25). Attribution. Wilkie (114).

due to the secretion of migratory pheromones (discussed further
below) by the earlier invaders (2). Within 2 decades of the “breach”
of the Susquehanna system, sea lamprey were observed in Cayuga
Lake (1875), Seneca Lake (1893), and Oneida Lake (1894), each of
which eventually drain into Lake Ontario, along with high numbers
of sea lamprey reported in the western end of that lake by 1888
(Figure 4A) (2, 43).

Although this historical evidence suggests that sea lamprey
was not present in Lake Ontario until the 1860s at the earliest,
an alternative hypothesis is that sea lamprey are in fact native to
its waters. Some of the argument is based on the unverified 1835
account of a sea lamprey in Duffin’s Creek in what was then Upper
Canada (now the province of Ontario) (44). Daniels (45) suggested
that canal design, water flow and water quality was not conducive

to sea lamprey migration via the Erie or other canal systems, instead
arguing that sea lamprey were native to Lake Ontario, and were
simply unnoticed for many years due to their small numbers in
the lake. Subsequent genetic studies led to the hypothesis that sea
lamprey may have been present in Lake Ontario since the end
of the last glacial age (Wisconsian ∼11,000 years ago), based on
mitochondrial DNA and microsatellite markers which revealed
significant differences in the allele and haplotype frequencies of
Great Lake’s sea lamprey compared to Atlantic coast populations,
suggesting a long period of separation between the two populations
(46, 47). However, if the initial invasion events involved relatively
few individuals, the genomic variation between Great Lakes’ and
Atlantic’ populations that were reported may have simply been a
consequence of a genetic bottleneck due to low propagule pressure
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FIGURE 3

Conceptual framework of key events and timelines leading to the invasion of the Great Lakes by the sea lamprey (Petromyzon marinus). Sea lamprey
are native to the western Atlantic Ocean. They may have been introduced into Lake Ontario via canals linking the US Atlantic Coast to the lower
Great Lakes basin following the flooding of canals feeding water to the Erie Canal from rivers draining into the Atlantic Ocean. By the late 1890s, they
had becoming established in Lake Ontario, and the spread via vectors including the Welland canal, allowing them to circumvent Niagara Falls and
gain direct entry to Lake Erie, followed by the upper Great Lakes. The invasion had severe ecological and socio-economic impact. Combined with
overharvest of commercial fishes, and the subsequent loss of top predators, populations of invasive alewife (Alosa pseudoharengus) and rainbow
smelt (Osmerus mordax) exploded, leading to frequent mass die-offs, contributing to eutrophication of the lakes. Credit. - Adult sea lamprey drawing
by M. Trzcinski, Wilfrid Laurier University.

as suggested below (2, 48, 49). Given their high fecundity and
voracious feeding habits, along with an abundance of large prey
species including Atlantic salmon (Salmo salar) and lake trout
(Salvelinus namaycush), it seems unlikely that the presence of sea
lamprey in Lake Ontario, or the other smaller lakes, would have
gone unnoticed as pointed out above. However, further population
genetics studies using additional genetic markers and approaches
are needed to provide more clarity on the sea lamprey’s native vs.
non-native status in Lake Ontario (38).

There is broad agreement that the dispersal of sea lamprey
to Lake Erie was via the Welland Canal in the early twentieth
century, which allowed sea lamprey to circumnavigate Niagara
Falls (Figures 4A, B), probably while attached to the hulls of
ships and/or onto migratory fishes while feeding (1, 2, 4, 38,
41). Sea lamprey were first reported in Lake Erie in 1921, from

which they dispersed to the three upper Great Lakes. The first
confirmed report of sea lamprey in Lake Michigan was in 1936,
followed by Lake Huron in 1937, and finally Lake Superior in
1938 (Figure 4B) (4, 41). Today, sea lamprey occupy at least 500
streams draining into all 5 Great Lakes, plus populations in Lake
Champlain, Lake Oneida and the Finger Lakes in upstate New York
(Figure 4B) (50).

Propagule pressure

A route of introduction into Lake Ontario was clearly essential
for sea lamprey in the incipient stages of the invasion. However,
little is known about how sustained these colonization events were
or how many animals were involved. One might reasonably surmise
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FIGURE 4

Proposed vectors and routes by which sea lamprey (Petromyzon marinus) invaded the Laurentian Great Lakes. (A) Anadromous sea lamprey are
hypothesized to have accidentally entered the Lake Ontario watershed following the improvements to the Erie Canal (1; blue) in 1863, to which
water was diverted from the Susquehanna River watershed (2), which drains into the Atlantic Ocean and was known to contain sea lamprey (2). At the
same time, adult sea lamprey migrating up the Hudson River (3), could have been drawn into the Erie Canal by the improved flow in the canal, and
perhaps by chemotaxes due to secretion of lamprey migratory pheromones upstream. Over the next two decades sea lamprey were observed in
Seneca Lake, Cayuga Lake and Oneida Lake (4), which drain into Lake Ontario (6) via the Oswego River (5; magenta). Sea lamprey were observed in
the western end of Lake Ontario by 1888, but Niagara Falls likely prevented them from entering Lake Erie via the Niagara River (7). Sea lamprey
subsequently entered Lake Erie via the Welland canal (8; green), which by-passed Niagara Falls. Sea lamprey likely colonized Lake Champlain in New
York-Vermont following construction of Champlain Canal (9; navy blue). (B) Sea lamprey were first reported in Lake Erie in 1921, followed by Lake’s
Huron (1937), Michigan (1936), and finally Lake Superior (1938). Numbers in (A) denote sequence of events. (A) Based on Eshendroder (2014). (B)
Base map provided courtesy of d-maps.com. https://d-maps.com/carte.php?num_car=167218&lang=en.

that propagule pressure would have had to be high and sustained
over many years for sea lamprey to become established (34, 35, 49).
Indeed, the long history of the Erie Canal and its proximity to the
Lake Ontario drainage could have led to prolonged introductions

of sea lamprey into Lake Ontario (1), but as noted above, this
seems unlikely.

The sudden appearance of sea lamprey in Oneida Lake and two
of the Finger Lakes (Seneca and Cayuga Lake), at around the same
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time as populations of sea lamprey were increasing in Lake Ontario
in the 1880s, suggests that there was a sudden introduction of sea
lamprey into these water bodies. As these lakes were well-studied
and were commercially fished, it is unlikely that sea lamprey would
not have been noticed beforehand (1, 2). This argues against any
long-term, sustained propagule pressure. Similarly, the appearance
of sea lamprey in nearby Lake Champlain did not likely occur until
the early 1900s, following modifications to the Champlain Barge
canal in 1916, which connected Lake Champlain to the Hudson
River (Figure 4A) (2). Earlier accounts of sea lamprey in these
waters could have been due to the misidentification of smaller
silver lamprey (Ichthyomyzon unicuspis), which are also parasitic
and native to these waters (2).

Docker and Potter (15) surmised that the odds of a few adult
sea lamprey possessing a few alleles promoting freshwater survival,
at low frequency, would have had little chance of establishment
in a brief period of time (a few years or decades). This is true,
but if anadromous juvenile sea lamprey already had the capacity
to survive in fresh water, it could have facilitated the invasion
even with low propagule pressure. Also, if we accept the “invasion
by canal” scenario proposed by Eshenroder (1, 2), that the sea
lamprey invasion of Lake Ontario was over a brief period and
relatively recent, it seems unlikely that the propagule pressure
would have been very high or sustained. However, the sea lamprey’s
high fecundity and ecophysiology may have pre-disposed them for
survival in Lake Ontario and the Finger Lakes, making propagule
pressure less important. However, high propagule pressure was
likely key to the sea lamprey’s rapid spread to Lake Erie and the
upper Great Lakes.

Invasibility of the Great Lakes

Invasibility refers to the susceptibility of a habitat to the
establishment and spread of a non-naive species (34, 35) and it
is influenced by ecological filters, through which the introduced
species must pass to become established in their new environment
(51, 52, 71). Once the invading sea lamprey occupied Lake Ontario,
their long-term persistence would have depended on their ability
to navigate the ecological filters characteristic of the Great Lakes.
Ecological filters can either be abiotic or biotic (51, 52). A key
abiotic filter in the Great Lakes would have been the low ionic
strength of the freshwater, to which juvenile sea lamprey would
have had to tolerate as opposed to sea water, which would be their
typical habitat (53, 54). Another would have been wide fluctuations
in water temperature characteristic of Great Lakes’ waters and
their tributaries.

Suitable spawning habitat and nursery streams for larval sea
lamprey would also have been essential, to provide food, ample
oxygen, and protection from predators. Larval sea lamprey nursery
habitat requires fine, silty (sandy) sediments to provide burrowing
substrate, and organic detritus for food (“Type 1” substrate (20,
55)). They are typically found in moderate- to high-flow gradient
streams, in pools and back-eddies with relatively slow flowing
currents supplied with well-oxygenated water (55, 56). Older, larger
larvae and metamorphosing animals tend to require coarser “type
2” substrate containing sand and some gravel (56, 57, 205). They

tend not be found in hard-pack stream bottoms made of clay
or bedrock [“Type 3” substrate (55)]. Upstream migrant adult
lampreys, including sea lamprey, require rockier/gravel habitat in
faster flowing and well-oxygenated water located upstream and
immediately adjacent to larval habitat, with the cobble used for redd
(nest) construction by males prior to spawning (58, 206).

Primary biotic filters would have been prey/host availability
for juvenile sea lamprey, which was likely less varied in the
Great Lakes than in marine habitats, where prey would not only
have been more abundant but much larger (59). Major shifts in
diet would not have been necessary for suspension feeding larval
sea lamprey because detritus arising from allochthonous (land-
derived) sources of decomposing plant and animal material would
have been plentiful in the Great Lakes rivers and streams, as in
Atlantic tributaries (20, 60). Predation by fishes on larval, juvenile,
and adult lampreys, and competition with native lampreys for
suitable habitat, could have also posed challenges, but burrows
would have provided larval sea lamprey with the same degree of
protection as in their native range. It is not coincidental that native
lamprey populations are frequently found upstream of established
larval sea lamprey populations (61).

To overcome Great Lakes’ ecological filters, sea lamprey would
have had to: (i) evolve in a similar environment to that of the
invaded site, (ii) exhibit wide tolerance to environmental stressors,
or (iii) have high genetic diversity and phenotypic plasticity (11). As
described below, the primary factors behind its successful invasion
of the Great Lakes may have been a combination of the sea
lamprey’s robust physiology and their life history, which would
have precluded any need to undergo major genetic or phenotypic
changes to thrive.

Life history
Many successful invasive species have short generation times,

allowing them to adapt to new environments relatively quickly by
natural selection (62, 63). However, the life history of sea lamprey
typically spans 5–10 years, including the prolonged larval phase
which typically lasts from 3 to 7 years depending upon a variety
of abiotic and biotic variables including stream temperature, water
quality, and productivity (64, 65, 212). However, the relatively slow
growth of larval lampreys due to their low feeding rates and the
poor nutritive value of their food (20, 21) is offset by the protection
afforded by their burrowing lifestyle (66). The high fecundity of sea
lamprey, which averages 70,000 eggs per female, compared to much
smaller numbers in native American brook lamprey (Lethenteron
appendix) and northern brook lamprey (Ichthyomyzon fossor),
which average 19,000 and 1,200 eggs (67), respectively, would have
likely offset the relatively low propagule pressure.

Another aspect of sea lamprey life history is that they do not
home to natal streams, as do many other migratory fishes, most
notably salmonids, and instead use a “most suitable” river strategy
(32, 68). This non-philopatric nature of sea lamprey is likely related
to their parasitic feeding habits in the juvenile stage in their
native marine habitat whilst feeding or attached to large numerous
species of migratory fishes such as salmonids, elasmobranchs, and
even cetaceans (59, 69). Appropriate spawning habitat is located
using a combination of behavioral and chemosensory methods
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providing the sea lamprey with coarse and fine-tuning methods
to find the most suitable spawning habitat. As the sea lamprey
mature they migrate toward the coastline, casting up and down
in the water column and using a combination of barokinesis to
sense changes in water pressure, and chemical odorants (“migratory
pheromones”) to locate shorelines and suitable rivers for spawning
(31, 70–72, 204). Meckley et al. (31), using radiotelemetry,
determined that maturing adult sea lamprey used barokinesis to
sense decreases in water pressure as water depth became shallower,
allowing them to orient and migrate toward the shoreline. As
they approach shorelines, they then rely on olfaction to sense
migratory pheromones secreted by larval lampreys or by adult
male sea lamprey to locate and select suitable rivers for spawning
(30, 73, 207). Several olfactory compounds have been chemically
characterized, with bile acids playing the primary role as migrating
and mating pheromones, plus seminal secretions which also are
important for female mate selection (30, 74, 75). In addition,
chemical alarm cues including putrescine secreted by dead, dying
or injured conspecifics and heterospecifc lampreys cause avoidance
of affected streams (76). The olfactory system of sea lamprey and
other lamprey species is highly developed, and capable of detecting
certain bile salts in the picomolar (10−12 mol L−1) to femtomolar
(10−15 mol L−1) range (77, 78).

Migrating adult sea lamprey are also sensitive to olfactory cues
and migratory pheromones secreted by heterospecific lampreys
(70, 79) including species native to the Great Lakes such as silver
(Ichthyomyzon unicuspis), northern brook lamprey (Ichthyomyzon
fossor) and American brook lamprey (Lethenteron appendix), which
are widely distributed through the basin (80). This would have
been critically important in the early stages of the invasion, as
the secretion of migratory pheromones by native, heterospecific
lampreys would have allowed early colonizing sea lamprey to
identify prospective rivers and streams with suitable spawning
and nursery habitat, in the absence of conspecific larvae (30).
This conservation of a common suite of migratory pheromones
likely reflects the common ancestry of modern lampreys, and a
lack of selective pressure to develop more specific pheromones
due the absence of any reproductive costs (70, 79, 81). Indeed,
there are many examples of migratory parasitic lampreys and
native, parasitic or non-parasitic lampreys co-existing in the
same streams (61, 79). While the apparent lack of sea lamprey
fidelity to migratory pheromones secreted by larvae lampreys may
have contributed to their successful invasion of the Great Lakes,
continued loss of larval habitat and the extirpation of native
lamprey species elsewhere could potentially lead to a positive-
feedback loop that undermines the ability of imperiled migratory
lampreys to find suitable habitat for spawning (79).

Generalist diet and feeding
Generally considered vertebrate parasites or ectoparasites,

juvenile sea lamprey might be more appropriately classified
as predators, which is an “organism that consumes another
organism”, and generally feeds on more than one organism whereas
a true parasite typically spends its life cycle in a single host
(82). Indeed, early laboratory studies suggested that a single, wild
juvenile sea lamprey could kill up to 17 kg (∼37 pounds) of fish

during this life stage, underscoring its destructive effects in the
Great Lakes (83).

In their native range in the Atlantic, juvenile sea lamprey
have been reported to feed on numerous aquatic vertebrate species
including teleost fishes and elasmobranchs (see reviews by Renaud
and Cochran (59), Quintella et al. (69)). Indeed, sea lamprey
have been reported to feed on numerous fine scaled and coarse
scaled teleost fishes alike, and they can even penetrate the dermal
denticle armor and feed on the blood of elasmobranchs (84–
86). Several reports of sea lamprey feeding on cetaceans (59) are
difficult to confirm, as they may be merely “hitching a ride”.
Nevertheless, these examples highlight how the generalist diet of
sea lampreys facilitated their invasion of the Great Lakes (11). In
fresh water, parasitic juvenile sea lamprey have been reported to
feed on at least 50 species of fishes, most notably top-predators
found in the Great Lakes including lake trout, Atlantic salmon
(S. salar), rainbow trout (Oncorhynchus mykiss), coho salmon (O.
kisutch), chinook salmon (O. tshawytscha), various Coregonids
including lake whitefish (Coregonus clupeaformis) and ciscoes
(Coregonus sp.), northern pike (Esox lucius), muskellunge (E.
masquinongy) and walleye (Sander vitreus), and fishes at lower
trophic levels including white sucker (Catostomus commersonii),
common carp (Cyprinus carpio), and lake sturgeon (Acipenser
fulvescens) (59).

As sea lamprey populations exploded in the mid-twentieth
century, particularly in the upper Great Lakes, the combination
of sea lamprey predation and over-harvest exacerbated declining
populations of top predatory fishes including the crash of lake trout
populations in Lakes Superior and Michigan, and the extirpation of
some species of ciscoes (4, 6, 8). However, the list of potential prey
items is likely to expand, as we learn more about the diet of earlier
stages of the juvenile phase, particularly just after metamorphosis
(the macrophthalmia stage), when they are still very small (∼5 g)
and vulnerable to predation, and likely prefer small fishes in
nearshore areas where the risk of predation is lower (33). The
application of modern molecular methodologies such as DNA
metabarcoding to examine the gut contents of juvenile lamprey in
this elusive life stage could be particularly informative (87).

Being “haematophagous,” more than 98 % of the sea lamprey’s
diet is made up of blood (59). Adaptions for blood-feeding include
its dagger like sub-lingual tongue and multi-toothed oral disc
(Figure 1B), which equip sea lamprey with a versatile feeding
apparatus to exploit a wide variety of large predatory fishes in
the Great Lakes (88). Blood feeding is facilitated by buccal gland
secretions, collectively referred to as lamphredin, which contains
anti-coagulants and proteolytic enzymes, and also have anesthetic
and immunosuppressive properties (89, 90). Recent studies on
parasitized large male siscowet lake trout (S. namaycush siscowet;
1.9–4.1 kg) with penetrating wounds (termed Class A wounds)
caused by sea lamprey feeding, revealed persistent changes in
components of the clotting pathway that facilitated blood ingestion,
including the inhibition of fibrin formation (91, 92).

Proteomic and metabolomic studies over the last 10–20 years
have provided further insight into what bioactive components are
present in lamphredin. These compounds include buccal gland
secretory protein 1 (BGSP-1), and cathepsin-D, which inhibits
the formation of the fibrin clot by promoting the breakdown of
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fibrinogen, its immediate precursor in the clotting cascade (93, 94).
Lamphredin also contains SERPIN, which inhibits factor Xa in
the coagulation cascade (90). Other components of lamphredin
inhibit nociception by acting as anesthetics, cause immune system
suppression, and various prostaglandins and kynurenines are
hypothesized to cause smooth muscle relaxation to promote blood
flow (93, 95).

Freshwater osmo- and ion-regulation by juvenile
sea lamprey

Because juvenile sea lamprey are “hyper-adapted” to feed on
the blood of fishes, it was a feature which allowed them to thrive
following their invasion of the Great Lakes. However, in addition
to nourishment and growth, feeding may have also played a
critical role in facilitating osmoregulation in fresh water during the
juvenile phase.

While sea lamprey in their native range spend the majority of
their life in fresh water during their burrow-dwelling larval stages,
metamorphosis, and then migrate up freshwater streams as adults
to spawn, the parasitic juvenile phase is spent at sea where they
remain for up to 2 years (33, 58). Hence, juvenile sea lamprey in the
Great Lakes would have had to overcome the low ion content and
osmolarity of freshwater not normally encountered during most
of this life stage (96, 97). The possibility of sea lamprey rapidly
evolving the ability to osmoregulate in FW seems remote given the
likelihood of relatively low propagule pressure during the initial
stages colonization of Lake Ontario in the 1860s [Eshenroder (2),
Docker and Potter (15)—see above].

A more likely possibility was that the invasion of the Great
Lakes was facilitated by juvenile sea lamprey that were pre-
disposed to survive in freshwater (15, 53, 98, 99). In other words,
sea lamprey might be considered “facultatively anadromous,” and
capable of completing their entire life cycle in fresh water if
necessary (54). Facultative anadromy has been reported in a
number of teleost fishes including most notably brown trout
(Salmo trutta), in which the decision to migrate to sea or
remain in fresh water is based on genetic factors, physiological
condition and factors such as food availability, predation risk,
and environmental conditions (e.g., temperature, hydrological
conditions) (100–103). Other anadromous fishes able to spend
there entire life cycle in fresh water, include American shad
(Alosa sapidissima), alewife (Alosa pseudoharengus), northern pike
(Esox lucius), and salmonids such as freshwater dwelling sockeye
salmon (Oncorhynchus nerka)—the kokanee, and Atlantic salmon
(Salmo salar), not to mention numerous transplanted varieties
of rainbow trout (O. mykiss), coho salmon (O. kisutch) and
chinook salmon (O. tshawytscha) and other Pacific salmon found
in the Great Lakes amongst other locations, but this is usually
associated with lower sea water tolerance [e.g., (100, 104–106)].
An exhaustive literature review by Docker and Potter (15) revealed
that there were no other instances of anadromous sea lamprey
populations taking up permanent residence in fresh water, although
there were instances of parasitic juvenile sea lamprey feeding
in freshwater for several months. In the Great Lakes, however,
migration back to sea water was not an option for introduced
sea lamprey. In this context, the term facultative anadromy would

apply from an eco-physiological perspective if it was a pre-
existing phenotype.

Abundant food resources would have been important for
juvenile sea lamprey to survive in fresh water, not only to fuel
growth and development, but it would have helped to counter
ion losses across the gill. Ingestion of blood from fishes would
contribute to ionic and osmotic homeostasis, as both plasma
osmolarity, and Na+ and Cl− concentrations would be comparable
to concentrations found in juvenile sea lamprey (98, 107). Food
ingestion has been shown to play an important, but often
overlooked, contribution to ion homeostasis in fresh water fishes
(208).

As juvenle sea lamprey fed, they would obviously become larger,
resulting in a lower mass specific metabolic rate and lower O2
requirements (108). With lower respiratory demand, there would
be less ventilatory water flow across the gill and less branchial blood
perfusion, resulting in lower ion losses as the animals grew larger.
The tight relationship between ion losses and metabolic rate, due
to osmo-respiratory compromise (111) has been demonstrated in
numerous teleost fishes (112), but has not yet been demonstrated
in lampreys.

Gill mediated ion uptake and decreases in branchial
permeability would have been critical for allowing sea lamprey to
survive, indeed thrive, in the Great Lakes. A detailed description
of gill-mediated ionoregulation and osmoregulation in lampreys is
beyond the scope of this article, so I only focus on those processes
that were likely critical for survival of juvenile sea lamprey
in fresh water. Interested readers are referred to a recent and
comprehensive review on this topic by Ferreira-Martins et al. (97).
As hyper-osmoregulators in FW, the internal osmolarity and ion
concentrations of sea lamprey body fluids are much higher than in
their external environment, resulting in inwardly directed osmotic
gradients favoring water uptake across the gills, and outwardly
directed electrochemical gradients favoring the loss of Na+ and
Cl− (96, 97). In fresh water, ion uptake at all stages of the lamprey
life cycle is thought to be facilitated by the presence of intercalated
ionocytes [also called mitochondria rich cells (MRC) or chloride
cells], which are characterized by a complex tubular network
arising from invagination of the basolateral membrane. These are
similar to the FW ionocytes of teleosts, in which Na+ uptake is
facilitated by Na+/K+-ATPase pumps (NKA pumps) located along
on the basolateral membrane which maintain low intracellular
Na+. This presumably facilitates Na+ uptake via an epithelial
Na+ channel (ENaC), coupled to apically located H+-ATPase
(aka. V-ATPase) which extrudes protons, thereby generating an
inward electrochemical Na+ gradient across the apical membrane
(96, 115, 116). A second type of freshwater ionocytes is found
in larvae, ammocoete ionocytes (ammocoete MRC), which also
express V-ATPases but lack the extensive tubular network and
apical microvilli (96, 117, 209). The role of ammocoete ionocytes
is not as clearly defined as intercalated cells, but recent evidence
suggests that they might be involved in ion uptake and ammonia
excretion (96). Of the two, the intercalated cells are probably most
important for FW ionoregulation as they are retained so long as
juvenile sea lamprey remain in FW but are lost following transfer
to SW, before re-appearing during the adult FW migration stage
(107, 115, 116).
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As with anadromous teleosts, sea lamprey undergo “preparative
adaptation” for sea water (54, 118) beginning around mid-
metamorphosis (119). The process involves complete loss of
ammocoete ionocytes, and lower numbers of intercalated cells,
which are retained while juvenile lampreys remain in FW (119,
120). There is a massive increase in NKA mRNA expression,
protein abundance and enzyme activity that begins during
metamorphosis, peaking with SW exposure (119, 120). The subunit
composition of the NKA, a pentameric protein, also changes with
FW-SW transfer. In FW, subunits ATPA1 and ATP1B12 make up
a FW NKA which is critical for Na+ absorption by intercalated
cells, but in SW the ATP1B3 subunit predominates to facilitate
Na+ excretion by the SW ionocytes (116, 121, 122). The SW
ionocytes are arranged side-by-side in the interlamellar spaces
of the gill, with an extensive network of basolateral infoldings
and tubules, studded with numerous NKA pumps, resulting in
intense fluorescence when examined using immunohistochemistry
(96, 119, 120). Also located basolaterally are Na+/K+/2Cl−

cotransporter proteins (NKCC1—aka. SLC12A2) by which the
movement of Na+ into the ionocytes is accompanied by Cl−, which
is thought to be excreted via a yet to be identified Cl− channel down
its electrochemical (123).

Several studies have addressed SW tolerance in “landlocked”
sea lamprey (53, 107, 124). Most recently, Norstog and McCormick
(107) observed that the SW osmoregulatory capacity of landlocked
juvenile sea lamprey was remarkably like that of anadromous
populations (captured from Connecticut River). Unlike previous
studies, landlocked juvenile sea lamprey from Lake Superior and
Lake Champlain, as well anadromous populations, readily survived
acute transfer to 30 ‰ salinity (∼85% full strength SW), with
the Lake Superior population also exhibiting 100 % survival in
full strength SW (35‰). It was notable that mortalities were only
experienced within the first 2 d of long-term (30 d) exposure,
with the remainder of all populations tested surviving the full
exposure period. In addition, the sea lamprey that had been held
longest in captivity and had the highest mortality (40 %) were
much smaller with significantly lower body masses (50 % of the
Lake Superior lamprey) and lower Fulton condition factors than the
other groups, suggesting that they may have lacked sufficient energy
stores to cope with the additional demands of hyposmoregulation.
This observation and previous observations (124) underscore the
critical need (suggested above) for lampreys to feed following
metamorphosis prior to entry into SW or for long-term survival
in FW.

Juvenile sea lamprey also has the endocrine machinery in
place needed for prolonged survival in freshwater. Gong et al.
(122, 125) recently demonstrated that the hormonal control of
FW acclimation in juvenile and adult sea lamprey involves a
prolactin-like hormone (PRL-L), which is mainly produced in the
pituitary gland, and triggers a switch in the subunit composition
of the NKA from the SW subunit (ATP1B3) characteristic of SW
ionocytes to the FW subunit type (ATP1A1; AP1B2). Prolactin
plays a key role in FW osmoregulation in teleosts (126) which,
in addition to regulating NKA expression, also plays a role in
reducing gill ion and water permeability by changing tight junction
composition and distribution (127). In juvenile sea lamprey,
decreases in the mRNA expression of key claudins (cldn 10, cldn

14) are thought to increase gill ion permeability to facilitate Na+

excretion via paracellular pathways (128). However, the role of
PRL-L in regulating branchial permeability via tight junctions
remains to be determined. 11-deoxycortisol on the other hand, is
upregulated upon exposure of freshwater acclimated sea lamprey
to SW, demonstrating its dual role as mineralocorticoid and a
glucocorticoid (129, 130).

The lack of (or subtle) differences detected by Norstog and
McCormick (107) in SW osmoregulation amongst the Atlantic
and landlocked populations of sea lamprey, their similar modes
of ion regulation and the presence of SW ionocytes, and the high
survival of some populations of sea lamprey (100 % Lake Superior)
following FW-SW transfer lends support to the “facultative
anadromy hypothesis” posed above, and by extension the “invasion
by canal” hypothesis (2). Further support comes from observations
of juvenile silver lamprey (Ichthyomyzon unicuspis), which are
native to the Great Lakes, but do not express SW ionocytes (131).
However, American brook lamprey, which are descendants of
anadromous Arctic lamprey (Lethenteron camtschaticum) with a
much shorter evolutionary history in FW than silver lamprey,
have retained SW ionocytes, as demonstrated using transmission
electron microscopy and immunohistochemistry (131, 132).
Norstog and McCormick (107), have suggested that this retention
of SW regulatory ability in landlocked sea lamprey could be due
to “relaxed-selection” on traits required for saltwater survival.
They suggested that such “relaxed selection” could be explained by
the pleotropic effects of thyroid hormone and its many different
physiological roles in sea lamprey, proposing that thyroid hormone
could be acting as a brake on the loss of SW ionoregulatory capacity
in Great Lakes’ sea lamprey populations. Thyroid hormones plays
a critical preparatory role for SW tolerance in salmonid fishes,
and likely sea lamprey, and it is involved in triggering lamprey
metamorphosis, along with regulating aspects of sea lamprey
metabolism (26, 133).

The weight of evidence reviewed above suggests that juvenile
sea lamprey had the gill machinery, and phenotypic flexibility
to facilitate ion uptake and limit ion losses across the gill
in FW. However, availability of suitable prey would have also
been important to promote growth and supplement ion balance.
These findings, along with their known capacity to feed on
fishes in other FW environments for prolonged periods (15, 59),
and that landlocked Great Lakes populations have equivalent
capacity to tolerate SW (107), supports the hypothesis that
“facultative anadromy” was key to their successful invasion of the
Great Lakes.

Thermal physiology
The West Atlantic/North American population of sea lamprey

(211) historically covers a wide range of thermal habitats from
northern Florida to Newfoundland and Labrador (33). Seawater
surface temperatures (SST) may range from just below 0 ◦C in
the winter to the mid-teens in the summer in Atlantic Canada,
whereas SST may range from 1 to 2 ◦C in the waters off the New
England and Mid-Atlantic States up to the mid-twenties in the
waters off northern Florida in summer (134, 135). As juvenile sea
lamprey attach to large teleost fishes, elasmobranchs and marine
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mammals (59, 69), they may travel 100’s or 1,000’s of km in the
Northwest Atlantic and be subjected to changes in temperature
along latitudinal gradients, and depending on the habits of their
prey, changes in water temperature with depth. Indeed, juvenile
sea lamprey have been hauled from depths ranging from 100 m to
more than 1 km, at which water temperatures ranged from −0.6
to ∼4 ◦C (58). Thus, a robust thermal physiology for feeding
juvenile sea lamprey, not to mention larval lamprey that occupy
the rivers and streams draining into the Atlantic, would have
been essential.

Larval sea lamprey occupy similar riverine ecological niches
in the Great Lakes to those found in Atlantic Canada and the US
Northeastern states, with similar thermal regimes in which water
temperatures could be just above freezing in winter increasing to
the mid- to high-teens and low twenties in summer (58, 80). Hence,
temperature would have been an abiotic filter easily overcome in
the Great Lakes’ basin based on the sea lamprey’s pre-existing
thermal physiology. Indeed, spawning anadromous sea lamprey are
known to migrate hundreds of kilometers inland via major Atlantic
tributaries such as the St. Lawrence, Susquehanna, Potomac,
Hudson, and Connecticut Rivers, with similar hydrological and
thermal characteristic to the rivers draining into the Great
Lakes (58).

Based on their preferred temperature, sea lamprey are
considered “coldwater” guild fishes (preferred temperature
<19 ◦C) (136), but only a few studies have addressed sea lamprey
thermal physiology. Laboratory thermal preference tests indicated
that larval sea lamprey have a thermal niche falling between 17.8
and 21.8 ◦C (137), and many sea lamprey infested streams in
the Great Lakes exceed 20 ◦C during the summer (64, 138, 139).
Based on this, sea lamprey might be more appropriately classed
as cold/cool water guild fishes (19–25 ◦C) (136). Nevertheless,
thermal resilience would have been an important pre-existing
physiological feature of larval sea lamprey given the spatial and
temporal temperature variations that occur in rivers and streams in
both Atlantic and Great Lakes’ drainages. Indeed, annual variations
in the surface temperature of the Great Lakes range from just above
freezing in the spring, to just above 20 ◦C in Lake Superior and
approximately 27 ◦C in Lake Ontario (140).

In general, ectotherms that are more physiologically resilient
to changes in temperature tend to exhibit low thermal plasticity,
with high thermal tolerance (141, 142). This appears to be true
in sea lamprey based on the limited numbers of studies done.
The upper incipient lethal temperature (UILT) of landlocked larval
sea lamprey was determined to be 31.4 ◦C (Table 1), increasing
very slightly, by 1.5 ◦C, between acclimation temperature of 5–25
◦C, suggesting that sea lamprey exhibited low thermal plasticity
(143). Thermal plasticity can be determined by calculating the
acclimation response ratio (ARR), which reflects the change in
thermal tolerance [e.g., UILT; critical thermal maxima (CTmax)]
or performance (e.g., aerobic metabolic scope) per unit change
in acclimation temperature (142, 144). An ARR of 1.0 would
indicate an increase in thermal performance (or tolerance) of 1
◦C for each 1 ◦C change in acclimation temperature, whereas an
ARR of zero would indicate no effect of prior thermal acclimation
and no thermal plasticity (Table 1). Based on their UILT’s, the
sea lamprey’s very low ARR of 0.075, is consistent with very low
thermal plasticity (143).

These UILTs, calculated by Potter and Beamish (143), are
relatively close to the sea lamprey CTmax, which is commonly
used to calculate the upper thermal tolerance of ectotherms (142).
Although there are few published CTmax values for lampreys, it
is notable that the CTmax of anadromous populations of larval
sea lamprey (collected from the Richibucto River, New Brunswick)
are very similar to those landlocked populations from Great Lakes,
with respective values of 33.4 and 34.4 ◦C at similar acclimation
temperatures (13.5 and 15 ◦C, respectively) (139). This lack of
variation in the CTmax also suggests a lack of divergence in the
thermal tolerance of the two populations. Calculations of ARR
yielded values of 0.12 for both the landlocked and anadromous
populations, underscoring the lack of thermal plasticity in sea
lamprey (139). The limited data acquired so far suggests that low
thermal plasticity might be characteristic of many lamprey species,
which all have upper thermal limits (CTmax or UILT) in the
low thirty-degree Celsius range. Once exception appears to be the
Pacific lamprey (Entosphenus tridentatus), which has an ARR falling
near 0.23 (145) (Table 1).

This lack of thermal plasticity in larval sea lamprey is also
reflected by the very high thermal thresholds needed to induce
heat shock protein expression. Respective increases in water
temperature of approximately 13–16 ◦C for sea lamprey, and 16–
20 ◦C for American brook lamprey, were required to induce HSP70
and HSP90 expression in the gills (146), whereas 15–20 ◦C increases
were needed to induce these HSPs in other tissues (liver, kidney,
intestine) of sea lamprey (147). Given the very low metabolic rate
of larval lamprey (110) and their limited rates of energy acquisition
via feeding, one interpretation could be that such “emergency”
measures (147) might be too costly to invoke on a regular basis in
their thermally volatile habitats.

Less is known about the thermal physiology of juvenile
and migrating adult sea lamprey, but further insight on their
molecular, physiological and behavioral responses to changes in
temperature could be very informative for predicting how climate
change induced increases in water temperature affect sea lamprey
population and distribution through the Great Lakes, and the risk
of invasion into other water bodies in North America.

It remains an open question how similar the thermal
physiology of these sea lamprey populations are to East Atlantic
and Mediterranean populations of sea lamprey, where water
temperature regimes are markedly different, particular in and
around the Iberian Peninsula, where larval lamprey seldom
experience temperatures less than 8 ◦C (33). Answering such
questions could be critically important for the Mediterranean
and Eastern Atlantic populations, which are threatened or
endangered through much of the range (3, 148). Hence, better
characterization of the thermal ecophysiology of imperiled sea
lamprey populations will be essential for predicting how they
will respond to climate change, habitat degradation, and further
fragmentation of spawning migration routes and rearing habitat
(33, 88, 145, 148, 149).

Sea lamprey control

Though the focus of this review is on the ecophysiology of the
sea lamprey, the highly successful sea lamprey control program
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TABLE 1 Upper thermal tolerance limits of different species of lamprey expressed as either Upper Incipient Lethal Temperature (UILT) or Critical Thermal
Maxima (CTmax).

Species Acclimation temp. (◦C) UILT (◦C) ARR Reference and comments

Petromyzon marinus—larvae 5.0 29.5 – (143). End-point mortality

15.0 30.0 –

25.0 31.0 0.075

15.0 31.4

Lampetra planeri—larvae 5.0 27.0 –

15.0 28.0 –

25.0 29.0 0.100

Lethenteron appendix—larvae 15.0 29.5 – (143)

Ichthyomyzon fossor—larvae 15.0 30.5 – (143)

Lethenteron camtschaticum—larvae 18.0 29.3 (95 % CI = 28.2-30.2) – (202). End-point mortality

Lampetra fluviatilis—juvenile (smolt) 9.0 30.8 ± 0.2 (SEM) – (203). UILT—day

9.0 31.1 ± 0.2 (SEM) – UILT—night

Entosphenus tridentatus—larvae 19.2 30.3 – (145)

23.1 30.9 –

25.0 31.1 –

26.8 32 0.233

Species Acclimation Temp. (◦C) CTmax (◦C) ARR Reference

P. marinus—larvae (anadromous) 5.0 32.5 ± 0.2 (SEM) – (139)

13.5 33.4 ± 0.1 –

20.3 34.5 ± 0.1 0.130

P. marinus—larvae (landlocked) 5.0 33.3 ± 0.1 –

14.8 34.4 ± 0.2 –

21.0 35.2 ± 0.1 0.118

L. fluviatilis- juvenile (smolt) 9.0 29.0 ± 0.2 (SEM) – (203). CTmax—day

9.0 28.9 ± 0.1 (SEM) – CTmax—night

Where multiple acclimation temperatures were tested, acclimation response ratios [ARR = (�UILT or � CTmax)/�Acclimation Temperature] as an index of thermal plasticity.
SEM, Standard error of the mean. CI, 95 % confidence interval.

(SLCP) in the Laurentian Great Lakes and surrounding waters
merits mention as one of the most successful invasive species
control programs in the world (7, 8). The program integrates
chemical control (pesticides) of larval sea lamprey populations
using lampricides with barriers to block the upstream migration
of adult, spawning lamprey, with various supplemental control
methods including sterile male release to suppress egg fertilization,
and more recently, chemical attractants and repellants to lure
lamprey into traps. The SLCP has proven to be highly effective at
suppressing Great Lake’s sea lamprey population by more than 90 %
from their peak levels in mid-twentieth century (Figure 5A) (8, 150,
151). The methods employed in the SLCP are based on a growing
knowledge base of sea lamprey ecophysiology (8, 152). For instance,
barriers not only deny adult sea lamprey access to spawning habitat,
traps are also essential for assessment of Great Lakes’ sea lamprey
populations and where to direct SLCP efforts using lampricides
(10, 57, 150). Chemical control using lampricides takes advantage
of the relatively sessile larval stage of lamprey and knowledge of

when they are most likely to undergo metamorphosis, thereby
restricting treatments to times where the greatest numbers of sea
lamprey in a stream are most likely to complete metamorphosis
(151, 153). This approach maximizes treatment impact by killing
multiple generations of larval sea lamprey, allowing lampricide
treatments to take place over a typical cycle of every 3–4 years,
optimizing human and financial resources (151, 153).

The oral disc of juvenile and adult lampreys does not only
serve as a means to attach to fishes during feeding, it is used by
males to move stones when constructing redds for egg deposition
and incubation following spawning, and for locomotion, including
allowing them to maintain position when navigating in fast flowing
waters and for climbing during migration (88, 154, 155). To prevent
sea lamprey from crawling up and over barriers, many (∼40 %)
are equipped with overhanging lips (Figure 5B) (10, 156). Some
barriers are also paired with traps, which not only block upstream
migration but are used to quantify the relative number of spawning
adults in the Great Lakes to estimate lake wide populations of sea
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FIGURE 5

Sea lamprey control in the Great Lakes. (A) Changes in relative lake trout (Salvelinus namaycush) and sea lamprey (Petromyzon marinus) abundance
from 1930 to 2010 in Lake Superior before and after population control measures were initiated using 3-trifluoromethyl-4-nitrophenol (TFM; yellow
arrow) in 1959 (Modified from M.J. Siefkes. 2017. https://creativecommons.org/licenses/by/4.0/). (B) Low crest sea lamprey barrier (Photo by M.
Moriarty, US Fish and Wildlife Service. Courtesy Great Lakes Fishery Commission). (C) Lampricide application to Duffin’s Creek, Ontario (Photo by O.
Birceanu. Wilfrid Laurier University. With permission).

lamprey, to estimate damage to fisheries, and where to target sea
lamprey control efforts using chemical control methods (157).

Chemical control with lampricides is also based on prior
assessment of larval sea lamprey populations and stage of
development by biologists from the US Fish and Wildlife Service
and Fisheries and Oceans Canada (4, 151, 157). The primary
lampricide, 3-trifluoromethyl-4-nitrophenol (TFM) targets larval
sea lamprey, which are more susceptible to the chemical than most
non-target fishes due to their relatively low capacity to detoxify
the compound (Figure 5C) (13). TFM is a phenolic compound
which is detoxified in the liver using phase 2 biotransformation
in which the compound is made more water soluble via the
processes of glucuronidation and sulfation, making it less toxic
and easier to excrete (158–161). Phase 1 processes involving
cytochrome P450 enzymes may also play a minor role in TFM
metabolism (158, 159, 162, 163). This lower capacity of larval
lamprey to use glucuronidation is thought to be due to a lack of
the enzyme UDP-glucuronosyltransferase (UGT), which is needed
for glucuronidation of TFM (160).

Recent transcriptomics work using RNA sequencing suggests
that sea lamprey only express genes of one UGT family, the
UGT-2 family, which expresses four isoforms of the enzyme,
whereas the highly TFM tolerant bluegill (Lepomis macrochirus)
has genes coding for three families and seven different isoforms
of UGTs, including the UGT-1 family which is thought to be
involved in the detoxification of phenolic compounds such as TFM
(162, 163). The UGTs are thought to have evolved to counter
the phytochemical defenses of plants against herbivory (164–166).

Given the hypercarnivorous diet of blood and tissue ingested by
ancestral and modern parasitic lampreys, it may be that there was
less selective pressure to evolve or retain these enzymes (152).
Indeed, the abundance and diversity of UGTs is the lowest amongst
hypercarnivorous mammals such as wild and domestic cats, hyenas
and sea lions, compared to mesocarnivorous and omnivorous
animals such as humans, some species of bears and canines, which
have 9–12 functional isoforms of UGT-1 (165, 166).

Applications of TFM are often supplemented by the addition of
niclosamide (0.5–2% of the TFM concentration), which interacts
with TFM to increase its toxicity (151, 167). Co-application of
TFM and niclosamide leads to greater accumulation of TFM in the
liver of larval sea lamprey compared to TFM alone, suggesting that
niclosamide impairs TFM detoxification (168).

Research is ongoing to develop alternate methods of sea
lamprey control due to concerns about the possible evolution
of lampricide resistance (62, 169) including the development of
more environmentally friendly lampricides and genetic control
methods to help counter this risk (113, 170, 171). However,
lampricides will continue to be an important aspect of sea
lamprey control for the foreseeable future until such technologies
are developed, tested and validated. The need to continue
using lampricides was recently demonstrated during the recent
COVID-19 lockdowns which restricted travel and lampricide
applications in 2020–21, resulting in an upwards surge in
the Great Lakes’ adult sea lamprey populations, particularly in
Lakes Huron and Ontario in 2023 (172). With the resumption
of lampricide treatments, sea lamprey populations have been
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supressed to near or below target levels, underscoring the critical
importance of sea lamprey control for the ongoing protection
of the Great Lakes’ ecosystem (Figure 6) (9). However, an
imminent, ongoing threat to sea lamprey control is climate
change (14, 173).

Impacts of climate change

The impacts of climate change on sea lamprey control efforts
in the Great Lakes was comprehensively reviewed by Lennox et al.
(14), Hume et al. (3), and Wang et al. (173). In the interest of
brevity, I will only focus on how climate change could impact
sea lamprey populations in the Great Lakes in the context of
their ecophysiology.

Impacts of climate change on the Great
Lakes Basin

Depending on the CO2 emissions scenario (high, moderate,
low), average air temperatures in the Great Lakes basin are expected
to rise by 1–3 ◦C by 2050 and 1.5–7 ◦C by 2100, with more
severe elevations during heat waves (174, 175). With increasing
air temperatures, lake, river and stream temperatures will also
rise (176, 177), affecting fish and invertebrate populations and
their distributions, with corresponding impacts on invasive species
including sea lamprey (176, 178, 179).

With warmer temperatures there will be less ice-cover of the
Great Lakes, with later ice formation in winter and earlier ice
breakup in the spring, or near absence of ice cover (175, 178). This
will lead to greater light penetration and decreased risk of hypoxia
in winter, but increased risk of hypoxia due to more thermal
stratification in summer, along with eutrophication (175, 180).

More frequent and intense storm events are also expected in
the Great Lakes basin, with additional, more prolonged droughts in
the summer, which could lead to large scale variation in discharge
from rivers and streams (175, 181). Warmer temperatures
are also conducive to greater eutrophication of surface waters
including increased overall productivity of Great Lakes rivers
and streams, in addition to more frequent algal blooms in
lakes (175).

Another consequence of climate change could be freshwater
acidification, as higher partial pressures of atmospheric CO2
equilibrate with surface waters, particularly in the lakes in which
water pH is projected to drop by as much as 0.3–0.5 pH units
by the end of the century (182). Rivers, streams, and small lakes
are likely to be impacted less because their watershed to water
surface area is greater than the much larger Great Lakes. As a
result, smaller water bodies, rivers and streams would receive
greater relative amounts of run-off and nutrient loading than
large lakes and therefore changes in water chemistry arising from
factors other than atmospheric CO2 (182). Lake Superior and
its tributaries, which sit-atop the granite bedrock of Canadian
Shield are more likely to be vulnerable to greater atmospheric
CO2 due to its lower buffering capacity relative to the other Great
Lakes, which are underlain by limestone comprised of CaCO3,

providing an abundant source of CO2−
3 and HCO−

3 to buffer against
CO2-induced decreases in water pH (182). Input of allochthonous-
derived carbon will also be higher in rivers and streams, further
buffering pH in these systems. It should also be kept in mind
that temperature, pH, O2, and CO2 undergo marked temporal
and spatial fluctuations in riverine systems due to photosynthesis
by macrophytes and phytoplankton, changes in water flow and
level, acidic precipitation, groundwater inputs, run-off and air
temperature (183).

Larval sea lamprey and metamorphosis
Conventional wisdom and past observations suggest that

warmer temperatures could result in faster growth of larval sea
lamprey, leading to metamorphosis at earlier ages (3, 14). This
would also depend on stream productivity, which would affect food
availability, which varies widely amongst Great Lakes tributaries
(65, 184, 185). Metamorphosis depends on the accumulation
of sufficient lipid reserves to provide the larval sea lamprey
with energy through the protracted (3–4 month) metamorphosis
period, when the animals do not feed (186–188). In the Great
Lakes, sea lamprey metamorphosis typically takes place when
the larvae achieve a minimum length and mass of 120 mm and
3.0 g, respectively, with a corresponding Fulton’s Condition Factor
≥1.5 (189, 212). Provided these conditions of body mass and
lipid reserves are met, sea lamprey would be expected to enter
metamorphosis at an earlier age as they grow faster as stream
temperatures increase.

However, there would be an upper temperature limit to
improved growth. Sutton and Bowen (20) reported that the feeding
rate of larval sea lamprey peaked at 9–10 ◦C, with assimilation
rates peaking between 16 and 17 ◦C. This may explain why larval
sea lamprey growth performance was lower in larva reared at 22
◦C compared to 15 ◦C in recent laboratory studies examining the
effects of temperature on sea lamprey growth (190). In the latter
study, larvae were fed comparable amounts of yeast, or yeast plus
fish meal for 90 d, leading to greater lengths in the animals at
22 ◦C compared to the two lower temperatures, but there was no
difference in weight gain between 15 ◦C and 22 ◦C, and CF was
actually lower at 22 ◦C (190), suggesting that the accumulation of
energy reserves (e.g., lipid and/or protein) was lower at the warmer
temperature. Notably, 22 ◦C falls just above the thermal niche of
larval sea lamprey (17.8–21.8 ◦C) (137).

The incidence and pace of metamorphosis could also be
reduced if temperatures are greater than 25 ◦C, which is above
the optimal temperature of 21 ◦C for metamorphosis to take
place (191). This could lead to reduced rates of metamorphosis
in the lower Great Lakes, where stream temperatures would be
expected to be much warmer than those of the Upper Great
Lakes. Although sea lamprey can withstand warmer temperatures,
it seems doubtful that they would thrive at temperatures beyond
their thermal niche (137). Dawson and Jones (64), comparing
larval recruitment in two Lake Superior and two Lake Ontario
streams, found that recruitment was lower in the one stream where
water temperature fell above the known thermal niche of larval sea
lamprey (137). It would be highly informative to expand on these
studies to generate a deeper understanding of what the optimal
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FIGURE 6

Effects of reduced lampricide application on adult sea lamprey populations in the Great Lakes 2019–2023. (A) Total lampricide (TFM, niclosamide)
applications to each of the Great Lakes by year, between 2019 and 2023, and (B) corresponding estimated populations of adult sea lamprey in each
of the lakes. Note the corresponding increases in adult abundance in 2022 and 2023 in Lakes Superior, Michigan, Erie and Ontario following
reductions in TFM applications in 2020 and 2021. Data compiled from Sea Lamprey Control in the Great Lakes—Annual Report to the Great Lakes
Fishery Commission (2019–2023), with permission. https://www.glfc.org/pubs/slcp/annual_reports/.

temperature range is for lamprey metamorphosis to take place,
which would better inform predictions of how they will respond
to climate warming.

A lack of thermal plasticity (see above) could also undermine
the viability of larval sea lamprey populations in the lower Great
Lakes, which are expected to reach higher temperatures due to their
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lower latitude, volume and depth (177). Although their relatively
high CTmax (32–34 ◦C) (139) and IULT (31.4 ◦C) (143) would
allow larval sea lamprey to withstand occasional temperature pulses
into the high 20s, it is doubtful if survival could be sustained
for more than several days. It would also be costly, as standard
metabolic rate would be expected to increase markedly at such
temperatures, and the animals’ thermal safety margin (TMS), the
difference between their upper thermal tolerance (e.g., CTmax or
IULT) minus environmental temperature, would be much lower as
the climate warms. There is clearly a need for longer-term thermal
performance studies that use relevant performance metrics such
as metabolic rate, feeding and growth rates (192, 193) to better
understand and predict how larval sea lamprey will respond to
climate change-induced increases in water temperature.

The low thermal plasticity seen in larval lamprey based on
their very low ARRs, not to mention the similar CTmax values
of Atlantic vs. Great Lakes lamprey populations (139), suggests it
is unlikely that there will be natural selection for higher thermal
tolerance. Indeed, CTmax and IULTs are remarkably similar across
many species of parasitic and non-parasitic species of lampreys
(Table 1).

Parasitic juvenile and adult sea lamprey
Nearshore areas in all lakes are expected to be warmer in

mid-summer (194). Warmer water temperatures in these areas
could result in faster growth and increased feeding by juvenile sea
lamprey the first few months following their downstream migration
(89, 195). However, little is known about the thermal preferences of
juvenile sea lamprey, or where they would initially forage, which is
needed to better predict how they would respond to climate change
in nearshore areas in the initial stages of this life stage. Decreased ice
cover, including later freezing and earlier break up of lake ice, would
also extend the effective growing season for juvenile sea lamprey
(196). For instance, mean annual surface water temperatures in
Lake Superior increased by 4–5 ◦C between 1960 and 2006, which
was accompanied by a 25 % increase in the average body mass of
adult sea lamprey (196). Similar warming trends in the other Great
Lakes would therefore likely correspond to larger, more fecund
adult females and greater impact on fisheries due to greater blood
consumption over a longer period.

With a greater number of more intense storms in the basin due
to climate change (175), particularly in the spring, there would also
be greater risk of barrier and trap inundation (overflow), which
would allow upstream migrant sea lamprey to circumvent barriers
and potentially occupy new territory (3, 14). Hume et al. (3) also
suggested that such high flow events could dilute sea lamprey
chemical attractants, leading migrating sea lamprey to explore and
potentially colonize new habitat. Together, with more favorable
temperature conditions for larval growth in the upper Great Lakes
compared to the lower lakes, sea lamprey populations could shift
northward into the deeper, higher volume upper Great Lakes (3,
173). However, this would depend upon the presence of suitable
larval rearing habitat, which are abundant in Lake Michigan and
Lake Huron. The lower productivity of Lake Superior tributaries
(65, 184) might constrain larval growth resulting in longer times to
metamorphosis, but the total number of suitable streams for both

larvae and spawning lamprey would likely offset any constraints on
sea lamprey and population growth.

Impacts on sea lamprey control

Climate change could undermine efforts to keep sea lamprey
populations at or below target levels in the Great Lakes by altering
both their phenology and physiology (3, 14, 173). Higher growth
rates at warmer temperatures leading to increased larval lamprey
size could increase survival during lampricide applications due
to the inverse relationship between TFM uptake and body mass
(109). With higher growth rates, the yearly intervals over which
sea lamprey metamorphosis occurs could be accelerated, requiring
more frequent lampricide applications.

In recent years, evidence has accumulated that TFM sensitivity
varies seasonally, with tolerance increasing through the summer as
water temperatures increase (138, 197–199). This could potentially
result in higher numbers of “residual” larvae that survive
lampricide applications and then eventually metamorphose into
juveniles and cause greater damage to fisheries. A need to use
higher concentrations of TFM later in the summer compared to
the spring could also result in greater risk of toxicity to non-
target organisms. Although non-target fishes are generally much
more tolerant to TFM, we know little of how their sensitivity to
TFM will be affected at warmer temperatures. A need to increase
lampricide consumption would also require greater financial and
human resources. Shifting more treatments to the spring, when
waters are cooler and sea lamprey more vulnerable to TFM, would
be complicated by high water flows due to spring melt, but could
conserve TFM in some instances depending on the hydrology of the
stream. An increased frequency of hydrological disturbances due to
storms or drought could also undermine treatment if water levels
are too high or too low to apply lampricide effectively (210).

Lower pH due to increasing amounts of atmospheric dissolved
CO2 in the water would likely have little direct impact on
lampricide operations. Although lower pH makes TFM more
bioavailable, by altering TFM’s chemical speciation (13, 153),
changes in dissolved CO2 in river and stream waters are likely
to have less effect than allochthonous inputs of carbon and local
geology on water pH, which would have greater effects on stream
pH (182). Also, against the backdrop of regular daily and seasonal
fluctuations in pH, CO2 and O2 due to biological processes [e.g.,
photosynthesis and respiration (183)] the effect of climate change-
induced changes in water pH on lampricide effectivness would be
minimal. It is also important to note that control agents continually
monitor pH and adjust TFM application rates to match changes
in water pH during lampricide treatments (151). Less is known
about how climate change would affect niclosamide, which is often
co-applied in lesser amounts (0.5–2.0 %) with TFM to increase its
toxicity to sea lamprey but not non-target fishes (167).

The inundation of barriers and traps during extreme
hydrological events is a clear and present danger in the Great Lakes
and will be exacerbated with climate change. As noted, overflowing
barriers could open-up novel habitat to upstream migrants, leading
to spawning and subsequent colonization by larval sea lamprey. In
response, additional resource would need to be invested to treat
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newly infested reaches of streams, which could potentially result
in hundreds of additional kilometers requiring TFM applications,
particularly in the upper Great Lakes.

The runs of spawning adult sea lamprey would likely take place
earlier in the spring and be more prolonged with earlier ice out
and warming (14). Adult sea lamprey typically congregate at the
mouths of rivers and streams following ice-out and in response to
migratory and sex pheromones. Their upstream migration begins
when water temperatures reach 4–7 ◦C, with runs peaking as water
temperatures approach 12 ◦C (200, 201). With climate change, river
mouths are likely to reach these temperatures sooner, resulting in
earlier spawning runs. This could potentially compromise SLC in
two ways. First, it may be necessary to deploy temporary barriers or
traps earlier in the year to prevent early maturing sea lamprey from
migrating upstream to spawn. Second, if traps are not staffed and
deployed before runs start, it could undermine adult collection and
monitoring efforts, skewing adult index calculations of Great Lakes’
sea lamprey populations, and to develop SLC treatment strategies
(3, 14, 173).

Ultimately, research and investments in alternative methods
of sea lamprey control will be necessary to mitigate the effects of
climate change on sea lamprey control. The development of genetic
control technologies such as daughterless technology or more
environmentally friendly and sea lamprey specific lampricides will
also be critically important in an era of increasing concern from the
public and Indigenous communities about lampricides, and further
restrictions on the use of pesticides in the environment (7, 97, 113,
170). Improved barrier design and construction, including more
environmentally benign barriers that allow selective fish passage
or more temporary barriers, that are more effective at blocking
upstream migrant adult sea lamprey but with use restricted to the
spring, will also be important (156).

Conclusions

The weight of evidence suggests that sea lamprey were
introduced into the Great Lakes basin in the 1860s, but were
not detected in Lake Ontario until the 1880s, likely due to low
initial propagule pressure. The vector for the invasion was likely
a breach of canals used to feed water into the Erie Canal, which
connected Lake Erie to the Atlantic coast of the United States,
followed by the Welland Canal which allowed sea lamprey to
by-pass Niagara Falls and gain access to Lake Erie, and the
upper Great Lakes. Sea lamprey were likely able to overcome
abiotic and biotic filters posed by the lakes using pre-existing
adaptations including facultative anadromy, which allowed them
to spend the juvenile, predatory (parasitic) phase of their life
cycle in fresh water; a generalist diet that allowed them to take
advantage of the abundance of large salmonid and coregonid
fishes in the Great Lakes; and a resilient thermal physiology.
The robust thermal physiology of sea lamprey is likely to make
them resilient to short-term elevations in water temperature, but
questions remain about their long-term ability to survive in the
watersheds of the Lower Great Lakes at higher temperatures,
which could squeeze sea lamprey populations northward with
climate change. Increased growth rates, body sizes and female

fecundity due to warming waters in the upper Great Lakes may
also result in greater damage to fisheries, without additional sea
lamprey control measures. Continued research and development
of alternate, innovative approaches for sea lamprey control will
be needed to ensure that sea lamprey populations are kept
under control in the face of climate change related elevations
in water temperature, greater frequency and intensity of storms
and hydrological disturbances, and changes in stream and lake
productivity and water chemistry.
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