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ABSTRACT

Pacific lamprey is a culturally valuable species to indigenous people, and has
significant ecological importance in freshwater and marine ecosystems. Over the past
several decades, constrictions in range and reductions in Pacific lamprey abundance have
been observed in Western North America, and may be indicators of range-wide declines.
In the face of declining populations, the U.S. Fish and Wildlife Service has partnered
with tribal, state, federal, and local entities to implement a regional Pacific lamprey
conservation agreement aimed at reducing threats to Pacific lamprey and improving their
habitats and population status. Research needs identified in the conservation agreement
include assessing larval Pacific lamprey occupancy and distribution, habitat
requirements, and the limiting factors of larval distribution in the freshwater ecosystem.
As part of the effort to address these knowledge gaps, we investigated the potential for
larval lampreys to occur in tidally-influenced estuarine environments. Research of this
type may be valuable for future conservation, management or recovery efforts of Pacific
lamprey throughout its range.

We employed a two-phased approach, consisting of laboratory and field
components to address our aims. We first conducted a series of controlled laboratory
experiments to evaluate osmotic stress tolerance and osmoregulatory status of larval
Pacific lamprey exposed to a range of (1) fixed salinity in various dilutions of saltwater
and (2) oscillating salinity treatments designed to simulate tidal activity. Tolerance was
assessed by monitoring and comparing survival of larvae in various treatments through
96 h. Osmoregulatory status was assessed by quantifying and comparing total body

water content, plasma osmolality, and plasma cation (i.e., sodium) concentrations among
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larvae surviving various treatments. In fixed salinity experiments, 100% survival was
observed in 0%o, 6%o, 8%0 and 10%o through 96 h, while 0% survival was observed
through 48 h in 12%o, 30 h in15%o, and 12 h in 25%o and 35%.. In oscillating salinity
experiments, on the other hand, a significant increase in survival (100%) was observed
through 96 h in treatments that oscillated between 12%o and 0%o (freshwater) at about 6 h
intervals versus fixed 12%o salinity experiments. A significant increase in survival also
occurred in oscillating 15%o treatments (60%) versus fixed 15%o through 96 h. Linear
regression analysis indicated higher environmental salinity in laboratory experiments was
significantly related to increases in plasma osmolality and plasma sodium (the most
abundant osmotically active plasma cation) concentrations, and concurrent decreases in
total body water content among larvae that survived various treatments. Tidal
oscillations in salinity appeared to temper the desiccating effects of salinity, as changes in
body water content and sodium ion concentration were less abrupt than fixed salinity
treatments. These results suggest larvae cannot osmoregulate in hyperosmotic
environments, but are able to tolerate some fixed and oscillating hyperosmotic salinity
exposure. Consequently, larvae may be able to occur in certain areas of estuaries, such as
oligohaline habitats that are characterized by low levels of salinity. Experimental results
were used, in part, to guide larval sampling in a tidally-influenced habitat.

Occurrence of larval Pacific lamprey and Lampetra spp. (western brook and river
lampreys) was subsequently investigated across a gradient of salinity in Ellsworth Creek
(Pacific County, Washington) by electrofishing. Larval Pacific and Lampetra spp. were
detected within an approximately 300 m long tidally-influenced segment of the study

area. Salinity monitoring was conducted in six tidally-influenced reaches where larvae
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were detected for up to 14 d following electrofishing. Maximum tidal cycle salinity
exceeded 15 ppt during 52% to 80% of tidal cycles within tidally-influenced reaches
where larvae were detected. These results suggest potential for larval lamprey to occur in
certain portions of tidal estuaries. However, long-term residence of larvae in tidally-
influenced habitats and whether larvae are able to subsequently survive, grow, transform,
and out-migrate is not known and requires further study. Given the potential for tidally-
influenced habitats to be occupied by larvae, assessments of larval occurrence in other
areas, such as the lower Columbia River, may be warranted. Knowledge of larval
lamprey distribution in estuarine environments may be valuable for habitat restoration,

and mitigating potential impacts from dredging and other human disturbances.
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CHAPTER 1

GENERAL INTRODUCTION

Conservation Background

Patterns of ecological distribution of a species are influenced by biotic and abiotic
interactions and physiological adaptations for survival within a particular range of
environmental conditions. Deviations from optimal conditions within the niche of a
particular species can lead to stress and require an organism to undergo metabolic,
physiological, or behavioral compensation to maintain homeostasis (Bozinovic et al.
2011). In the aquatic environment, for example, tolerance of a fish species to variations
in abiotic factors such as water temperature and salinity may in part determine what
habitats are suitable for occupancy and survival (Deaton and Greenberg 1986; Peterson
and Ross 1991; Wagner 1999). In this study, I investigated the physiological and
ecological effects of water salinity on the protracted larval life history stage of the
anadromous parasitic Pacific lamprey Entosphenus tridentatus (Pletcher 1963; Kan 1975;
Hammond 1979). Our aims were to first evaluate the tolerance of larval Pacific lamprey
to osmotic stress induced by a suite of salinity exposures in the laboratory. We then used
the results of laboratory experiments, in part, to guide field investigations of the
ecological distribution of larval Pacific lamprey at the interface of freshwater and
saltwater habitats.

Pacific lamprey are primitive jawless fishes and a member of the oldest lineage of
extant vertebrates (Agnatha). The ancestry of Pacific lamprey dates back in the fossil
record over 350 million years to the Middle Paleozoic era (Bardack and Zangerl 1968).
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As such, Pacific lamprey are thought to have survived four major extinction events
(Wang and Schaller 2015). Historically, anadromous Pacific lampreys were widely
distributed in river systems draining into the Eastern and Northern Pacific Ocean, from
Punta Canoas, Baja California, Mexico northward around the Pacific Rim to Hokkaido
Island, Japan (Swift et al. 1993; Ruiz-Campos and Gonzalez-Guzman 1996; Yamazaki et
al. 2005; Wang and Schaller 2015). Throughout their native range, Pacific lamprey have
been an important component of aquatic communities that may have influenced the
evolution of many co-occurring species (Wang and Schaller 2015). Thus, the importance
of Pacific lamprey to aquatic ecosystems in which they occur may be difficult to
overstate.

Pacific lamprey is a culturally valuable species to indigenous people throughout
its range, and has significant ecological importance in freshwater and marine ecosystems.
For Native American tribes of the Pacific Northwest, Pacific lamprey continues to be an
integral part of tribal culture, and is one of many subsistence foods that have been
harvested in the region for generations (Pletcher 1963; Close 2004). Pacific lamprey also
holds ceremonial, medicinal and spiritual values to tribal peoples which remain to this
day (Close et al. 2002). Ecologically, Pacific lamprey is thought to contribute to
freshwater ecosystem health in a number of ways. Larval Pacific lampreys represent a
large portion of the biomass in streams in which they occur, and are important in
processing, cycling and storing nutrients (Kan 1975). Pacific lamprey is also an
important component of aquatic food webs (Kan 1975; Close et al. 2002). Outmigrating
juvenile Pacific lamprey are consumed by many fishes and birds, and are thought to

buffer predation on salmonid smolts during seaward migrations. Similarly, upstream
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migrating adult Pacific lampreys are preyed upon by fish, birds, and marine mammals,
which again may significantly reduce predation rates on salmonids and other co-
occurring fishes (Close et al. 1995; Close et al. 2002; Luzier et al. 2011). Given the
potential ecological significance of Pacific lamprey within aquatic ecosystems, reduction
or extirpation of this species is likely to negatively affect trophic relationships in both the
freshwater and marine ecosystems (Close et al. 2002).

Over the past several decades, constrictions in range and reductions in abundance
of Pacific lamprey have been observed in Western North America, and may be indicators
of range-wide declines in Pacific lamprey populations (Luzier 2011). Extirpation risk of
Pacific lamprey is considered high in the majority of watersheds in Western North
America (Wang and Schaller 2015). The causes of declines are not explicitly understood,
but are thought to parallel those adversely impacting sympatric Pacific salmonids, given
the general similarities in range, habitat requirements, and life history (Moyle 1996;
Close et al. 2002; Kostow 2002; Moser and Close 2003; Nawa 2003; Luzier et al. 2011).
Until relatively recently, conservation and management of Pacific lamprey have not been
a priority in Western North America. Consequently, unlike fishes with significant
economic value to sport and commercial fisheries (like Pacific salmon, for example), the
biology, ecology, status and distribution of Pacific lamprey in Western North America
have not been extensively studied (Luzier et al. 2011). The increasing appreciation of the
ecological value and importance of Pacific lamprey to Northwest tribes has led, in part, to
a greater understanding of the need to conserve this declining species. Research targeting
gaps in knowledge relative to threats, distribution, and limiting factors of Pacific lamprey

may be critical for their persistence.



The apparent declines in abundance and distribution of Pacific lamprey have
raised concern about the status of Pacific lamprey in Western North America among
tribal, federal, state, and local agencies, and have catalyzed development of several
conservation measures, including the Pacific Lamprey Conservation Agreement (PLCA)
by the U.S. Fish and Wildlife Service (USFWS). The PLCA was signed in 2012 by 12
tribal governments, four state and eight federal agencies, and several local governments
that cover much of the range of Pacific lamprey in the continental U.S. The ultimate goal
of the PLCA is securing long-term persistence of Pacific lamprey and supporting
traditional tribal cultural use throughout their historic range in the U.S. (Wang and
Schaller 2015). To date, conservation and management efforts have been hampered by a
paucity of demographic information, as well as limited information on Pacific lamprey
biology and ecology (Wang and Schaller 2015). The PLCA outlines many research
needs and knowledge gaps that must be addressed to ensure the persistence of Pacific
lamprey in the Pacific Northwest. Included among these is developing a better
understanding of occupancy and distribution of the larval life stage, habitat requirements
of larvae, and the limiting factors of larval distribution. This information may be a
critical component in identifying and prioritizing threats to Pacific lamprey,
implementing regional or basin-specific conservation plans, and designing and

implementing habitat restoration.

Pacific Lamprey Life History
Pacific lamprey has a complex life history, in which adults spend an estimated 18

to 40 months in the Pacific Ocean feeding parasitically on a variety of teleost fishes and
4



elasmobranchs before returning to freshwater streams and rivers to spawn (Kan 1975;
Beamish 1980; Beamish and Levings 1991). Highly migratory adults may seek out
spawning grounds located in tributary rivers and streams many hundreds of kilometers
upstream of the ocean (Torgerson and Close 2004). Spawning adult Pacific lamprey
deposit embryos into nests (redds) constructed in gravel with well-oxygenated flowing
water, often overlapping spatially and temporally with steelhead (Oncorhynchus mykiss;
Pletcher 1963). Newly-hatched larvae (ammocoetes) emerge from nests and drift
downstream, settling in slow moving depositional areas. Microphagous larvae burrow
into soft benthic sediments, feeding on organic detritus and microorganisms such as algae
and diatoms that are filtered from the substrate and water column (Moore and Mallat
1980; Sutton and Bowen 1994). The larval stage of Pacific lamprey is protracted, lasting
an estimated three to seven years (Pletcher 1963; Kan 1975; Hammond 1979). Over the
course of the protracted larval phase, downstream dispersal occurs as the results of both
passive displacement during high velocity periods and active redistribution to seek out
favorable new rearing habitats (Wagner and Stouffer 1962; Hardisty and Potter 1971;
Potter 1980; Sjoberg 1980; White and Harvey 2003). The larval phase culminates in a
true metamorphosis from larval to juvenile (macrophthalmia) form (Kan 1975; Richards
and Beamish 1981). During metamorphosis, marked anatomical and physiological
changes occur both internally and externally including the development of the oral
sucking disc and associated dentition, prominent functional eyes, as well as modifications
to organ systems required for parasitic feeding and seawater osmoregulation (Mathers
and Beamish 1974; Youson 1980; Richards and Beamish 1981; McGree et al. 2008).

Macrophthalmia enter the marine environment, and undergo a period of rapid growth to
5



adult size during the ensuing parasitic feeding period (Beamish 1980; Richards and
Beamish 1981; Beamish and Levings 1991).

Although the longitudinal extent of downstream movement during the protracted
larval phase is not known, observations of Pacific lamprey larvae occurring significant
distances from known spawning grounds indicate the potential for considerable and
consistent downstream dispersal (Silver et al. 2007; Jolley et al 2011; Jolley et al. 2012;
Jolley et al. 2014). In the Columbia River basin, for example, observations of larval
Pacific lamprey routinely occur at collection facilities at the John Day Dam salmonid
juvenile bypass system (Fish Passage Center data query; fpc.org), as well as during
surveys of deepwater habitats of the mainstem Columbia and Willamette Rivers (Jolley et
al. 2011; Jolley et al 2012; Jolley et al. 2014). Cumulatively, movements over multiple
years may result in significant dispersal of larvae out of tributary habitats, and continual
recruitment of older larvae into lower portions of river basins (Kostow 2002; NPCC
2004). A potential consequence of downstream movement of larvae in river systems that
enter the ocean (for example coastal river basins, and the lower Columbia River) includes
larvae ultimately encountering saline waters (Potter 1980; White and Harvey 2003). In
the Columbia River mainstem and tributaries in the lower river, downstream dispersal of
larval lampreys results in occurrence of larvae throughout the tidal freshwater portion of
the upper estuary (NPCC 2004). Distribution of primarily freshwater fishes, such as
larval lampreys, in tidally-influenced habitats, is known to be governed by tolerance to
environmental salinity (Deaton and Greenberg 1986; Neves et al. 2011; Whitfield 2015).
Occurrence of such species in lower regions of estuaries is generally unlikely given high

salinities occurring in proximity to the ocean. However, the ability of larval Pacific
6



lampreys to tolerate low or variable levels of salinity and occur in some areas of tidal
estuaries is not well understood and has not been extensively investigated. Given the
significant geographic extent of low salinity, estuarine habitat types, particularly in river
systems with large freshwater inputs (such as the Columbia River, or the Sacramento-San
Joaquin Rivers for example; Odum 1988; Norris et al. 2010), as well as the abundance of
suitable larval burrowing substrates, these areas may represent important rearing habitats

for larval lampreys and potentially be occupied by large numbers of larval lampreys.

Goals and Objectives

As part of the effort to conserve and restore Pacific lamprey populations in
western North America, we proposed to address gaps in knowledge of relative to larval
Pacific lamprey salinity tolerance, osmoregulatory capacity, and ecological distribution.
The overall goal of this project was to determine the potential for larval Pacific lamprey
to occur in tidally-influenced estuarine environments that have variable salinity. A two-
path approach was used to address this goal. Controlled laboratory experiments were
first conducted to evaluate hyperosmotic stress tolerance and osmoregulatory status of
larval Pacific lampreys that survive a range of fixed and oscillating salinity exposure
regimes. Based on experimental findings, field sampling was then conducted to
investigate and describe occurrence of larval Pacific lamprey across habitats in a natural
stream characterized by a gradient of tidally-influenced salinity. Our formal objectives

were to:



1. Evaluate and compare osmotic stress tolerance of larval Pacific
lamprey subjected to (1) fixed salinity exposures, and (2) oscillating
salinity exposures that simulate tidal activity in the natural
environment

2. Evaluate and compare osmoregulatory ability of larval Pacific lamprey
from various salinity exposure treatments through quantification of (1)
plasma osmolality, (2) total body water content, and (3) plasma
elemental/cation concentrations.

3. Assess larval lamprey occurrence in tidally-influenced habitats across
a gradient of salinity conditions

4. Quantify and characterize salinity profiles in tidally-influenced areas

where larval lampreys are detected.

Chapter 2 discusses laboratory experiments conducted to address objectives one
and two above. Tolerance of larval Pacific lamprey to osmotic stress was determined by
assessing survival of larvae exposed to fixed or oscillating salinity treatments.
Osmoregulatory ability was assessed by quantifying total body water content, plasma
osmolality, and plasma cation concentrations of larvae that survived in fixed or
oscillating salinity treatments. Chapter 3 discusses field sampling for larval lampreys in a
tidally-influenced segment of Ellsworth Creek, a tributary of the Naselle River.
Distribution of larval lampreys across a gradient of salinity was investigated using a

backpack electrofisher, and salinity was characterized following electrofishing in tidally-



influenced reaches in which larvae were detected. Chapter 4 summarizes these findings

and discusses potential conservation and management implications for Pacific lamprey.



CHAPTER 2
EVALUATION OF LARVAL PACIFIC LAMPREY OSMOTIC STRESS TOLERANCE AND

OSMOREGULATORY CAPACITY

INTRODUCTION

Osmoregulatory Biology

Lampreys are the oldest extant vertebrate known to maintain relatively constant
internal fluid composition and concentration through the processes of osmoregulation
(Morris 1972; Beamish 1980; Bartels and Potter 2004; Reis-Santos 2008). Although
lampreys are not closely related to teleost fishes, the overall mechanisms of
osmoregulation are similar in which the gills, gut, and kidneys are thought to be the
primary organs responsible for maintaining internal salt and water balance (Hardisty
1956; Morris 1972; Beamish 1980; Bartels and Potter 2004; Evans et al 2005). As
discussed in Chapter 1, anadromous species of lampreys, including Pacific lamprey and
sea lamprey, migrate from freshwater to seawater and back to freshwater during the
course of one lifetime. Differences in concentration between internal fluids and the
external environment produce strong osmotic gradients that drive movement of ions and
water in one direction in freshwater and the opposite direction in saltwater. Maintaining
constant internal fluid composition and concentration in environments with opposite
osmotic pressures requires efficient mechanisms for regulating internal fluid
concentrations during all life stages.

In the freshwater environment, in which microphagous larvae of anadromous

lampreys occur for three to seven years, concentrations of the internal milieu are
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maintained well above that of the surrounding environment (Morris 1972; Morris 1980).
Consequently, osmotic gradients drive continuous influx of water and efflux of ions
across skin and gill epithelial membranes of larval lampreys (Morris 1972; Bartels and
Potter 2004). Osmotic uptake of water is countered by production of copious dilute
urine. Ion balance is thought to occur by both active recruitment of ions from the
ambient environment through mitochondrial rich cells (MRCs) in the gill epithelium
(although the precise mechanisms are not yet completely understood), as well as
absorption of ions from ingested food (Morris 1972; Beamish 1980; Bartels and Potter
2004; Bartels et al. 2009). The larval phase of anadromous lampreys culminates in a
period of true metamorphosis that includes anatomical and physiological changes needed
for life in the marine environment (Youson 1980; Richards and Beamish 1981). The
resultant juvenile lamprey migrates to the ocean and transitions from hyperosmotic
regulation to hypo-osmotic regulation as it enters the marine environment.

For adult lampreys, which occur in the marine environment for an estimated 18 to
40 months, the osmotic driving forces are the reverse of those in freshwater. Adult
lampreys in the ocean function as hypo-osmoregulators, where internal fluid
concentrations are maintained below that of the seawater environment (Hardisty and
Potter 1971; Morris 1972; Beamish 1980; Richards and Beamish 1981). As a result
osmotic gradients drive the continuous efflux of water and influx of ions, again across the
skin and at the gills (Morris 1972; Bartels and Potter 2004). Osmotic water loss is
countered by the swallowing of sea water, coupled with excretion of small volumes of
concentrated urine (Morris 1972). Excess monovalent ions present in seawater (including

sodium and chloride ions) are thought to be absorbed from the digestive tract and
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secreted by MRCs at the gills, while divalent ions (including magnesium and calcium
ions) are excreted in feces (Morris 1972; Beamish 1980; Bartels and Potter 2004; Bartels
et al. 2009). Upon adults re-entering the freshwater environment during spawning
migrations, marine osmoregulatory systems degenerate and mechanisms of freshwater
osmoregulation are again regained.

The capacity for larval lamprey to osmoregulate in and tolerate (survive) various
concentrations of saltwater has been evaluated on a number of lamprey species.
Generally, in these experiments, larvae were abruptly transferred from freshwater to
media with fixed salinity for a given time interval or until death (Hardisty 1956; Mathers
and Beamish 1974; Beamish et al. 1978; Richards and Beamish 1981; Reis-Santos et al.
2008). In the case of anadromous Pacific and sea lampreys, such experimental salinity
challenges indicated larvae are unable to maintain ion and water balance through the
mechanisms of osmoregulation in solutions that exceed the osmotic concentration of their
internal milieu (225-260 mOsm/kg or about 8 to 10 ppt; Hardisty 1956; Mathers and
Beamish 1974; Beamish et al. 1978; Beamish 1980; Morris 1980; Richards and Beamish
1981). In turn, survival (tolerance) of larvae in hyperosmotic media is generally low.
For larval Pacific lamprey, the 96-h LCso (concentration at which 50% mortality occurs)
was found to be 12.2 ppt (Richards and Beamish 1981), while sea lamprey 24-h LCso was
found to be 14.8 ppt (Beamish et al. 1978). Overall, these and other studies suggest
larvae of all lamprey species are largely stenohaline, obligate freshwater organisms
(Hardisty 1956; Mathers and Beamish 1974; Beamish et al. 1978; Beamish 1980; Morris

1980; Bartels and Potter 2004).
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Studies of the effects of abrupt transfer of larvae into various dilutions of
saltwater have provided valuable insights into the lethal salinity exposure thresholds of
various lamprey species. However, the abrupt transfer experiments previously conducted
are not likely to reflect conditions encountered by larvae as they disperse downstream
into estuarine habitats in the natural environment, and provide little insight on the types
and magnitudes of salinity exposures larvae may be able to tolerate in the wild. In
particular, little is known about the ability of larvae to tolerate variable or fluctuating
hyperosmotic salinity exposures, such as those that may occur in tidal estuaries, for
example. Additional experiments to evaluate tolerance of larvae to variable or oscillating
salinity may be useful, as differences in survival may be observed versus abrupt transfer
experiments. Although variation in salinity is typically considered to be harsh (Deaton
and Greenberg 1986; Peterson and Wagner 1991), freshwater periods during tidal cycles
may allow for osmotic recovery of water lost when transitioning from hyperosmotic to
hypo-osmotic (freshwater) environments (Hardisty 1956). Osmotic recovery of water
during freshwater periods may act to buffer the desiccating effects of hyperosmotic
environments, and in turn lead to higher survival of larvae versus fixed salinity in abrupt
transfer experiments. If larval lamprey are able to tolerate oscillating salinity with
freshwater periods, larval occurrence in certain areas of tidally-influenced estuaries, such

as oligohaline environments, may be possible.

Experimental Design
To better understand the potential for larval lampreys to inhabit tidally-influenced

estuarine areas that experience low or occasional salinity intrusion, we conducted a series
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Figure 3.6. Continuous salinity data collected over 168 h (7 d) prior to electrofishing
Ellsworth Creek at the middle zone boundary (top right figure), and the
downstream zone boundary (bottom left figure). At the upstream zone boundary
(top left figure) the salinity logger was corrupted and all data were lost. The logger
was redeployed and collected data at the upstream boundary for 7 d following
electrofishing as shown.
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Figure 3.7. Reach-specific continuous salinity data collected in tidally-influenced
reaches in Ellsworth Creek where larval lampreys were detected through
electrofishing. Salinity data was collected for 12 to 13 d following reach
electrofishing. Figures are in order of occurrence in the creek, with reach 6 being
the most upstream reach, while reach 10 was the furthest downstream. In general,
salinity increased with increasing distance downstream.
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Figure 3.8. Tidal cycle accumulated salinity units (ASU) calculated from continuous
salinity data collected at the three zone boundary sites in Ellsworth Creek.
Individual tidal cycles were partitioned from continuous salinity data as described
previously (Figure 5) and ASU values were calculated by integrating the area under
the salinity curve of each tidal cycle. Thirteen tidal cycles occurred at the zone
boundary locations during the 7 d prior to electrofishing.
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Figure 3.9. Tidal cycle accumulated salinity units (ASU) calculated from continuous
salinity data collected at the five reach-specific monitoring locations in Ellsworth
Creek. Individual tidal cycles were partitioned from continuous salinity data as
described previously (Figure 5) and ASU values were calculated by integrating the
area under the salinity curve of each tidal cycle. Twenty three to 25 tidal cycles
occurred at reach-specific monitoring sites during the 12 d to 13 d following
electrofishing.
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Figure 3.10. From the population of tidal cycle-specific ASU values at each salinity
monitoring location (Figure 8 and Figure 9) median tidal cycle-specific ASU was
calculated and compared among the locations. Locations plotted on the X-axis are
ordered from furthest upstream in the creek on the left, to furthest downstream on
the right. The longitudinal distance separating each consecutive location was less
than 50 m except between reach 10 and the middle zone boundary (100 m), and the
middle zone boundary and downstream zone boundary (300 m). Median tidal cycle
ASU values with similar letters were not significantly different. Box and whisker
plot shows maximum and minimum tidal cycle ASU values (whiskers), median
(mid-line), mean (+), and interquartile range (box).
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CHAPTER 4

SUMMARY, CONCLUSIONS, AND MANAGEMENT IMPLICATIONS

The fundamental aim of this thesis was to further the understanding of larval
Pacific lamprey biology, ecology, and distribution in the Pacific Northwest. Here we
explored the potential for larval lampreys to occur in tidally-influenced habitats at the
downstream end of river basins where freshwater and tidal saline waters interface. Larval
Pacific lampreys are osmoregulators adapted for life in freshwater. Salinity tolerances of
primarily freshwater fishes such as larval lampreys are known to limit distribution into
tidally-influenced habitats (Deaton and Greenberg 1986; Wagner 1999; Whitfield 2015).
Thus occurrence of larvae in such habitats is likely to be limited (Hardisty 1956; Morris
1972; Richards and Beamish 1981), but has been largely unexplored. Because these
habitats occur over a significant area of tidal estuaries of large rivers (such as the
Columbia River, or the Sacramento-San Joaquin Rivers), and given the likely abundance
of suitable larval burrowing habitats, there is potential for these areas to contain large
numbers of larval lampreys.

In the first phase of the approach we employed to address our aims, laboratory
experiments demonstrated tolerance of larval Pacific lamprey to fixed salinity exposure
decreased sharply once concentrations of the external environment exceeded that of their
internal milieu. Tidal simulation experiments in which hyperosmotic 12 ppt or 15 ppt
salinity oscillated between freshwater (0 ppt) at about 6 h intervals resulted in increases
in larval survival versus fixed salinity experiments through 96 h. Evaluations of

osmoregulatory capacity demonstrated that, in general, larvae were unable to
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osmoregulate in hyperosmotic solutions. Concomitant declines in total body water and
increases in plasma osmolality and plasma sodium ion concentration were observed in
larvae held in various hypertonic solutions. These results indicate larvae that survived in
these treatments were tolerant to some levels of hyperosmotic salinity, but were not able
to osmoregulate. These results suggested the potential for larval Pacific lampreys to
occur in certain areas of tidally-influenced environments, and were subsequently used, in
part, to guide design and execution of sampling for larvae in Ellsworth Creek, a tributary

of the Naselle River.

Investigations of larval lamprey occurrence across a gradient of salinity (from
freshwater to mostly marine) in a tidally-influenced segment of Ellsworth Creek
indicated larval Pacific lamprey and Lampetra spp. co-occurred in some tidally-
influenced habitats. Salinity data logged in tidally-influenced reaches where larvae were
detected (for up to 14 d following sampling) indicated maximum tidal cycle salinity
exceeded 15 ppt during 52% to 80% of tidal cycles. Overall, field sampling results
generally corroborate findings of laboratory experiments. In variable salinity exposures
in the lab and the field, where maximum tidal cycle salinity of approximately 15 ppt
alternated with periods of freshwater (0 ppt) at low tide, larval Pacific lampreys were
found to survive and occur. Together, laboratory and field investigations may provide
evidence of potential for larvae to occur in some tidally-influenced habitats of coastal

stream and river basins.

The findings here may have implications for conservation and management of

Pacific lamprey in the Pacific Northwest. Given recent declines in Pacific lamprey
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observed, for example in the Columbia River basin, understanding and minimizing the
effects human caused disturbances on larval lampreys are generally becoming an
increasing priority. In estuarine areas, many potential threats to larval lamprey exist. In
particular, activities such as channel dredging and gravel mining, which frequently occur
in estuarine areas and coastal basins (Luzier et al. 2011), have direct impacts on river
bottom substrates and potentially affect benthic dwelling fauna such as larval lampreys.
In the Columbia River estuary, for example, annual dredging since 1976 has averaged the
removal of 3.5 million cubic yards of sediment per year (NPPC 2004). The overall extent
of impacts of channel and suction dredging activities on larval Pacific lamprey
populations are currently not known, but warrants further investigation. Over time, these
activities have the potential to negatively impact Pacific lamprey populations in some

river basins.

The proximity of many tidally-influenced estuarine habitats to urban areas leads
to the potential for a number of human caused environmental disturbances to occur with
adverse consequences to larval lampreys, including habitat loss and reduced water
quality. For example, urban, industrial, and agricultural practices may result in increased
sedimentation, point source and non-point source pollution, significant heavy metal
inputs, and hyper-eutrophication of estuarine habitats (Odum 1984). Habitat loss,
including diking, draining, and filling of tidally-influenced habitats have been widespread
in some areas for over a century and continue today, which may have damaging
consequences to aquatic fauna in these habitats (Odum 1984). Many of these factors

have previously been attributed to declines in Pacific lamprey abundance in more

102



upstream areas in river basins. These environmental disturbances would likely have

adverse effects on larval lampreys that occur in nearby estuarine habitats.

Modifications to physical habitat may also have significant impacts on estuarine
processes. In the Columbia River estuary, for example, altered bathymetry due primarily
to development of a deep shipping channel has greatly affected salinity intrusion patterns
(NPCC 2004). Distribution of larval lampreys in the mainstem may thus be adversely
affected by flow manipulations. Alterations to natural hydrographs, due to freshwater
diversions, irrigation withdrawals, and hydropower development have, in some cases,
resulted in increased penetration of tidal influence, and higher salinities observed moving
further upstream in river systems (Odum 1984). Given the extensive manipulation of the
hydrograph in the Columbia River due to hydroelectric power production, water storage,
and flood control, upstream penetration of the saltwater wedge is likely to exceed historic
levels. Higher salinities in habitats that were historically freshwater tidal or oligohaline
in nature are likely as a result, limiting larval lamprey occurrence in many areas.
Potential future climate change scenarios may also result in higher upstream salinity
penetration into coastal river basins. Sea level rise, as well as frequent and severe
droughts, may all contribute to higher salinity penetration into coastal river estuaries.
This would again would likely alter fish assemblages across estuarine habitats, and
reduce the quantity of habitat available for primarily freshwater species like larval

lampreys.

A Dbetter understanding of the extent of larval lamprey distribution in estuarine

habitats may prove useful to various governmental and local agencies that are involved
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with estuarine habitat restoration projects. Salmonid habitat restoration projects, for
example, are frequently located in tidally-influenced estuarine habitats in coastal river
basins. Given the increasing priority of lamprey conservation and their potential to occur
in such habitats, incorporating features beneficial to larval lampreys in future restoration
areas may be a worthwhile consideration. In addition, occurrence of larval lampreys in
tidally-influenced habitats would indicate salvage operations for larval lampreys may also
be required. Removal of larvae prior to dewatering, dredging, or other habitat alterations
associated with restoration projects may help avoid unintentional harm to burrowed
larvae which may frequently be overlooked. Following the recommendations outlined in
the USFWS Best Management Practices document report may aid in minimizing
unintended adverse effects to larval Pacific lamprey during habitat restoration activities

(USFWS 2010).

In conclusion, the results of our work may provide information useful in the
management and conservation of Pacific lampreys. Given the widespread occurrence of
tidal environments at the lower end of coastal basins, as well as the large size of these
habitats in major river systems throughout the range of Pacific lamprey, these habitats
may serve a valuable role in larval lamprey life history in some systems. Additional
research to assess the value of these habitats for larval lamprey rearing would further
elucidate their range-wide importance for larval Pacific lampreys, while further
addressing research needs outlined in the USFWS Pacific lamprey conservation
agreement on habitat requirements, and basic biological and ecological information on

larval Pacific lamprey (Wang and Schaller 2015). Until further research is conducted, the
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magnitude of impacts from human disturbance and alterations of these habitats on larval

Pacific lamprey remains uncertain.
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