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Abstract Establishing how invasive animals per-
ceive and manage the threat of predation improves
our understanding of why certain species rapidly
invade unfamiliar environs where others do not. The
threat-sensitive response hypothesis predicts that prey
that modulate their antipredator behavior in response
to the perceived intensity of the threat will have a
selective advantage. We investigated the behavioral
and olfactory antipredator responses of migrating
invasive sea lamprey to varying concentrations of
a conspecific alarm cue in the laboratory and field.
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We hypothesized the odor indicates the presence and
location of predation risk on river shorelines, allow-
ing sea lamprey to either alter their migratory path
and/or movement timing to reduce exposure to the
predator. Migratory sea lampreys exhibited threat-
sensitivity in space-use both in the laboratory and
nature by increasingly avoiding areas as the concen-
tration of alarm cue increased when safe space was
available (areas without the alarm cue). The intensity
of the avoidance at higher concentrations was greater
in the field. Electrophysiological recordings from the
olfactory organ confirmed a concomitant increase in
signal output to the olfactory bulb of the brain when
exposed to increased alarm cue concentrations. How-
ever, increasing the alarm cue concentration did not
alter the animal’s motivation to move upstream in
either avoidable risk or unavoidable risk scenarios.
Exposure to alarm cue affected decisions regarding
how to move, but not whether to move. Knowledge
of how the animal uses the cue in nature reveals ways
to use the cue to manipulate movement and achieve
conservation goals.

Keywords Behavioral plasticity - Chemical
ecology - Movement ecology - Petromyzon marinus
Introduction

A defining characteristic of an invasive species is its
capacity to succeed in new places. Because many
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introduced species are prey for all or a portion of their
lives, the ability to manage risk posed by unfamiliar
predators promotes invasion success (Saul et al. 2013;
Penk et al. 2017). In fact, naiveté to native predators
is an oft-cited mechanism underlying biotic resist-
ance to invasion (deRiviera et al. 2005; Carlsson et al.
2009; Carthey and Banks 2014). Thus, consider-
able insight into invasion biology and the creation of
effective conservation practices may be gained from
mechanistic examination of the antipredator strate-
gies of successful invaders (Saul and Jeschke 2015;
Greggor et al. 2020).

Animals frequently assess predation risk by moni-
toring public information (Danchin et al. 2004; Gut-
tal and Couzin 2011). Public information can prove
more useful than prior personal experiences when
the identity of the predator or the magnitude of risk
is uncertain, as during the initial stages of invasion
(Dall et al. 2005; Webster and Laland 2008; Mathot
et al. 2012; Brown et al. 2013). In aquatic environ-
ments, public information often takes the form of
semiochemicals—molecules conveyed by water that
contain information regarding opportunities or per-
ils that strongly influence decision making. Aquatic
organisms attend to a rich array of chemical informa-
tion emitted from both predators and prey to evalu-
ate the immediacy of predation risk (Wisenden 2000;
Burnard et al. 2008). Perhaps best understood are the
damage-released alarm cues, substances emitted from
injured prey tissue during predator attack that induce
antipredator responses in closely related taxa includ-
ing freezing, flight, shelter use, avoidance of the area,
increased vigilance, and neophobia (Chivers and
Smith 1998; Ferrari et al. 2009; Wisenden 2015).

Reliance on alarm cues to detect predation risk
may be particularly useful to newly introduced spe-
cies that do not enjoy eco-evolutionary overlap with
native predators, but do with native prey. For exam-
ple, ‘eavesdropping’ on the alarm cues emitted from
native prey may provide an early warning system,
alerting newly arrived invaders (Magrath et al. 2015).
There is substantial evidence that aquatic prey detect
and respond to alarm cues emitted from closely
related heterospecifics (e.g. confamilial taxa), with
the intensity of the response often diminishing with
increased phylogenetic distance between releaser and
receiver (Hazlett and McLay 2005; Dalesman et al.
2007; Schoeppner and Relyea 2009; Pecor et al. 2010;
Mitchell et al. 2012; Ituarte et al. 2022). Further,
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when familiar alarm cues are paired with unfamiliar
predator odors, evidence suggests prey may acquire
olfactory recognition of the predator (Batabyal et al.
2014; Gonzalo et al. 2007; Mitchell et al. 2011;
Leduc et al. 2007). Alarm cues therefore unite innate
and acquired predator recognition, and reliance on
alarm cues to assess predation risk may improve the
likelihood of survival in the early stages of biological
invasion.

Invasive prey will acquire a further fitness advan-
tage when they vary the amount of time and energy
invested in antipredator behavior in proportion to
predation risk (Helfman 1989; Mathis and Vincent
2000; Mirza and Chivers 2003; Ferrari et al. 2009;
Roux et al. 2014). Accordingly, a relatively high con-
centration of alarm cue may indicate an acute threat,
whereas low concentrations may indicate more dis-
tant threats, in time or space, that merit less attention
(Chivers and Smith 1998; Fraker 2008; Ferrari et al.
2009; Wisenden et al. 2010; Roux et al. 2014). Alter-
natively, antipredator responses may be expressed in
non-graded patterns where the animal never (threat-
insensitive) or always (threat-hypersensitive) avoids
apparent risk (Helfman and Winkleman 1997; Brown
et al. 2006). Non-graded responses to alarm cue are
likely detrimental to the establishment of invading
species. Ignoring cues that reliably signal risk will
result in greater mortality, whereas hypersensitivity
may result in reduced foraging success, negatively
affecting growth, survival, and reproductive perfor-
mance (Brown et al. 2006; Carthey and Blumstein
2018).

In this study, we investigated olfactory sensitiv-
ity and behavioral threat sensitivity to a conspecific
alarm cue in the sea lamprey (Petromyzon marinus),
a diadromous fish with a complex life history that
successfully invaded the Laurentian Great Lakes of
North America from the Atlantic Ocean. Our sub-
jects were sub-adult (maturing) fish actively migrat-
ing into rivers to spawn, the penultimate event in
a sea lamprey’s life. The sea lamprey relies exten-
sively on attractive conspecific cues to select migra-
tory routes into and through rivers, and cross-reac-
tivity of these odors with those produced by native
lampreys is thought to have facilitated rapid inva-
sion and establishment (Teeter 1980; Sorensen et al.
2005; Wagner et al. 2006, 2009; Vreize et al. 2010;
Meckley et al. 2012). The sea lamprey also uti-
lizes an alarm cue that is likely a chemical mixture
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to detect and respond to predation events (Wagner
et al. 2011; Bals and Wagner 2012; Imre et al. 2014;
Mensch et al. 2022). Great Lakes sea lamprey react
to alarm cues produced by confamilials native to the
basin, but not to those from teleost fishes (Bals and
Wagner 2012; Hume and Wagner 2018). In a series
of laboratory and field experiments, we investigated
the following hypotheses:

1. Avoidance of the alarm cue increases in response
to increased cue concentration.

a.  We first examined this hypothesis in a two-
choice laboratory assay, predicting the time
spent on the side of the raceway activated
with alarm cue decreases with increasing
cue concentration.

b.  We next conducted two field experiments
where either half or the entire width of a
small river channel was activated with the
alarm cue, monitoring the upstream move-
ments of migrating sea lamprey as they
passed through the activated reach. We
predicted increased avoidance of the alarm
cue in space (half-channel activation only)
and altered timing of upstream movement
(either faster or slower as risk minimization
tactics (minimize time vs maximize cau-
tion) in both experiments), as a function of
the cue concentration.

2. Threat-sensitive responses to olfactory cues
require the ability to perceive the intensity (con-
centration) of the odorants that compose the
cue. In fishes, an intracellular transduction cas-
cade resulting in depolarization of the olfactory
sensory neuron (OSN) occurs when its receptor
binds a complementary odorant. The signal then
propagates to the olfactory bulb, and the percep-
tion of signal strength is partly a function of the
number of OSNs simultaneously binding the
target odorant(s). We therefore hypothesized the
mechanism of threat-sensitivity is related to the
strength of the signal sent to the olfactory bulb
from OSNSs that bind alarm cue components. We
predicted an exponential dose—response relation-
ship between alarm cue dilution and electrical
potential recorded at the surface of the olfactory

epithelium as revealed by electro-olfactogram
(EOG) recording.

Materials and methods
Test subjects

Experiments were conducted with wild actively
migrating sea lamprey collected from four tributar-
ies draining to Lakes Huron (Cheboygan, Ocqueoc
and St. Mary’s Rivers, Michigan, USA) and Michigan
(Manistee River, Michigan, USA) from May—June in
2012, 2014, and 2020. The specimens were captured
by the U.S. Fish and Wildlife Service in traps affixed
to dams as part of the annual population assessment.
Each subject was transported to the Hammond Bay
Biological Station (Millersburg, Michigan, USA) and
placed into 1000 L holding tanks receiving a con-
tinuous flow of fresh water from Lake Huron (100%
exchange every 2 h). Sea lamprey used in the electro-
olfactogram (EOG) study were subsequently trans-
ported to Michigan State University Research Con-
tainment Facility (East Lansing, Michigan, USA), and
held in similar conditions (flow-through tanks, tem-
perature 7-9 °C). All subjects were monitored for a
minimum of 48 h prior to experimental use to ensure
normal behavior, and each specimen was physically
examined for epidermal damage. Only undamaged
and active specimens were used in the experiments,
and each individual was used once in a single trial.
No food was provided during holding as sea lamprey
cease feeding prior to the onset of the migration. Use
of sea lamprey and all experimental procedures were
approved by the Michigan State University Institu-
tional Animal Care and Use Committee via Animal
Use Forms Nos. 02/11-027-00, 01/14-007-00, and
2/18-025-00.

Alarm cue preparation

Alarm cue stock solutions were prepared from two
sources: whole sea lamprey carcass (all experiments)
or sea lamprey skin (Experiment #1 only). The whole
carcass cue was collected via Soxhlet extraction per
the general methods of Bals and Wagner (2012).
Whole carcasses were extracted singly in a 1 L Sox-
hlet apparatus (Experiment #1) or in groups of nine
(Experiments #2-4) in a 10 L Soxhlet apparatus,
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Fig. 1 Schematic of the laboratory raceway, water flowed left
to right (large arrow). The experimental reach was enclosed
with block nets. Subjects were held in the upstream section in
holding cages (HC) until release into the experimental arena.
Stimulus odors were introduced with a peristaltic pump from

equipped with hemispherical mantels that heated
the solvent to 75-80 °C (Ace Glass, Inc., Vineland,
NJ). Prior to performing the extractions, a solvent
(50:50 w/w solution of 200 proof ethyl alcohol and
deionized water) was prepared and the apparatus
was loaded with adult sea lamprey carcass(es) that
had been euthanized via cervical dislocation with a
razor blade and rinsed for 30 min in 150 ml of sol-
vent prior to placement into the extractor body (the
rinsate was retained). The extractor was allowed to
cycle three times (approximately 6 h). After cooling
to room temperature, both the extract and the initial
rinsate were combined, vacuum-filtered (Whatman
cellulose paper filter 8—12 pm), and stored at —20 °C
until use. The final carcass extracts had concentra-
tions of 0.117 g tissue ml~' solvent (Experiment #1),
0.235 g tissue ml~! solvent (Experiments #2—4). For
Experiment #1, the cue contained in sea lamprey skin
was collected from a single adult male (skin weight
40.4 g) and a single adult female (skin weight 31.9 g).
Each specimen was euthanized via cervical disloca-
tion with a razor blade. An incision was made around
the circumference of the animal posterior to the final
gill opening. The skin was peeled from the carcass in
a single piece and rinsed in 1 L of deionized water to
remove any blood. Each skin was ground with a mor-
tar and pestle for 15 min in 100 ml of solvent (50:50
w/w solution of 200 proof ethyl alcohol and deion-
ized water). Each skin extract was combined with
900 ml of deionized water to reach a final volume
of 1000 ml and vacuum-filtered (Whatman cellulose
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one side (alternated across replicates). The odor plume passed
through a collimator to reduce turbulence before entering the
experimental arena. The movements of sea lamprey were mon-
itored via an overhead video camera and infrared lights

paper filter 8—12 um). The individual skin extracts
were combined, separated into 200 ml aliquots and
stored at —20 °C until use. The final skin extract had
a concentration of 0.036 g skin ml~! solvent.

Threat-sensitive responses in a laboratory raceway
(Experiment #1)

Apparatus

Behavioral responses to the alarm cue were exam-
ined in a two-choice assay conducted in two identi-
cal laboratory raceways (Fig. 1). The raceways were
rectangular concrete troughs, 1.84 m wide by 20 m
long, divided by nets into an upstream holding sec-
tion (7.5 m long), an experimental Sect. (5.0 m long),
and a tailrace (7.5 m long). Each raceway received
a continuous flow of water pumped directly from
Lake Huron at a rate of 0.01 m?® s~'. Water tempera-
ture ranged from 7.1 to 9.3 °C over the course of the
experiments. A natural day-night schedule was main-
tained by dimming the lights in the room at 19:00
and leaving a large window and the end of the race-
way uncovered while natural light diminished. After
90 min, the window was covered to render complete
darkness. The bottom of each experimental section
was lined with white fiberglass and marked with
gridlines to facilitate detection of lampreys against
the background. During trials, infrared light arrays
mounted directly over each experimental section
illuminated the animals. Lamprey movements were
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recorded with a single IR-sensitive video camera
mounted over the center of the experimental section.
Prior to introducing the test odor into the raceway, we
mixed each dilution of the alarm cue or solvent con-
trol (see below) in a 500 ml Erlenmeyer flask, add-
ing water from the raceway to bring the final volume
to 400 ml. The mixture was continuously stirred with
a 2 cm magnetic stir bar during each trial, and was
introduced into one half of each raceway at a rate of
15 ml min~! via laboratory-grade peristaltic pumps
(MasterFlex model 7533-20). To ensure no cross-
contamination of odors, a separate set of pump-head
and delivery tubing was used for each stimulus odor.

Experimental protocol

To ascertain whether sea lamprey exhibited threat-
sensitive responses to increasing alarm cue concen-
tration, we tested behavioral responses (avoidance)
to whole carcass extract or skin extract in separate
experiments. Four dilutions (=treatments) represent-
ing 0.01, 0.1, 1.0, and 10.0 pl L~! of alarm cue extract
to receiving water (by volume) were completed for
skin or whole carcass odors. During the control trials,
the extraction solvent was pumped into the raceway
at a concentration of 10 pl L', Ten replicate trials
were completed for each alarm cue dilution and the
control. On a given night, groups of ten male sea lam-
prey were stocked into each of the holding sections at
15:00 to acclimate the animals to the raceway. Males
were chosen because (a) male and female sexually
immature sea lamprey do not differ in their response
to the extracted predator cue, and (b) the response
does not attenuate in males at the onset of maturation,
but does in females (Bals and Wagner 2012). The first
trial each night began at 22:00. A single trial lasted
for 30 min and consisted of a 10-min pre-stimulus
period, when one group (ten subjects) was moved into
the experimental reach and allowed to swim freely,
and a 20-min stimulus period when we introduced
the odor into one half of the raceway. We observed
individual movements in an adjacent room on video
monitors and recorded their activity onto digital
media. To analyze animal distributions, we recorded
the position of each subject every 30 s after the start
of a trial by replaying the video and assigning each
subject to the stimulus or non-stimulus side of the
raceway based on the position of its head. We ana-
lyzed spatial distribution during the final ten minutes

of the stimulus period to obtain a mean proportion of
animals on the stimulus side of the raceway for each
trial. The pre-stimulus period was used as an acclima-
tion period and the first ten minutes of the stimulus
period was not analyzed to provide time for the distri-
bution of the subjects to stabilize after introduction of
the stimulus odor (typically less than 5 min, Wagner
etal. 2011).

Data analysis

To determine if the tissue source of the alarm cue
or dilution affected the spatial distribution of migra-
tory-phase sea lamprey, a two-way analysis of vari-
ance (ANOVA) was performed with the proportion
of animals on the stimulus side of the raceway as the
response and alarm cue dilution and odor source (skin
or whole carcass) as fixed factors in the model. Prior
to analysis the proportion data were logit transformed
and passed a normality test (Shapiro—Wilk, W =0.98,
P=0.25). Because odor source was not a significant
factor in the model (see below), subsequent one-way
ANOVAs were performed to determine the effect of
odor concentration. Pairwise post-hoc Tukey’s HSD
tests (@¢=0.05) were performed to assign statistically
significant differences in repellence across all pairs of
concentration. All statistical analyses were performed
using STATA (ver. 14.1, StataCorp LP).

Threat-sensitive responses in a natural stream
(Experiments #2 and #3)

Study site

Responses of migrating sea lamprey to the alarm
cue were observed in the Ocqueoc River, a tributary
to Lake Huron in Michigan, USA (45°24'37.52" N,
84°2'54.05"W) from 31 May to 20 June 2012 (Exper-
iment #2) and 28 May to 7 July 2014 (Experiment
#3). The experimental reach was located upstream
of a barrier used to limit the distribution of the inva-
sive sea lamprey population in Lake Huron; thus, we
were only permitted to release females to prevent
reproduction above the barrier. An 8 m section of
the stream was divided into two equal-width chan-
nels with a temporary barrier (Fig. 2). Subjects were
acclimated to stream conditions in holding cages
placed at the lower end of the experimental reach.
Individual movement through the experimental reach
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Fig. 2 Schematic of the field site for Experiments #2 and #3.
Sea lamprey were released from two holding cages 100 m
downstream of the detection area. A set of four PIT anten-
nas tracked lampreys as they swam through the detection area
which was separated longitudinally into two equal-width chan-
nels by an 8 m block net. The alarm cue extract was pumped
one of the three locations, depending on the experiment (see
text for details.)

was monitored by placing four fixed PIT antennas
(two per side) 100 m upstream of the holding cages,
to monitor direction of movement and which side of
the channel each animal selected. Subjects released
into the stream were internally tagged with a passive-
integrated transponder (PIT) tag (32 mm, Oregon
RFID, Oregon, USA) by making a 3 mm lateral inci-
sion along the lower abdomen below the first dorsal
fin. After inserting the tag, the incision was sealed
with tissue adhesive (VetBond™ tissue adhesive, 3 M
Company). Temperature in the stream ranged from 12
to 24 °C in 2012 (Experiment #2) and 14 to 22 °C in
2014 (Experiment #3). Prior to each trial, discharge
at the site was estimated with a flow meter (Marsh-
McBirney Flow Mate 2000 or Hach H950, Hach
Company, Frederick, MD, USA) using the velocity-
area method (Gore 2006) and ranged from 1.1 to
24m?*s'in 2012 and in 1.1 to 2.2 m* s~ in 2014.

Experiment #2: Half-channel activation
During the half-channel trials, the alarm cue was
pumped into the stream along one streambank at four

increasing dilutions to achieve the following fully
mixed concentrations at the holding cages: 0 (solvent

@ Springer

control) 0.1, 0.2, and 1.0 pl L~!. The chosen dilutions
represented the range of demonstrated behavioral
reactivity in the lab. Twenty hours prior to the start
of a trial (approximately 02:00) 40 PIT tagged female
subjects were placed into two holding cages (20 per
cage) at the downstream end of the study site to accli-
matize the subjects to stream conditions. Each trial
lasted 3 h. At the start of a trial, the required amount
of extracted alarm cue was mixed with river water
in a 20 L Nalgene carboy to reach a final volume of
14 L. The alarm cue mixture was pumped into half
of the channel at a fixed rate of 75 ml min~! using
a laboratory grade peristaltic pump (MasterFlex
model 7533-20) beginning 15 min after sunset. An
equal volume solution of extraction solvent and river
water was pumped into the opposing half of the chan-
nel. The sides of the channel receiving the stimulus
and control odors were alternated across replicates
(N=4) within each treatment such that each treat-
ment received an equal number of trials (2) with the
stimulus applied on the right and left sides of the
channel. The holding cages were opened 15 min after
odor pumping began and the subjects were allowed to
exit volitionally. PIT antenna crossings were recorded
onto a PDA (Meazura, model MEZ1000) attached
to a four-antenna multiplexing PIT reader (Oregon
RFID) for three hours. Data were downloaded from
the reader at the conclusion of each trial. Sixteen tri-
als were completed (four per treatment) using 640
individual subjects.

We examined three attributes of upstream move-
ment: (1) the migration rate, defined as the propor-
tion of subjects moving upstream and detected at any
PIT antenna; (2) swim-up time, estimated as the time
from cage-opening to first detection at a PIT antenna
for each individual that moved upstream; and, (3)
channel selection, defined as the proportion choosing
the alarm cue activated half-channel as determined by
first passage through the right- or left-side PIT array
for each trial. We tested the predictions that migration
rate would decrease and individuals would increas-
ingly avoid the activated side of the channel (response
variables) with separate three-way analysis of vari-
ance (ANOVA) tests with alarm cue concentration
(factor), water temperature (continuous), and river
discharge (continuous) as fixed effects in the model.
Prior to analysis, the proportion data were arcsine
(square root) transformed and tested for normality
via Shapiro—Wilk’s test. The transformed values for
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migration rate (W =0.95, P=0.51) and channel selec-
tion (W=0.91, P=0.13) met the normality assump-
tion for ANOVA. Post-hoc pairwise Tukey’s HSD
tests (a=0.05) were performed on significant ANO-
VAs to determine significant differences between
alarm cue concentrations. Swim-up times were highly
left-skewed and failed normality tests after applying
standard transformations. Consequently, we tested the
prediction that swim-up time would become increas-
ingly later as alarm cue concentration increased with
a non-parametric Kruskal-Wallis equality-of-popula-
tions rank test, followed by a post-hoc pairwise rank-
means test to detect differences among cue concen-
trations using adjusted significance levels. Because
the Kruskal-Wallis test is one-way, effects of water
temperature and discharge covariates could not be
accounted for.

Experiment #3: Full-channel activation

In Experiment #3, we tested whether migrating
female sea lamprey would exhibit threat-sensitive
movement tendencies when the full channel was
activated with the alarm cue. Specifically, whether
(a) the tendency to move upstream (migration rate)
would diminish and/or (b) become later (swim-up
time) with increasingly higher alarm cue concen-
tration. Experimental procedures mirrored those
of Experiment #2 with exception of the alarm cue
introduction. During the trials, the alarm cue was
pumped into the center of the river 120 m upstream
of the PIT array, the distance necessary to ensure an
even bank-to-bank distribution of the odor at the PIT
array based on a preliminary dye study. Sixteen trials
were completed (four replicates per treatment) using
640 individual subjects. We tested the predictions
that migration rate would decrease and individual
swim-up times would slow with three-way analysis
of variance (ANOVA) tests with alarm cue concentra-
tion (factor), and water temperature (continuous) and
river discharge (continuous) included as fixed effects.
Prior to analysis, the proportion data were arcsine
(square root) transformed and tested for normality
via Shapiro—Wilk’s test. The transformed values for
migration rate (W =0.97, P=0.86) met the normality
assumption for ANOVA. Post-hoc pairwise Tukey’s
HSD tests (a=0.05) were performed on the migra-
tion rate ANOVA to detect any significant differences
between alarm cue dilutions. As with Experiment #2,

swim-up times were highly left-skewed and failed
normality tests after applying standard transforma-
tions. Consequently, we tested the prediction that
swim-up time would become increasingly later with
another non-parametric Kruskal-Wallis equality-of-
populations rank test, followed by a post-hoc pair-
wise test to detect significant differences among cue
concentrations. In both field experiments, all statisti-
cal analyses were performed with STATA ver. 14.1
(StataCorp LP). The post-hoc comparisons after the
Kruskal-Wallis tests were performed in STATA using
the KWALLIS2 module developed by H.M. Caci
(ver.1.1).

Olfactory organ sensitivity to alarm cue (Experiment
#4)

EOG setup and recordings followed previously estab-
lished procedures (Scott et al. 2019) to record the
adult sea lamprey olfactory organ sensitivity to sea
lamprey alarm cue. Briefly, a migratory-phase adult
sea lamprey was anesthetized with 3-aminobenzoic
acid ethyl ester (100 mg L~!, MS222, Sigma-Aldrich)
and immobilized with an injection of gallamine
triethiodide (30 mg kg~! of body weight, Sigma-
Aldrich). Gills were continuously irrigated with aer-
ated, anesthetic water (50 mg L~! MS222) throughout
the experiment. The olfactory lamellae were surgi-
cally exposed by removing the skin on the surface of
the olfactory capsule. The recording electrode was
placed on the surface of the olfactory epithelium
and the reference electrode on the external skin near
the naris. The differential EOG response magnitude
induced by exposure to the stimulus was recorded
using glass capillary borosilicate electrodes filled
with 0.4% agar in 0.9% saline and connected to solid
state electrodes with Ag/AgCl pellets (model ESP-
MI15N, Warner Instruments LLC) in 3 M potassium
chloride. Electrical signals were amplified (NeuroLog
system model NL102, Digitimer Ltd., Hertford-
shire, England, UK), filtered (low-pass 60 Hz, model
NL125, Digitimer Ltd.), digitized (Molecular Devices
LLC, Digidata 1440A, Sunnyvale, CA, USA), and
recorded on a computer running AxoScope 10.4 soft-
ware (Molecular Devices LLC).

On the day of experiment, an aliquot of whole sea
lamprey carcass alarm cue was diluted with filtered
water to yield 6 concentrations: 0.001, 0.01, 0.1, 1, 10,
and 100 ul L=!. A 1073 M stock solution of | -arginine
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in deionized water was prepared, stored at 4 °C, and
diluted with filtered water to yield a 107> M solution.
At the start of the recording session, a 107 M | -argi-
nine solution was introduced to the olfactory epithe-
lium for 4 s, and the response was recorded to correct
for variations in olfactory sensitivity among individu-
als. The olfactory epithelium was flushed with filtered
water for 2 min, the blank control was introduced, and
the response was recorded. Next, the alarm cue start-
ing at 0.001-100 pl L™ was applied in log,, incre-
ments, recorded, and flushed. The response to the
blank control and 10~> M | -arginine standard were
measured throughout each recording session. The
EOG response magnitudes were measured in mV. The
normalized EOG response was calculated as normal-
ized EOG amplitude = (Rt — Rb)-(Ra—Rb), where Rt
is the response magnitude to the test stimulus (alarm
cue), Rb is the response magnitude to the blank,
and Ra is the response magnitude to 10~ M , -argi-
nine. Responses were recorded on 7 migratory-phase
adult sea lamprey (4 males, 3 females). The olfactory
detection threshold of alarm cue, defined as the low-
est concentration in which the alarm cue elicited a
larger response than the blank, was evaluated with a
paired one tailed #-test with a Bonferroni adjustment
(x=0.025).

Results
Experiment #1: Threat sensitivity in the laboratory

Migratory-phase sea lamprey responded to increas-
ing concentration of alarm cue by reducing the
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amount of time spent on the side of the raceway acti-
vated by the cue (two-way ANOVA overall model,
Fs 99= 13.25, P<0.0001; alarm cue concentration
effect, Fy99= 16.03, P<0.0001). However, the source
of the cue (skin vs. whole carcass) had no effect on
the pattern of response to cue dilution (two-way
ANOVA, odor source effect, F|g9=2.13, P=0.15).
The pattern of increased avoidance in response to
concentrated alarm cue was confirmed in individual
one-way ANOVAs for both skin-derived (F, 5,=7.55,
P<0.0001) and carcass-derived (F,5,=10.67,
P <0.0001) cues (Fig. 3). In both cases, sea lamprey
were strongly repelled at the higher concentrations vs.
the control (1 and 10 pl L™! vs. 0, see Fig. 3 for full
Tukey’s HSD results). At these higher concentrations,
we observed sea lamprey quickly turning away from
the odor plume and proceeding to the lower end of
the experimental section of the raceway in an appar-
ent attempt to flee downstream. Once they encoun-
tered the block net they began to move back and
forth across the net, apparently seeking a clear path
of escape. No individuals were observed attempting
escape in the upstream direction.

Experiment #2: Threat-sensitivity in a natural stream
(half-channel activation)

The proportion of animals observed swimming
upstream during the 3 h trials was high (mean+ 1
se, 0.86+0.03, Fig. 4a), and consistent with previ-
ous experiments in this river in the absence of alarm
cue addition (e.g., Wagner et al. 2009). The addi-
tion of the alarm cue to one-half of the channel at
any concentration (vs. control) had no effect on the
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Fig. 4 a Mean proportion (1 se) of sea lamprey that swam
upstream and wew detected at the PIT array. Filled cir-
cles =Experiment #2 (half-channel), white boxes = Experiment
#3 (full-channel). b The proportion of upstream swimming
lampreys that were detected on the side of the channel acti-
vated with the alarm cue (Exp. #2) and the proportion on the
side of the channel activated with extraction solvent (Exp. #3).
The dashed line indicates the null expectation of equal propor-
tion on either side of the channel. Different letters indicate sta-
tistically significant different values per Turkey’s HSD (Exp.
#3). All other comparisons were non-significant

proportion of animals swimming upstream (ANOVA,
overall model Fs 14=2.13, P=0.14; alarm cue con-
centration effect F; |=1.14, P=0.38; Fig. 4a). Like-
wise, neither temperature (F, 4=1.14, P=0.38) nor
discharge (F; 1=1.14, P=0.38) elicited observable
effects. However, presence of the cue had a strong
effect on which side of the channel sea lamprey
chose when swimming upstream (ANOVA, overall
model Fs 4=21.75, P<0.0001; Fig. 4b). Neither
water temperature (F; ;4=0.00, P=0.98) nor river
discharge (F; 4=0.56, P=0.47) affected channel
selection. The alarm cue had a strong repellent effect
(Fs, 16=29.65, P<0.001), causing migrants to move
upstream along the side of the channel opposite to
the point of odor introduction. Post-hoc Tukey’s HSD
tests revealed an effect of alarm cue concentration on
repellence, distinguishing the two higher concentra-
tions (0.2 and 1.0 ul L™!) from the lowest concentra-
tion (0.1 pl L~!) and the solvent control. At the high

concentrations, 93.8% (0.2 ul L', 122 of 130 sub-
jects) and 99.2% (1.0 ul L%, 121 of 122 subjects) of
the migrants avoided the alarm cue while continuing
to move upstream.

Swim-up time differed across alarm cue con-
centrations  (Kruskal-Wallis, chi-square =202.03,
P<0.0001; Fig. 5a). The post-hoc rank-means test
revealed quick movement upstream during control
trials and when experiencing low alarm cue con-
centrations of 0.1 and 0.2 pl L™!, with evidence for
significantly faster upstream movement at 0.1 pul L™}
(Table 1). At the highest alarm cue concentration
(1.0 ul L), upstream movement was significantly
slower than all other concentrations. Median time of
arrival at the highest concentration (1.0 ul L™!) was
40.92 min post-release, a decrease of 305-676% vs.
other concentrations. Visual inspection of the rank
series within each concentration (the basis of the
Kruskal-Wallis test) suggests two patterns of interest
(Fig. 5b). First, there was little distinction in time of
arrival across the three lower concentrations for the
first 50% of animals that moved upstream, with some-
what later arriving individuals more common during
the control and 0.2 pl L~! treatments. Second, at the
highest concentration of alarm cue, animals arrived
consistently later (i.e., the earliest arriving individu-
als at high cue concentration were arriving later than
the earliest individuals at low concentrations or when
the cue was absent), suggesting the highest concen-
tration affected all individuals exposed. Similar to
the response in the lab, at the highest odor concentra-
tion several subjects per trial were observed exiting
the holding cage and quickly moving downstream in
an apparent attempt to avoid the area. These animals
later returned upstream.

Experiment #3: Threat-sensitivity in a natural stream
(full channel activation)

As in the half-channel experiment, the presence of
the alarm cue at any concentration (vs. control) had
no effect on the number of animals moving upstream
(ANOVA, overall model F5 4=1.06, P=0.44;
alarm cue concentration effect F; 4=0.44, P=0.72;
Fig. 4a). Neither water temperature (F; 4=3.20,
P=0.10) nor discharge (F, 1,=0.01, P=0.92) elic-
ited observable effects on the tendency to move
upstream. In contrast to the half-channel treatments,
there was no tendency to move on a preferred side of
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the channel when the alarm cue odor was distributed
bank-to-bank (ANOVA, overall model Fs 16=0.39,
P=0.84; alarm cue concentration effect F; ;5=0.49,
P=0.73; Fig. 4b). Differences in the swim-up time
across alarm cue concentrations were observed
(Kruskal-Wallis,  chi-square=15.97, P <0.001;
Fig. 5a). Post-hoc tests revealed a significantly later
time of arrival only for the highest concentration
(1.0 ul LY versus control (Table 1). Median time of
arrival at the highest concentration (1.0 pl L™") was
27.25 min post-release, an increase of 119-154% ver-
sus other concentrations. At the control and low con-
centrations, times of arrival appeared later during the
full-channel experiment (2014) versus the half-chan-
nel experiment (2012). There were differences in both
water temperature (warmer in 2012: °C, mean+1 se,
20.20+0.85 in 2012, 17.544+0.37 in 2014) and dis-
charge (wetter in 2012: m® s~!, 1.90+0.075 in 2012,
1.31+£0.075 in 2014) across years that may have be
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associated with the apparent difference (two-tailed
t-tests for unequal variance: temperature, t=—2.87,
P<0.001, df=21; discharge, t=-5.54, P<0.01,
df=30).

Experiment #4: Olfactory organ sensitivity to alarm
cue

Sea lamprey alarm cue elicited concentration-depend-
ent electrophysiological responses in adult sea lam-
prey olfactory epithelia (Fig. 6). Exposure to increas-
ing concentration of alarm cue induced increasingly
larger magnitude olfactory responses. The olfactory
organ was sensitive to alarm cue even at low concen-
trations given the detection threshold was determined
to be less than 0.001 ul L™ (one-tailed paired t-test,
t=-3.0278, P=0.0116, df=6).
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Discussion

Establishing how invasive animals perceive and
manage the threat of predation in nature is impor-
tant to understanding how invaders rapidly establish
and spread in unfamiliar environs. More broadly, it
lends greater understanding to how perceived pre-
dation risk drives the evolution of movement strate-
gies in prey. The results of this study illustrate how
an invasive fish that does not exhibit natal homing or
breeding site philopatry, and cannot defer reproduc-
tion to a later year, manages exposure to predation
risk by modulating behavioral responses to an alarm
cue during the spawning migration. The data suggest
that migrating sea lamprey exhibit pronounced threat-
sensitivity in space use, increasing their avoidance of
areas activated with a conspecific alarm cue as the
cue concentration increases. Although increasing the
concentration of the alarm cue did not similarly affect
the decision to move upstream in nature, sea lamprey
did exhibit stronger avoidance of the alarm cue (vs.
the laboratory trials), highlighting the importance
of ecological and experimental contexts, and spatial
scale, in the interpretation of antipredator behavior.

Threat-sensitive movement paths

Migratory sea lamprey exhibited threat-sensitive spa-
tial avoidance of the chemical alarm cue both in lab
and field environments. In the lab, extracts from skin
and whole carcass elicited similar patterns in the pro-
portional response. Though Bals and Wagner (2012)
demonstrated the cue’s presence in multiple tissues in
sea lamprey, these data suggest the cue may be princi-
pally aggregated in the skin as has been demonstrated
for other fishes (Chivers et al. 2007). In the field, the
spatial avoidance response at high concentrations was
stronger than in the lab, despite the fact that the fully-
mixed concentration experienced at the holding cages
in the natural setting was half that of the lab.

In nature, the antipredator response clearly
entailed increasingly avoiding the area of the chan-
nel activated with the cue as concentration increased,
in this case a simulated area of predation associated
with one river bank. We suspect the animal’s move-
ment was guided by persistent spatial information in
cue concentration. Specifically, the coupled longitu-
dinal and lateral gradients in cue concentration likely
allowed the animal to select upstream routes that

ensure reduced proximity to the threat. When seek-
ing an odor’s source, aquatic organisms frequently
employ odor-gated rheotaxis, whereby the animal
uses the edges of the odor plume to constrain lateral
movement to stay within the plume, coupled with
rheotaxis to move up-current to the source (Debose
and Nevitt 2008). Sea lamprey are thought to use
odor-gated rheotaxis when seeking attractive odors,
including pheromones (Johnson et al. 2012). How-
ever, unlike many odor-tracking animals, sea lamprey
have a single opening to the olfactory apparatus (i.e.,
a single sensor) and must move to assess spatial dis-
tributions in odor fields. Input from a single sensor
can modulate effective tracking of odor plumes, as
demonstrated in the nudibranch mollusk Tritonia dio-
medea, though that animal moves slowly relative to
fishes and may be able to detect the chemical gradient
via temporal averaging of the rhinophore’s activity
(McClullagh et al. 2014). When confronted with aver-
sive odor plumes, many organisms move in opposi-
tion to the odor plume (negative chemotaxis) or flow.
Such movements have been observed in Drosophila
that dynamically anti-track turbulent aversive plumes
(Wasserman et al. 2012; Gao et al. 2013). In the pre-
sent study, it is unlikely that sea lamprey employed
an aversive chemotaxis or rheotaxis in nature, as
downstream movements were rare and short-lived,
and increasing the concentration of the cue did
not appear to alter the animal’s decision to move
upstream (though timing was affected, see below). It
is also unlikely the animal maintained contact with
the edge of the plume as it moved upstream, as that
would ensure a close encounter with the source of
the odor, and possibly the predator. Rather, it appears
the animal may have moved to the opposite side of
the channel, though we could not assess whether the
movement path took it fully to the opposite bank. In
rivers, sea lamprey regularly move in close contact
with the substrate, and in proximity to the riverbank
(Holbrook et al. 2015). Such movement paths may
reduce the energetic cost of swimming, as the highest
velocities in streams are near the surface and center
of the channel, and provide easy access to stones for
attachment during resting phases, as well as daytime
refuge.
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Table 1 Results of the post-hoc Rank-Means (RM) test of the times of arrival at the PIT antennas during each field experiment

Half-channel experiment

Full-channel experiment

Conc RM diff Crit. value Unadj. P Conc RM diff Crit. value Unadj. P
0vs. 0.1 62.03 48.73 <0.001 0vs. 0.1 324 53.56 0.055
0vs. 0.2 13.34 50.67 0.244 0vs.0.2 46.47 53.56 0.011
0vs. 1.0 197.46 52.04 <0.001 Ovs. 1.0 76.98 51.74 <0.001
0.1vs.0.2 48.69 49.12 0.004 0.1vs.0.2 14.07 52.47 0.24
0.1vs. 1.0 259.49 50.54 <0.001 0.1vs. 1.0 44.58 50.61 0.01
0.2vs. 1.0 210.8 52.4 <0.001 0.2vs. 1.0 30.51 50.61 0.056

Conc. = concentrations being compared (ul L™'); RM Diff. =the reported RM difference; Crit. Value =the critical RM value for that
comparison. The unadjusted P value is reported. P values in bold indicate significantly different rank-means after adjustment for

multiple comparisons

Threat-insensitive movement propensity

Whether the odor plume was laterally distinct or dis-
persed in the river channel, increasing the concen-
tration of the alarm cue did not reduce the number
of animals that chose to move upstream. The deci-
sion to continue upstream movement in the pres-
ence of a predation risk cue may be reasonable given
the natural context of nocturnal migration in rivers.
Damage-released alarm cues are released principally
during predator attack (including handling and con-
sumption). Later, during defecation, the cue may be
released from the digestive system of the predator as
a diet-released alarm cue (Chivers and Mirza 2001;
Mirza and Chivers 2003). Regardless of route, once
liberated the odorant(s) become dilute via mixing
while flowing downstream, during which biochemical
breakdown may occur (Sih et al. 2000; Peacor 2006;
Wisenden et al. 2009). The result is a potentially
short-lived signal that pulses downstream, eventually
decoupling from the location of the attack. Several
important implications arise from this circumstance.
First, dilute cues may indicate distant risk, in space
and/or time. In the absence of lateral gradients in
cue strength, sea lamprey displayed weak behavio-
ral responses to low concentrations in both lab and
field, a circumstance recorded in other animal sys-
tems, including insects (Roux et al. 2014), amphib-
ians (Buskirk and Arioli 2002; Fraker 2008), rep-
tiles (Cisterne et al. 2014), and gastropods (Rochette
et al. 1997). It is important to note, however, that it
is problematic to judge what constitutes an ecologi-
cally relevant ‘weak’ signal as we are aware of no
studies that have attempted to quantify the amount
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of alarm cue released from a single predator attack,
and the chemical nature of fish alarm cues remains
largely unknown. The active time of chemical alarm
cues appears generally limited, with half-lives rang-
ing from 0.2 to 14.4 h when not coupled with preda-
tor odor (van Buskirk et al. 2014). Wisenden et al.
(2009) suggested a short half-life observed for some
fish alarm cues implicates proteins as the molecular
class. The sea lamprey cue may prove longer-lived;
the process of Soxhlet extraction is destructive, heat-
ing the tissue to>80 °C for several hours in the pre-
sent study, precluding the use of a protein. Despite
that extraction process, the cue was abundant in the
extract.

Although the decision to swim upstream was ulti-
mately unaffected by alarm cue concentration, there
was evidence for later arrival at the highest alarm cue
concentration. During the high-concentration trials,
we noticed a tendency in some animals to immedi-
ately exit the holding cage and move rapidly down-
stream, akin to the response of the laboratory ani-
mals when they encountered the plume when moving
across the raceway. We suspect this may have been
an artefact of suddenly exposing them to the odor
while confined during the acclimation period, which
may have simulated the timing of a predator attack.
At the highest concentration, the caged animal may
have perceived the attack to be nearby, if responses
are driven by graduated activity in the olfactory
receptor (Lastein et al. 2008). The difference in tim-
ing was less in the full-channel experiment, which
occurred two years later and during cooler, drier con-
ditions. However, there may be strong selective pres-
sure to respond to the cue by continuing upstream
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Fig. 6 Sea lamprey alarm cue elicited olfactory responses
measured with electro-olfactogram (EOG). a Mean normal-
ized EOG amplitude (+1 se) of adult sea lamprey exposed to
alarm cue (n="7). The response amplitude was blank-corrected
(vehicle) and normalized to the response amplitude of 10-5 M
L-arginine (L-ARG). Note the alarm cue corrections are plotted

movement, especially at higher concentrations and in
the presence of a lateral gradient in cue strength. By
progressing upstream immediately, the animal may be
more likely to accurately detect the location in which
the attacks are occurring (i.e., downstream displace-
ment of odor plume’s head has not occurred), and
the predator may be engaged with the current prey
item, reducing the likelihood of attack. Waiting to
move upstream until the odor is no longer detectable
reduces the information content of the system. Mov-
ing upstream quickly may also preserve the animal’s
ability to perform a chemical ‘predator inspection’.
Several fishes have demonstrated the ability to learn
the odors of novel predators when the predator’s odor
is combined with a conspecific alarm cue (Chivers
and Smith 1998; Lonnstedt et al. 2012). If lamprey
similarly can learn the identity of predators active
in the stream through which they are migrating, they
will be able to assess risk in the absence of the alarm
cue when moving further upstream. It is important to
note this animal is nocturnal. Nocturnal activity likely
reduces both the predator field (number of species)
and predation intensity in riverine systems, as many
piscivorous fishes are active feeders only during day-
light hours or crepuscular periods (Helfman 1986),
though there are notable exceptions (e.g., catfishes,
Pohlmann et al. 2001; Boulétreau et al. 2020). Fur-
ther, the timing of sea lamprey movements in rivers is
responsive to water temperature, generally increasing
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activity on nights experiencing warmer temperatures
(Applegate 1950; Binder and MacDonald 2008). Sea
lamprey swimming efficiency and burst-swimming
intensities are improved at the warmer temperatures
in the range observed in this study (Beamish 1974).
The animal may modulate its movement (day to day)
in partial response to the ability to burst-swim away
from predator cues when suddenly encountered.
During the field experiments, sea lamprey were
navigating through a semiochemical landscape typi-
cal of areas low in the spawning watershed. Lar-
val odor was present and dispersed (bank-to-bank),
indicating the presence of suitable spawning habitat
upstream, and likely stimulating upstream movement
towards that location. Over the two-year period of the
experiments it is probable the quantity of odor pro-
duced by the larvae increased with somatic growth,
and perhaps additional recruitment (Sorensen and
Vrieze 2003), leading to a more concentrated odor
during the second experiment. However, we observed
no apparent effects of the putatively greater lar-
val odor on either upstream movement, or the effect
of alarm cue application on upstream movement.
Unlike the alarm cue, migrating sea lamprey do not
exhibit strong responses to lateral differences in lar-
val odor intensity by moving through waters with the
greatest concentration (Wagner et al. 2009). They
do, however, respond strongly to lateral gradients
in odor detectability (presence/absence: Bjerselius
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et al. 2000; Wagner et al. 2006, 2009; Neeson et al.
2011), but only when the complete mixture of odor-
ants is present (Meckley et al. 2012). This is reason-
able, as the alarm cue is associated with a discrete
point in space, whereas the larval odor is associated
with a dispersed larval population. What might we
expect migrants to do when confronted with a colli-
sion of spatially explicit risk and opportunity infor-
mation? Specifically, at the confluence of two streams
where larval habitation is confined to one tributary,
and where predation on migrants is limited to that
same stream, causing the odors to overlap completely.
Here, selection of the tributary likely to support off-
spring and contain potential mates is also the risky
choice. We might expect a change in risk-manage-
ment currency to occur. Luhring et al. (2016) recently
demonstrated that when a whole river is activated
with the alarm cue, sea lamprey increase their ground
speed while continuing to move upstream. In effect,
when the odor was not spatially avoidable in the river,
the animals changed from a spatial currency (move-
ment path) to a temporal one (movement speed) to
minimize their exposure to predation risk. Because
the channel dimensions (depth, distance to shore) are
typically smaller high in the watershed, the animal’s
sense of its vulnerability should be greater, perhaps
leading to behavior that is more cautious.

Olfactory sensitivity to alarm cue

The sea lamprey olfactory system does indeed have
the ability to perceive the intensity (concentration)
of the odorants that compose the alarm cue. Using
electro-olfactogram recordings, we observed an expo-
nential relationship between alarm cue concentration
and electrophysiological response, which is a phe-
nomenon that has been previously documented in sea
lamprey for attractant pheromones (e.g., Siefkes and
Li 2004; Li et al. 2018). The EOG recordings con-
firmed the olfactory epithelium was sensitive to the
alarm cue concentrations used in laboratory and field
behavioral experiments (0.1-1.0 ul L™'). The olfac-
tory response detection threshold to alarm cue was
two orders of magnitude lower than the lowest con-
centration applied in behavioral experiments, sug-
gesting that the compounds composing the alarm cue
are potent odorants. The normalized EOG responses
of migratory-phase males and females exposed to
conspecific alarm cue were comparable; however,
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this does not preclude the possibility that behavioral
responses to alarm cue may differ between sexes or
life stages due to differences in signal integration and
processing in the brain. As Bals and Wagner (2012)
observed, female sea lamprey cease responding to the
alarm cue after maturation, whereas males continue
to avoid the odor in laboratory settings. EOGs meas-
ure the activity in the peripheral olfactory organ after
odor stimulation, but they do not provide information
about the central processing of the chemosensory cue
that mediate behavioral responses. Both sexes con-
ceivably benefit from the ability to detect predation
risk via alarm cue and subsequently modulate their
behavioral responses.

The neurobiological and sensory mechanisms
that regulate the expression of threat-sensitive alarm
responses in fishes remain largely unresolved, though
evidence is available from a few cases (Dgving and
Lastein 2009; Wisenden 2015). Olfactory sensory
neurons in teleost fishes exhibit three polymorphisms
(Hamdani and Dgving 2007), an arrangement mir-
rored in lampreys (Laframboise et al. 2007). Cili-
ated olfactory sensory neurons have been associated
with the alarm response in the olfactory epithelium
of fathead minnows (Pimephales promelas) and yel-
low perch (Perca flavescens) (Dew et al. 2014), and
Crucian carp (Carassius carassius, Hamdani and
Dgving 2003). In carp, the conspecific alarm odor
induces activity in the medial region of the olfac-
tory bulb in proportion to the concentration of the
extracted skin odor (Hamdani and Dgving 2003),
with diminishing activity in response to skin odors
from more distant heterospecifics (Lastein et al.
2008). Reduced behavioral response to the alarm cue
of heterospecifics is frequently observed, suggesting
ciliated olfactory neurons are specifically tuned to the
odor of conspecifics, but overlap in the set of odor-
ants occurs in related species, at least at the family
level (Brown et al. 2010; Junior et al. 2010; Lastein
et al. 2012; Mirza and Chivers 2001; Mitchell et al.
2012). This pattern also occurs in sea lamprey (Hume
and Wagner 2018). Thus, mixtures of odorants have
been implicated as the explanation for the differential
intensity of conspecific vs. heterospecific responses
(Mensch et al. 2022). Because experiments typically
use extracted odors, we do not yet know if threat-
sensitivity arises from reduced activity in the sen-
sory neurons for all of the molecules in the mixture
(the concentration effect), or if the animal detects a
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reduced set of odorants at low concentration due to
one or more of the molecules being diluted to below
the detection threshold (the detection effect). In the
latter case, the subordinate compounds in the mixture
must either be produced at a lower rate, break down at
a more rapid rate, or have fewer receptors on sensory
neurons that complement the particular compound.
Interestingly, differing detection thresholds across the
compounds in a mixture would also allow the animal
to estimate its proximity to the threat in time or space
by comparing the relative activity across sensory neu-
rons tuned to different compounds vs. their absolute
activities.

Implications for the sea lamprey invasion of the Great
Lakes

Sea lamprey rapidly and extensively invaded the
upper Great Lakes after barriers to dispersal were
removed (Eshenroder 2014; Hansen et al. 2016).
Two features of their response to alarm cue may have
contributed to their remarkable success. First, four
species of lamprey native to the Great Lakes basin
release alarm cues that elicit avoidance responses
from sea lamprey (Hume and Wagner 2018). Second,
Luhring et al. (2016) observed increased migration
into a river when it was activated with sea lamprey
alarm cue, postulating it indicated that other migrants
(potential mates) were also selecting that watershed.
Given how effectively sea lamprey both perceived
relative risk via alarm cue, and navigated around the
source of that risk (present study), alarm cues from
native lamprey may have facilitated both predator
avoidance and the location of suitable spawning habi-
tat during the establishment phase of the invasion.
The regularity of these behavioral responses may
also contribute to the creation of effective behavio-
ral manipulation practices to achieve control. Recent
field studies demonstrate that application of alarm cue
to one half of a river channel, simulating shoreline
attacks, will effectively guide migrating sea lamprey
toward traps placed in association with the opposite
bank (Hume et al. 2015, 2020a). A similar manipu-
lation is being developed to create a selective fish
passage device that would prevent sea lamprey from
moving through fishways, facilitating reconnection of
Great Lakes streams to the lakes (Hume et al. 2020b;
Zielinski et al. 2020). Each of these manipulations are
more likely to be successful when performed during

the spawning migration, as the final stages of sexual
maturation eliminates the alarm response in female
sea lamprey (Bals and Wagner 2012).

Conclusion

Establishing how invasive animals perceive and man-
age the threat of predation in nature is important to
understanding why certain species rapidly establish
and spread in unfamiliar environs where others do
not. More broadly, it lends greater understanding to
how perceived predation risk drives the evolution
of movement strategies in prey. During the sea lam-
prey’s terminal reproductive migration, it appears
the alarm cue strongly affects decisions regarding
how to move, but not decisions regarding whether
to move, and these decisions are in direct response
to varying signal output from the olfactory organ.
Through the lens of foraging-vigilance trade-offs,
movement in response to encounter with an alarm
cue has generally been associated with risky behav-
ior in fishes, as the predator may become alerted to
the prey’s presence and position, increasing the like-
lihood of attack. However, flowing water imposes a
useful spatial structure on odor plumes, and migrating
animals may use this structure to discern and avoid
relatively risky areas through sensory and behavio-
ral mechanisms typically associated with navigation
and cognition. Thus, the utility of movement in the
presence of chemically perceived predation risk is a
function of both the task (migration vs. foraging) and
the circumstance (spatial scale, fluid dynamics). Ulti-
mately, we must begin to experimentally manipulate
combinations of odors, and cues received on other
sensory modalities, to map how animals evaluate
both the presence of risk (via cues), and vulnerabil-
ity to that risk (aka safety, perhaps related to spatial
arrangements of information, habitat, and social ele-
ments), in light of internal drivers of risk tolerance
(e.g., residual energy stores). Such studies will afford
us better opportunities to investigate and model the
impact of perceived predation risk on the evolution of
decision-making strategies in the complex natural cir-
cumstances that are typically excised from laboratory
investigations. Sea lamprey may prove a particularly
useful model for such studies.

@ Springer



3098

C. M. Wagner et al.

Acknowledgements Access to laboratory raceways and test
subjects was generously provided by the Hammond Bay Bio-
logical Station (U.S. Geological Survey) and the U.S. Fish
and Wildlife Service. We are thankful for laboratory and field
assistance provided by Skye Fissette, Carrie Baker (née Kozel),
Thomas Luhring, Trevor Meckley, Amanda Pomranke, Sarah
Ptasznik, and Nick Snowgold.

Author contributions All authors contributed to study
design and completion. The manuscript was principally com-
piled and written by CMW with significant contributions and
revisions from each co-author. CMW designed Experiments
#1-3, with contributions from JDB and GFB. JDB executed
and analyzed Experiments #1-2. GFB executed and analyzed
Experiment #3. AMS and MEF designed, analyzed, and inter-
preted the electro-olfactogram study (Experiment #4).

Funding Financial support for the work reported here was
provided by the Great Lakes Fishery Commission Sea Lamprey
Research Program.

Declarations

Conflict of interest The authors have no relevant financial or
non-financial interests to disclose.

Data availability All analyses are reproducible with the data
provided in “Appendix 1” in the supplementary materials.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

Applegate VC (1950) Natural history of the sea lamprey in
Michigan. U.S. fish and wildlife service special scientific
report. Fisheries 50:1-237

Bals JD, Wagner CM (2012) Behavioral responses of sea
lamprey (Petromyzon marinus) to a putative alarm cue
derived from conspecific and heterospecific sources.
Behav 149:901-923

Batabyal A, Gosavi SM, Gramapurohit NP (2014) Determining
sensitive stages for learning to detect predators in larval
bronzed frogs: Importance of alarm cues in learning. J
Biosci 39:701-710

@ Springer

Beamish FWH (1974) Swimming performance of adult sea
lamprey, Petromyzon marinus, in relation to weight and
temperature. Trans Am Fish Soc 103:355-358

Binder TR, McDonald DG (2008) The role of temperature
in controlling diel activity in upstream migrant sea lam-
preys (Petromyzon marinus). Can J Fish Aquatic Sci
65:1113-1121

Bjerselius R, Li W, Teeter JH, Seelye JG, Johnsen PB, Maniak
PJ, Grant GC, Polkinghorne CN, Sorensen PW (2000)
Direct behavioral evidence that unique bile acids released
by larval sea lamprey (Petromyzon marinus) function as a
migratory pheromone. Can J Fish Aquatic Sci 57:557-569

Boulétreau S, Carry L, Meyer E, Filloux D, Menchi O, Mataix
V, Santoul F (2020) High predation of native sea lamprey
during spawning migration. Sci Rep 10:6122

Brown GE, Rive AC, Ferrari MCO, Chivers DP (2006) The
dynamic nature of antipredator behavior: prey fish inte-
grate threat-sensitive antipredator responses within back-
ground levels of predation risk. Behav Ecol Sociobiol
61:9-16

Brown GE, Elvidge CK, Macnaughton CJ, Ramnarine I, Godin
J-GJ (2010) Cross-population responses to conspecific
chemical alarm cues in wild Trinidadian guppies, Poecilia
reticulata: evidence for local conservation of cue produc-
tion. Can J Zool 88:139-147

Brown GE, Ferrari MCO, Elvidge IR, Chivers DP (2013) Phe-
notypically plastic neophobia: a response to variable pre-
dation risk. Proc Roy Soc B 280:20122712

Burnard D, Gozlan RE, Griffiths SW (2008) The role of phero-
mones in freshwater fishes. J Fish Biol 73:1-16

Carlsson NOL, Sarnelle O, Strayer DL (2009) Native predators
and exotic prey—an acquired taste? Front Ecol Environ
7:525-532

Carthey AJR, Banks PB (2014) Naiveté in novel ecological
interactions: lessons from theory and experimental evi-
dence. Biol Rev 89:932-949

Carthey AJR, Blumstein DT (2018) Predicting predator recog-
nition in a changing world. TREE 33:106-115

Chivers DP, Mirza RS (2001) Predator diet cues and the assess-
ment of predation risk by aquatic vertebrates: a review
and prospectus. In: Marchlewska-Koj A, Lepri JJ, Miiller-
Schwarze D (eds) Chemical signals in vertebrates, vol 9.
Plenum Press, New York, pp 277-284

Chivers DP, Smith RJF (1998) Chemical alarm signaling in
aquatic predator—prey systems: a review and prospectus.
EcoSci 5:338-352

Chivers DP, Wisenden BD, Hindman CJ, Mkchalak TA, Kusch
RC, Kaminsky SGW, Jack KL, Ferrari MCO, Pollock
RJ, Halbgewachs CF, Pollock MS, Alemadi S, James JT,
Savaloja RK, Goater CP, Corwin A, Mirza RS, Kiesecker
JM, Brown GE, Adrian JC Jr, Krone PH, Blaustein AR,
Mathis A (2007) Epidermal ‘alarm substance’ cells
of fishes maintained by non-alarm functions: possible
defence against pathogens, parasites and UVB radiation.
Proc Roy Soc B 274:2611-2619

Cisterne A, Vanderduys EP, Pike DA, Schwarzkopf L (2014)
Wary invaders and clever natives: sympatric house geckos
show disparate responses to predator scent. Behav Ecol
25:604-611


http://creativecommons.org/licenses/by/4.0/

Olfactory sensitivity and threat-sensitive responses to alarm cue in an invasive fish 3099

Dalesman S, Rundle SD, Cotton PA (2007) Predator regime
influences innate anti-predator behaviour in the freshwater
gastropod Lymnaea stagnalis. Freshw Biol 52:2134-2140

Dall SRX, Giraldeau LA, Olsson O, McNamara JM, Stephens
DW (2005) Information and its use by animals in evolu-
tionary ecology. TREE 20:188-193

Danchin E, Giraldeau LA, Valone TJ, Wagner RH (2004) Pub-
lic information: from nosy neighbors to cultural evolution.
Science 305:487-491

Debose JL, Nevitt GA (2008) The use of odors at different
spatial scales: comparing birds with fish. ] Chem Ecol
34:867-881

deRiviera CE, Ruiz GM, Hines AH, Jivoff P (2005) Biotic
resistance to invasion: native predator limits abun-
dance and distribution of an introduced crab. Ecology
86:3364-3376

Dew WA, Azizishirazi A, Pyle GG (2014) Contaminant-spe-
cific targeting of olfactory sensory neuron classes: con-
necting neuron class impairment with behavioral defi-
cits. Chemosphere 112:519-525

Dgving KB, Lastein S (2009) The alarm reaction in fishes—
odorants, modulations of responses, neural pathways.
Annals NY Acad Sci 1170:413-423

Eshenroder RL (2014) The role of the Champlain canal and
Erie canal as putative corridors for colonization of Lake
Champlain and Lake Ontario by sea lampreys. Trans
Am Fish Soc 143:634-649

Ferrari MCO, Brown GE, Messier F, Chivers DP (2009)
Threat-sensitive generalization of predator recog-
nition by larval amphibians. Behav Ecol Sociobiol
63:1369-1375

Fraker ME (2008) The dynamics of predation risk assessment:
responses of anuran larvae to chemical cues of predators. J
Anim Ecol 77:638-645

Gao XJ, Potter CJ, Gohl DM, Silies M, Katsov AY, Clandinin
TR, Luo L (2013) Specific kinematics and motor-related
neurons for aversive chemotaxis in Drosophila. Curr Biol
23:1163-1172

Gonzalo A, Lopez P, Martin J (2007) Iberian green frog tad-
poles may learn to recognize novel predators from chemi-
cal alarm cues of conspecifics. Anim Behav 74:447-453

Greggor AL, Berger-Tal O, Blumstein DT (2020) The rules
of attraction: the necessary role of animal cognition in
explaining conservation failures and successes. Ann Rev
Ecol Evol Syst 51:483-503

Gauttal V, Couzin ID (2011) Leadership, collective motion and
the evolution of migratory strategies. Commun Integr Biol
4:294-298

Hamdani EH, Dgving KB (2003) Sensitivity and selectivity of
neurons in the medial region of the olfactory bulb to skin
extract from conspecifics in Crucian carp, Carassius car-
assius. Chem Sens 28:181-189

Hamdani EH, Dgving KB (2007) The functional organization
of the fish olfactory system. Prog Neurobiol 82:80-86

Hansen MJ, Madenjian CP, Slade JW, Steeves TB, Almeida
PR, Quintella BR (2016) Population ecology of the sea
lamprey (Petromyzon marinus) as an invasive species in
the Laurentian Great Lakes and an imperiled species in
Europe. Rev Fish Biol Fisheries 26:509-535

Hazlett BA, McLay C (2005) Responses of the crab Het-
erozius rotundifrons to heterospecific chemical alarm

cues: phylogeny vs. ecological overlap. J Chem Ecol
31:671-677

Helfman GS (1986) Fish behavior by day, night and twi-
light. In: Pitcher TJ (ed) The behaviour of teleost fishes.
Springer, New York, pp 366-387

Helfman GS (1989) Threat-sensitive predator avoidance in
damselfish—trumpetfish interactions. Behav Ecol Socio-
biol 24:47-58

Helfman GS, Winkelman DL (1997) Threat sensitivity in
bicolor damselfish: effects of sociality and body size.
Ethology 103:369-383

Holbrook CM, Bergstedt R, Adams NS, Hatton TW, McLaugh-
lin RL (2015) Fine-scale pathways used by adult sea lam-
preys during riverine spawning migrations. Trans Am
Fish Soc 144:549-562

Hume JB, Wagner CM (2018) A death in the family: sea lam-
prey (Petromyzon marinus) avoidance of confamilial
alarm cues diminishes with phylogenetic distance. Ecol
Evol 8:3751-3762

Hume JB, Meckley TD, Johnson NS, Luhring TM, Siefkes MJ,
Wagner CM (2015) The application of an alarm cue in a
push-pull configuration hastens arrival of invasive sea
lamprey (Petromyzon marinus) at a trapping location. Can
J Fish Aquat Sci 72:1799-1806

Hume JB, Luhring TM, Wagner CM (2020a) Push, pull, or
push-pull? A predation cue better guides migrating sea
lamprey towards capture devices than a mating pheromone
during the reproductive migration. Biol Inv 22:2129-2142

Hume JB, Lucas MC, Reinhardt U, Hrodey PJ, Wagner CM
(2020b) Sea lamprey (Petromyzon marinus) transit of
a ramp equipped with studded substrate: implications
for fish passage and invasive species control. Ecol Eng
155:105957

Imre I, Di Rocco RT, Belanger CF, Brown GE, Johnson NS
(2014) The behavioral response of adult Petromyzon mari-
nus to damage-released alarm and predator cues. J Fish
Biol 84:1490-1502

Ituarte RB, Nuifiez JD, Spivak ED, Bas CC (2022) Innate
responses to con- and heterospecific alarm chemicals in
juveniles of a freshwater shrimp. J Zool 318:104-113

Johnson NS, Muhammad A, Thompson H, Choi J, Li W (2012)
Sea lamprey orient toward a source of synthesized pher-
omone using odor-conditioned rheotaxis. Behav Ecol
Sociobiol 66:1557-1567

Janior AB, Magalhaes EJ, Hoffmann A, Ide LM (2010) Con-
specific and heterospecific alarm substance induces
behavioral responses in piau fish Leporinus piau. Acta
Ethologica 13:119-126

Laframboise AJ, Ren X, Chang S, Dubuc R, Zielinski BS
(2007) Olfactory sensory neurons in the sea lamprey dis-
play polymorphisms. Neurosci Let 414:277-281

Lastein S, Hamdani EH, Dgving KB (2008) Single unit
responses to skin odorants from conspecifics and hetero-
specifics in the olfactory bulb of Crucian carp Carassius
carassius. J Exp Biol 211:3529-3535

Lastein S, Stabell OB, Larsen HK, Hamdani EH, Dgving KB
(2012) Behaviour and neural responses in crucian carp to
skin odors from cross-order species. Behav 149:925-939

Leduc AOHC, Roh E, Breau C, Brown GE (2007) Learned rec-
ognition of a novel odor by wild juvenile Atlantic salmon,

@ Springer



3100

C. M. Wagner et al.

Salmo salar, under fully natural conditions. Anim Behav
73:471-477

Li K, Brant CO, Huertas M, Hessler EJ, Mezei G, Scott AM,
Hoye TR (2018) Fatty-acid derivative acts as a sea lam-
prey migratory pheromone. Proc Nat Acad Sci (USA)
115:8603-8608

Lonnstedt OM, McCormick MI, Meekan MG, Ferrari MCO,
Chivers DP (2012) Learn and live: predator experience
and feeding history determines prey behavior and sur-
vival. Proc Roy Soc B 279:2091-2098

Luhring TM, Meckley TD, Johnson NS, Siefkes MJ, Hume
JB, Wagner CM (2016) A semelparous fish contin-
ues upstream migration when exposed to alarm cue,
but adjusts movement speed and timing. Anim Behav
121:41-51

Magrath RD, Haff TM, Fallow PM, Randford AN (2015)
Eavesdropping on heterospecific alarm calls: from mecha-
nisms to consequences. Biol Rev 90:560-586

Mathis A, Vincent F (2000) Differential use of visual and
chemical cues in predator recognition and threat-sen-
sitive predator-avoidance responses by larval newts
(Notophthalmus viridescens). Can J Zool 78:1646-1652

Mathot KJ, Wright J, Kempenaers B, Dingemanse NJ (2012)
Adaptive strategies for managing uncertainty may
explain personality-related differences in behavioral
plasticity. Oikos 121:1009-1020

McCullagh GB, Bishop CD, Wyeth RC (2014) One rhino-
phore probably provides sufficient sensory input for
odor-based navigation by the nudibranch mollusk 7rito-
nia diomedea. J Exper Biol 217:4149-4158

Meckley TD, Wagner CM, Luehring MA (2012) Field evalu-
ation of larval odor and mixtures of synthetic phero-
mone components for attracting migrating sea lampreys
in rivers. J Chem Ecol 38:1062-1069

Mensch EL, Dissanayake AA, Nair GN, Wagner CM (2022)
Sea lamprey alarm cue comprises water- and chloro-
form-soluble components. J] Chem Ecol 48:704-717

Mirza RS, Chivers DP (2001) Are chemical cues conserved
within salmonid fishes? J Chem Ecol 27:1641-1655

Mirza RS, Chivers DP (2003) Response of juvenile rainbow
trout to varying concentrations of chemical alarm cue:
response thresholds and survival during encounters with
predators. Can J Zool 81:88-95

Mitchell MD, McCormick MI, Ferrari MCO, Chivers DP
(2011) Coral reef fish rapidly learn to identify multiple
unknown predators upon recruitment to the reef. PLoS
ONE 6:e15764

Mitchell MD, Cowman PF, McCormick MI (2012) Chemical
alarm cues are conserved within the coral reef fish fam-
ily Pomacentridae. PLoS ONE 7:e47428

Neeson TM, Wiley MJ, Adlerstein SA, Riolo RL (2011)
River network structure shapes interannual feedbacks
between adult sea lamprey migration and larval habita-
tion. Ecol Model 222:3182-3193

Peacor SD (2006) Behavioural response of bullfrog tadpoles
to chemical cues of predation risk are affected by cue
age and water source. Hydrobiol 593:39-44

Pecor KW, Deering CM, Firnberg MT, Pastino AK, Wolf-
son SJ (2010) The use of conspecific and heterospecific
alarm cues by virile crayfish (Orconectes virilis) from
an exotic population. Mar FW Behav Phys 43:37-44

@ Springer

Penk M, Saul WC, Dick JTA, Donohue I, Alexander ME,
Linzmaier S, Jeschke JM (2017) A trophic interaction
framework for identifying the invasive capacity of novel
organisms. Methods Ecol Evol 8:1786-1794

Pohlmann K, Grasso FW, Breithaupt T (2001) Tracking
wakes: the nocturnal predatory strategy of piscivorous
catfish. Proc Nat Acad Sci (USA) 98:7371-7374

Rochette R, Dilll LM, Himmelman JH (1997) A field test of
threat sensitivity in a marine gastropod. Anim Behav
54:1053-1062

Roux O, Diabaté A, Simard F (2014) Divergence in threat
sensitivity among aquatic larvae of cryptic mosquito
species. J Anim Ecol 83:702-711

Saul WC, Jeschke JM (2015) Eco-evolutionary experience in
novel species interactions. Ecol Lett 18:236-245

Saul WC, Jeschke JM, Heger T (2013) The role of eco-
evolutionary experience in invasion success. NeoBiota
17:57-74

Schoeppner NM, Relyea RA (2009) When should prey respond
to consumed heterospecifics? Testing hypotheses of per-
ceived risk. Copeia 2009:190-194

Scott AM, Zhang Z, Jia L, Li K, Zhang Q, Dexheimer T, Ells-
worth E, Ren J, Chung-Davidson Y-W, Zu Y, Neubig RR,
Li W (2019) Spermine in semen of male sea lamprey acts
as a sex pheromone. PLoS Biol 17:¢3000332

Sietkes MJ, Li W (2004) Electrophysiological evidence for
detection and discrimination of pheromonal bile acids by
the olfactory epithelium of female sea lampreys (Petromy-
zon marinus). J Comp Phys A 190:193-199

Sih A, Ziemba R, Harding KC (2000) New insights on how
temporal variation in predation risk shapes prey behavior.
TREE 15:3-+4

Sorensen PW, Vrieze LA (2003) The chemical ecology and
potential application of the sea lamprey migratory phero-
mone. J Great Lakes Res 29:66-84

Sorensen PW, Fine JM, Dvornikovs V, Jeffrey CS, Shao JF,
Wang JZ, Vrieze LA, Anderson KA, Hoye TR (2005)
Mixture of new sulfated steroids functions as a migra-
tory pheromone in the sea lamprey. Nature Chem Biol
1:324-328

Teeter J (1980) Pheromone communication in sea lampreys
(Petromyzon marinus): implications for population man-
agement. Can J Fish Aquat Sci 37:2123-2132

van Buskirk JV, Arioli M (2002) Dosage response of an
induced defense: how sensitive are tadpoles to predation
risk? Ecology 83:1580-1585

van Buskirk JV, Ferrari MCO, Kueng D, Nipflin K, Ritter N
(2011) Prey risk assessment depends on conspecific den-
sity. Oikos 120:1235-1239

van Buskirk JV, Kriigel A, Kunz J, Miss F, Stamm A (2014)
The rate of degradation of chemical cues indicating preda-
tion: an experiment and review. Ethol 120:942-949

Vrieze LA, Bjerselius R, Sorensen PW (2010) Importance of
the olfactory sense to migratory sea lampreys Petromyzon
marinus seeking riverine spawning habitat. J Fish Biol
76:949-964

Wagner CM, Jones ML, Twohey MB, Sorensen PW (2006) A
field test verifies that pheromones can be useful for sea
lamprey (Petromyzon marinus) control in the Great Lakes.
Can J Fish Aquat Sci 63:475-479



Olfactory sensitivity and threat-sensitive responses to alarm cue in an invasive fish 3101

Wagner CM, Twohey MB, Fine JM (2009) Conspecific cueing
in the sea lamprey: Do reproductive migrations consist-
ently follow the most intense larval odor? Anim Behav
78:593-599

Wagner CM, Stroud EM, Meckley TD (2011) A deathly odor
suggests a new sustainable tool for controlling a costly
invasive species. Can J Fish Aquat Sci 68:1157-1160

Wasserman S, Lu P, Aptekar JW, Frye MA (2012) Flies
dynamically anti-track, rather than ballistically escape,
aversive odor during flight. J Exp Biol 215:2833-2840

Webster MM, Laland KN (2008) Social learning strate-
gies and predation risk: minnows copy only when using
private information would be costly. Proc Roy Soc B
275:2869-2876

Wisenden BD (2000) Olfactory assessment of predation
risk in the aquatic environment. Phil Trans Roy Soc B
355:1205-1208

Wisenden BD (2015) Chemical cues that indicate risk of
predation. In: Sorensen PW, Wisenden BW (eds) Fish
pheromones and related cues. Wiley Blackwell, Iowa, pp
131-148

Wisenden BD, Rugg ML, Fuselier KNL, LC (2009) Lab and
field estimates of active time of chemical alarm cues
of a cyprinid fish and an amphipod crustacean. Behav
146:1423-1442

Wisenden BD, Binstock CL, Knoll KE, Linke AD, Demuth BS
(2010) Risk-sensitive information gathering by cyprinids
following release of chemical alarm cues. Anim Behav
79:1101-1107

Zielinski DP, McLaughlin RL, Pratt TC, Goodwin RA, Muir
AM (2020) Single-stream recycling inspires selective
fish passage solutions for the connectivity conundrum in
aquatic ecosystems. BioSci 70:871-886

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

@ Springer



	Olfactory sensitivity and threat-sensitive responses to alarm cue in an invasive fish
	Abstract 
	Introduction
	Materials and methods
	Test subjects
	Alarm cue preparation
	Threat-sensitive responses in a laboratory raceway (Experiment #1)
	Apparatus
	Experimental protocol
	Data analysis

	Threat-sensitive responses in a natural stream (Experiments #2 and #3)
	Study site
	Experiment #2: Half-channel activation
	Experiment #3: Full-channel activation

	Olfactory organ sensitivity to alarm cue (Experiment #4)

	Results
	Experiment #1: Threat sensitivity in the laboratory
	Experiment #2: Threat-sensitivity in a natural stream (half-channel activation)
	Experiment #3: Threat-sensitivity in a natural stream (full channel activation)
	Experiment #4: Olfactory organ sensitivity to alarm cue

	Discussion
	Threat-sensitive movement paths
	Threat-insensitive movement propensity
	Olfactory sensitivity to alarm cue
	Implications for the sea lamprey invasion of the Great Lakes

	Conclusion
	Acknowledgements 
	Anchor 28
	References




