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ABSTRACT
SUBLETHAL IMMUNE, ENDOCRINE, AND BIOENERGETICS RESPONSES TO SEA

LAMPREY PARASITISM IN TWO LAKE TROUT MORPHOTYPES FROM LAKE
SUPERIOR

By
Sara Elizabeth Smith

Sea lamprey (Petromyzon marinus) are an invasive species in the Great Lakes and have
caused extensive mortality to native lake trout (Salvelinus namaycush). Past research has focused
primarily on the lethal effects of parasitism and very little is known about the sublethal effects.
This study examined lake trout response to sublethal sea lamprey parasitism by measuring
parameters related to immune modulation, endocrine disruption, and bioenergetics changes
(growth and reproduction). I also compared two Lake Superior lake trout morphotypes (lean and
siscowet) to determine how life history influences parasitism responses. Leans and siscowets are
partially bathymetrically isolated in Lake Superior and have genetically-based morphological
differences, including higher muscle lipid concentrations in siscowets. On both morphotypes, I
measured immediate responses to sea lamprey attacks through a laboratory experiment and long-
term, cumulative effects through Lake Superior field studies. Sublethal sea lamprey parasitism
was associated with endocrine disruption (suppressed plasma testosterone and pituitary follicle-
stimulating hormone [FSH]) in the lean and siscowet morphotypes. Parasitized siscowets showed
indications of immune-related modulation (hepatosomatic index increase with parasitism
duration and differential regulation of immune-related genes) as an immediate response to
parasitism and a trend towards decreased muscle lipid concentrations in wild populations. These
results support the hypothesis that sea lamprey parasitism affects immune, endocrine, and

bioenergetics related parameters, and that parasitism response is influenced by life history.
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INTRODUCTION

Since the invasion of the sea lamprey (Petromyzon marinus) into the Great Lakes Basin
there has been much research into the impacts of parasitic sea lamprey on native Great Lakes
species. The Welland Canal construction in the late 1800’s allowed sea lamprey access to Lake
Erie and by the 1950’s sea lamprey had established themselves throughout the Great Lakes
(Dymond 1922; Smith and Tibbles 1980; Sullivan et al. 2003). Sea lamprey are external parasites
which feed on host tissue fluids and often Kill hosts after a parasitic event. Sea lamprey parasitize
a variety of Great Lakes species, including native lake trout (Salvelinus namaycush). It is thought
that sea lamprey parasitism, combined with over-harvesting, contributed to the decline of self-
sustaining, naturally reproducing lake trout in the Upper Great Lakes (Coble et al. 1990;
Eshenroder 1992; Jensen 1994).

Past research on interactions between sea lamprey and lake trout has focused primarily on
the lethal effects. Sea lamprey scars on surviving hosts are used to estimate parasitism mortality
(Bence et al. 2003). These mortality estimates are incorporated into lake trout population models
and are used to establish an optimal level of sea lamprey control (Sitar et al. 1999; Bence et al.
2003; Irwin et al. 2012). However, not all lake trout are killed by a sea lamprey attack. In fact, it
is estimated that 45 to 75 percent of lake trout survive a parasitism event (Swink 2003;
Madenjian et al. 2008). Little is known about these parasitism survivors and, due to a lack of
research suggesting otherwise, they are assumed to grow and reproduce the same as non-
wounded lake trout do, and are modeled as such.

The purpose of this thesis was to identify and quantify sublethal lake trout response to sea
lamprey parasitism. For my first research objective | evaluated responses to parasitism on lake
trout immediately following a parasitism event and after the sea lamprey wound had healed.

Results from this study will identify which physiological systems are most affected by a sea
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lamprey attack. This will aid evaluation of the full impact of sea lamprey parasitism on lake trout
beyond the lethal effects, provide connections to population-level responses, and give direction
for future research. As a second research objective | compared responses to sublethal sea
lamprey parasitism between two morphotypes of Lake Superior lake trout—the lean and
siscowet—to determine whether life history influences lake trout reaction to parasitism.
Objective 1: Evaluate immune, endocrine, and bioenergetics responses to sea lamprey
parasitism

| predicted that parasitized lake trout would have altered immune and endocrine-related
parameters as immediate responses to a parasitism event, followed by bioenergetics changes (e.g.
reproduction and growth) as a long-term response. These predictions follow the general
physiological model of stress response, proposed by Selye (1950) and first observed in fish by
Mazeaud et al. (1977). These general stages of stress response have been observed for a variety
of fish species and stressor types, although the details of these responses are species- and
stressor-dependent (Barton and lwama 1991; Schreck et al. 2001). In this thesis | identify and
describe the stages of lake trout stress response when parasitized by sea lamprey.

Suppression of immune-related parameters is a commonly observed response
immediately following acute stress (Ortufio et al. 2001; Cheng et al. 2004). Immune-related
modulation has been previously observed in lamprey-wounded rainbow trout (Oncorhynchus
mykiss) (Kinnunen and Johnson 1985). Kinnunen and Johnson (1985) found declines in
lymphocytes in rainbow trout hosts during sea lamprey parasitism. After the parasitism event,
rainbow trout were observed to have increased lymphocyte levels, indicating recovery and
coping. Sea lamprey parasitism causes extensive tissue damage and exposes muscle to the

environment (Figure 1). It would be expected that sea lamprey hosts would cope with the effects



of a parasitic event by altering immune-related parameters, which may reduce the likelihood of

developing secondary infections.

Figure 1. Photo ofa sea; lamprey vv‘ou‘nd‘ bénétrating the mﬁsce wt inimal healing. For
interpretation of the references to color in this and all other figures, the reader is referred to the
electronic version of this thesis.

Following immune-related modulations | predicted that sublethal sea lamprey parasitism
would affect endocrine function. Endocrine disruption can occur in a variety of systems, but it is
usually used to indicate reproductive impairment and typically involves measurements of an
altered hypothalamus-pituitary-gonadal (HPG) axis which can translate into population-relevant
endpoints, such as reproductive output (Kramer et al. 2011). The HPG axis represents the
physiological cascade of events initiated by environmental stimuli and resulting in maturation
and reproduction. The HPG axis regulates reproduction and in female fish is initiated when
environmental cues trigger the release of gonadotropin-releasing hormones (GnRH), which
facilitates the release of gonadotropins (follicle-stimulating hormone [FSH] and luteinizing
hormone [LH]) from the anterior pituitary gland. After release, the gonadotropins stimulate
testosterone production in thecal cells in the ovary, which is converted to estradiol through

aromatase in the granulosa cells. Estradiol is released into the bloodstream and travels to the liver

to bind to the estrogen receptor, stimulating vitellogenin production (Figure 2). Vitellogenin is



the egg yolk precursor protein and a good indicator of fecundity and reproductive success (Miller

et al. 2007).

Environmental Cues
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Hypothalamus ﬂ» Pituitary

\FSH;LH

Ovary

i A/estosterone
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l Vitellogenin
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Figure 2. Schematic representation of the female fish hypothalamus-pituitary-gonadal (HPG)
axis.

The connection between endocrine disruption of the reproductive system and general
stress is still unclear. Most studies agree that stress causes decreased levels of plasma
testosterone and, less clearly, estradiol (Foo and Lam 1993; Pankhurst and VVan Der Kraak 2000).
The effect of stress on gonadotropin is less well understood. Acute stress has been found to both
decrease (Carragher et al. 1989) and have no effect on (Pankhurst and VVan Der Kraak 2000)
gonadotropin levels. This ambiguity in the literature may be due to studies using different test
species, or due to different experimental designs with varying stressor characteristics (e.g.

stressor type, stress duration and severity).



I measured components of the HPG axis (FSH, plasma testosterone and estradiol) in
mature female lake trout to identify and quantify reproductive-related endocrine disruption
associated with sea lamprey parasitism. Determining if sea lamprey parasitism causes endocrine
disruption is important because it will provide insight into how reproductive processes are being
altered, which may potentially be linked to egg production in future studies to determine
population-level responses (Kramer et al. 2011).

The immediate responses to sea lamprey parasitism (e.g. immune-related modulation and
endocrine disruption) can affect lake trout bioenergetics by causing hosts to alter energetic
allocation towards growth and reproductive processes. Organisms invest their limited energetic
resources into reproduction and somatic growth to maximize lifetime reproductive success (Roff
1983). The tradeoff between reproductive success and growth is influenced by life history
characteristics and environmental conditions, including stressful events such as parasitism (Stark
et al. 2004; Spromberg and Birge 2005). To evaluate this trade-off in response to sea lamprey
parasitism | measured bioenergetics parameters linked with growth and reproduction.

In addition to growth measurements such as length-at-age and weight I used muscle lipid
concentration as an indicator of energetic stores. Parasitism can cause changes in host growth
dynamics, including decreasing lipid concentrations (Lemly and Esch 1984). In wild populations
muscle lipid concentration represents the cumulative energetic cost of sublethal sea lamprey
parasitism, which may include both direct (e.g. healing tissue and replacing lost blood) and
indirect (e.g. decreased foraging success and secondary infections) energetic sinks. Muscle lipid
measurement is a practical bioenergetics indicator and has direct management implications. Use
of a non-invasive microwave fish fatmeter (Distell Inc., West Lothian, Scotland) provides a

quick and non-lethal method for determining muscle lipid content. The fatmeter operates by



determining the water content of fish muscle, which may be converted to percent muscle lipid
content. Lipid content is correlated with lake trout growth and caloric density, which are
components of existing lake trout bioenergetics models (Stewart et al. 1983; Madenjian and
O’Connor 1999; Madenjian et al. 2000). My research will indicate whether lipid content is
affected by parasitism and whether adjusting existing lake trout bioenergetics models to
accommodate changes due to parasitism is a worthwhile effort for future research.

Parasitized lake trout may also cope with the energetic demands of parasitism by
diverting energy away from reproductive processes. This would cause reductions in reproductive
success, likely through reduced fecundity or egg size. Whether an acute stress event results in
reduced fecundity or egg size appears to be at least partially dependent on what maturation stage
the fish was in during the stress event (Campbell et al. 1992; Contreras-Sanchez et al. 1998).
Decreased fecundity has direct impacts on reproductive success since it represents a reduction in
overall offspring production. Spawning stock biomass per recruit (SSBR) estimates assume
constant fecundity, so a reduction in fecundity due to sea lamprey parasitism may affect the
accuracy of this assumption. Decreased egg size also lowers reproductive success by decreasing
offspring fitness and survival (Einum and Fleming 1999). Understanding how sublethal sea
lamprey parasitism affects lake trout reproduction is important because it may affect population-
level lake trout reproductive success.

Objective 2: Evaluate impact of life history differences on sublethal parasitism response

An additional objective of this study was to compare responses to sublethal sea lamprey
parasitism between two Lake Superior lake trout morphotypes—the lean and siscowet (Figure 3)
to determine if life history may play a role in mediating response to parasitism. Leans occupy

shallow (less than 100m) nearshore waters and are found throughout the Great Lakes. Siscowets



are unique to Lake Superior and occupy deeper regions (greater than 100m) (Bronte et al. 2003;
Sitar et al. 2008). Siscowets have shorter snouts, wider caudal peduncles, and higher muscle lipid
concentrations than leans (Eschmeyer and Phillips 1965; Moore and Bronte 2001). Lean and
siscowet phenotypic differences are largely genetically based, with some phenotypic plasticity.
Siscowets and leans raised under common conditions retain their morphological differences, but

to a somewhat lesser degree than in the wild (Goetz et al. 2010).

‘Siscowet SRR
Figure 3. The lean lake trout (a) and siscowet lake trout (b) morphotypes.

Most research on sea lamprey parasitism has focused on the commercially important lean
morphotype, but siscowets are also important sea lamprey hosts. Siscowets are currently the
most abundant predator in Lake Superior and have significantly greater numbers of sea lamprey
scars per fish than leans (Bronte et al. 2003; Sitar et al. 2008). Siscowets may experience lower
parasitism mortality than leans, which would explain why wild siscowets have greater numbers
of sea lamprey scars (Sitar et al. 2008). | tested the hypothesis that siscowets are less sensitive to
sea lamprey parasitism than leans, which suggests an increase in survival rate after a parasitism

event and may explain the differential scarring patterns between the morphotypes. Siscowets



have higher muscle lipid concentrations than leans, which may allow them to better cope with
the energetic demands of parasitism (Eschmeyer and Phillips 1965). | predicted parasitized
siscowets would have less severe immune-related modulation, endocrine disruption, and
bioenergetics alteration responses to sublethal sea lamprey parasitism. In addition, | compared
sea lamprey parasitism behavior between lake trout morphotype hosts to better understand
whether potential morphotype-specific responses (e.g. immune, endocrine, bioenergetics) to
parasitism could be due to differential sea lamprey feeding behavior in addition to host
physiological differences.

Better understanding of the parasite-host relationship between siscowets and sea lamprey
has important management implications. With their large population size siscowets may be
serving as a buffer against sea lamprey parasitism of leans. This has previously occurred in Lake
Erie when lake trout were observed to be acting as a buffer against sea lamprey parasitism of
burbot (Lota lota) (Stapanian and Madenjian 2007). If siscowets serve as a buffer against
parasitism of leans, then siscowet population abundance may potentially be manipulated with the
goal of decreasing parasitism on leans. This would likely require continued sea lamprey control
efforts to ensure siscowets do not maintain or increase sea lamprey population sizes by serving
as additional hosts. Consideration of siscowets as a potential management avenue is particularly
relevant given the interest in both harvesting siscowets for their omega-3 fatty acids and re-
establishing siscowets in their historical lower Great Lake ranges (Wang et al. 1990; Janssen et
al. 2007).

Experimental design
In this thesis, lake trout immune, endocrine, and bioenergetics responses to sea lamprey

parasitism were measured and compared through a laboratory experiment and a field study. The



observational field study focused on long-term sublethal parasitism effects on individuals. The
laboratory experiment measured the immediate effects of parasitism while controlling for
environmental variation (e.g. water temperature, foraging success) which may affect parasitism
outcomes. Additionally, the responses of the lean and siscowet lake trout morphotypes to
parasitism were compared in the laboratory experiment and field study to determine how life
history affects sea lamprey parasitism response.

In addition to measuring immune, endocrine, and bioenergetics parameters, | also
evaluated changes in hepatic genetic regulation by transcriptome analysis using next-generation
sequencing technology. Next-generation sequencing does not require probing for selected genes
which is necessary for techniques such as microarrays. This approach is a useful tool in non-
model species, including the lake trout, and allows comparison of a large quantity of potential
genetic biomarkers of sea lamprey parasitism. Changes in genetic regulation provides additional
insight for how immune-related modulation, endocrine disruption, and bioenergetics changes are
associated with sea lamprey parasitism. Furthermore, evaluating changes in genetic regulation
can also identify additional physiological systems that could be important components of the

lake trout parasitism response.



METHODS
Immediate parasitic response—laboratory experiment
Fish

Siscowet and lean lake trout gametes from Marquette strain Lake Superior stock were
obtained in fall 2006 and raised to the time of the experiments in common laboratory conditions
at the Great Lakes Water Institute, Milwaukee, WI. Laboratory experiments took place October
through December 2010 and 2011. The lake trout were immature in 2010 and were sexually
mature in 2011.

Sea lamprey used in the experiments were obtained from commercial fishermen in the
Hammond Bay, Michigan and Blind River, Ontario areas. All sea lamprey were parasitizing a
host at the time of capture to ensure that the sea lamprey used in this experiment were in the
parasitic phase. Captured sea lamprey ranged in weight distribution (Figure 4). Criteria for sea
lamprey selection was based on previous work which suggested that sea lamprey above 85¢g
consume a similar percentage of their initial body weight during parasitism, while those under
859 have been observed to consume less blood (Farmer et al. 1975). In my experiments most of
the sea lamprey were above 85g except for two cases (68g and 70g), which | used because of the
large number of sea lamprey needed to complete my experiments. | evaluated my statistical
analyses of response variables to ensure lake trout which were parasitized by these smaller sea
lamprey did not influence overall statistical conclusions. Statistical conclusions which were

affected by these data points were noted.
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Figure 4. Initial weight distribution of sea lamprey used in the laboratory experiments.

Experiment

Prior to the start of an experiment that was conducted either in 2010 or 2011, lake trout
were anesthetized individually in 2-phenoxyethanol (Sigma-Aldrich, St. Louis, MO) until
immobile. Lake trout were then weighed and muscle lipid concentration was measured using a
non-invasive fatmeter (Model FM-692, Distell Inc., West Lothian, Scotland) at four locations on
the right external side of the body (Figure 5). Fatmeter measurements were converted to percent
muscle lipid content using a previously determined relationship for lean and siscowet lake trout

(Claus 2011).

J

Figure 5. Locations of muscle lipid concentration readings taken using a non-invasive fish
fatmeter (Model FM-692, Distell Inc., West Lothian, Scotland).

Lake trout were placed in individual covered tanks (265L) for experimental trials. Each

test lake trout was randomly paired with a control lake trout which remained in its individual
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tank for the same duration of time but was not parasitized. Test and control lake trout were
usually of the same sex, although errors in sex identification did occasionally occur. Four sea
lamprey were randomly chosen, weighed, identified by fin clips, and placed in each test lake
trout tank. After the addition of sea lamprey to the test tanks, test and control lake trout were
checked three times per day. Once a sea lamprey attached to a lake trout, the other non-attached
lamprey were removed from the tank. Sea lamprey were allowed to feed for one to five days or
until detachment. | estimated sea lamprey feeding duration to be from when the sea lamprey was
first noted to be attached to when the sea lamprey was first noticed to have detached or was
physically detached from the test lake trout.

After the parasitism trial | recorded sea lamprey final weights. After removing the sea
lamprey, test and control lake trout were euthanized using an overdose of tricaine
methanesulfonate (MS-222) (Sigma-Aldrich, St. Louis, MO). Lake trout weight and length were
measured, as well as muscle lipid concentration using a non-invasive fatmeter (Figure 5). The
number and type of sea lamprey wounds on the lake trout were characterized according to
Ebener et al. (2006) by wound depth. Blood samples were taken by caudal vein puncture using a
heparinized syringe and centrifuged. Plasma was extracted and stored at -80°C. Gonads and
livers were weighed and sexual maturity was noted. The pituitary and an approximately 1.5¢g
liver subsection were dissected and stored at -80°C.

Long term parasitic response—field sampling

Lean and siscowet lake trout were sampled during fall 2010 and fall 2011 outside
Marquette, Michigan by gillnet (Figure 6). Sampling locations were chosen based on previous
lake trout capture success by the Michigan Department of Natural Resources (DNR) lake trout

surveys. Gillnets targeting leans were set at less than 50m; nets targeting siscowets were set at
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greater than 100m. Nets were allowed to set overnight. Gillnet mesh sizes (11.4, 12.7, 14.0, and
15.2 cm) were chosen to target lake trout larger than 550mm, above which a majority of lake

trout have been observed to be mature.

e . TR
Ly \.m\_

B Marquette, b

-,

SRS, =
Figure 6. Sampling sites were located in Lake Superior outside Marquette, MI.

Morphotype differentiation between siscowets and leans was based on morphological
differences in fin size, eye position and size, and body form (Figure 3). Morphotypes which were
not clearly distinguished as either form were omitted. On board, after pulling the gill nets, weight
and length were measured. Muscle lipid concentration was measured using a non-invasive fish
fatmeter at four locations along the external right side of the body (Figure 5). Pituitaries and an
approximately 1.5g liver subsample were immediately stored on dry ice in cryovials. Otoliths
were extracted and stored for aging at a later date. Number and type of sea lamprey scars were
characterized according to Ebener et al. (2006) by wound depth and healing progress. Sea
lamprey scar types Al through A4 and B1 through B4, according to Ebener et al. (2006), were
included in my study. Blood samples were taken by caudal vein puncture using a heparinized

syringe and stored on ice for a maximum of eight hours before processing.
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On shore blood was centrifuged and plasma was extracted and stored at -80°C. Gonads
and livers were weighed. An extra 1.5g was added to total liver weights to account for the
approximately 1.5g liver subsample which was previously taken onboard. Ovaries were stored at
4°C for a maximum of one week for fecundity and egg diameter measurements.

Measurements related to sea lamprey parasitism behavior
Laboratory experiment

Sea lamprey weight gain during the laboratory experiment was used as a measurement of
sea lamprey feeding rate. All weight gained during parasitism was assumed to be due to the
ingestion of host tissue fluids. This assumption was based on previous research which found that
host tissues consisted of less than two percent of the total matter consumed by sea lamprey
during parasitism (Farmer et al. 1975). Three sea lamprey lost weight during feeding, likely due
to minimal or no feeding. These sea lamprey were modeled as having no change in weight to
reflect their likely lack of feeding. Since sea lamprey initial weight may affect its feeding rate |
divided each sea lamprey’s weight change during parasitism by its initial weight to calculate the
percent weight consumed during parasitism. A square root transformation was applied to this
parameter for normality. Sea lamprey percent body weight consumption was analyzed using
general linear models (GLM) and | compared alterative models by Akaike Information Criterion
(AIC) values (Appendix A). Additive models with all possible combinations of morphotype, host
beginning weight, host muscle lipid concentration, and test duration as explanatory variables
were compared using R. The model with the lowest AIC value was considered the best model
and was examined for normality of residuals, homoscedasicity, and assessed for highly

influential data points, including sea lamprey weighing less than 85g. Models within two AIC
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values of the best model were also examined for differences in overall conclusions (Appendix
B).
Field study

Sea lamprey scarring patterns were compared between wild leans and siscowets.
Distributions of the number of sea lamprey scars per lake trout were compared between
parasitized leans and siscowets by a chi-squared test of independence. An additive binomial
model was used to identify significant predictors of the probability of sea lamprey scarring.
Morphotype, age, length, sample date, and lake trout weight were included as possible
explanatory variables (Appendix A).The model with the lowest AIC value was considered the
best model. Models within two AIC values of the best model were also examined for differences
in overall conclusions (Appendix B).
Gross measurements of immune-related modulation

Hepatosomatic index (HSI) was calculated by dividing liver weight (g) by total body
weight (g). Increase in HSI is associated with immune-related modulation (Tahir et al. 1993;
Secombes et al. 1995).
Physiological measurements related to endocrine disruption

A radioimmunoassay (RIA) procedure was used to analyze plasma samples from the
laboratory experiment for total estradiol and testosterone concentrations, and to analyze plasma
samples from the field study for total estradiol concentrations. A pooled plasma sample from six
lake trout (three leans and three siscowets) was used to verify an antigen-antibody dose response
relationship (e.g. parallelism). Hormones were extracted from plasma twice in diethyl ether,
incubated at 35°C for two hours, dried, then reconstituted in a phosphate buffered saline solution.

Sample recovery was determined by comparing tritium-labeled estradiol or testosterone added
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before (100 DPM) and after extraction. A standard curve was made by serial dilution of estradiol
or testosterone in phosphate buffered saline solution. Duplicate samples were incubated
overnight at 4°C with tritium-labeled estradiol or testosterone (2000 DPM) and estradiol or
testosterone polyclonal antibody (AbD Serotec, Oxford, UK). Unbound hormone was removed
by incubating with dextran-coated charcoal for 15 minutes at 4°C. Samples were centrifuged at
2500 RPM for 12 minutes at 4°C. After decanting the supernatant Ultima Gold scintillation fluid
was added and beta radioactivity was measured using a scintillation counter (Beckman Coulter
LS 6500). Mean RIA extraction percent recovery was 79.5 percent. Mean inter-assay variation
was 3.4 percent. An enzyme immunoassay (EIA) kit (Cayman Chemicals, product # 582701)
was used to measure plasma testosterone concentrations in field samples. Methods followed kit
instructions. Extraction efficiency was not determined for these samples.

Follicle-stimulating hormone (FSH) was analyzed for wild lake trout from the field study.
FSH was not measured in the laboratory experiment due to experimental timing. Pituitary FSH
peaks in August and declines throughout final maturation (Goetz et al. 2011). Because the
laboratory experiment was conducted in the late stages of lake trout maturation (October through
December), I did not predict FSH to be significantly affected by parasitism. FSH was measured
in wild lake trout indirectly by quantifying pituitary mRNA beta subunit levels according to
Goetz et al. (2011). Briefly, pituitary total RNA was isolated using the illustra RNAspin 96 RNA
isolation kit (GE Heathcare). Complementary DNA (cDNA) was produced by reverse-
transcription PCR using degenerate primers (GenBank accession number HM057170). Raw data
was analyzed using Real-Time PCR Miner and expression was quantified according to Zhao and
Fernald (2005). FSH mRNA transcript levels were expressed as a proportion of total pituitary

MRNA transcripts.
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Physiological measurements related to bioenergetics
Measurements taken using the non-invasive fatmeter (Figure 5) were converted to
percent muscle lipid concentration using a previously determined relationship calibrated for

siscowet and lean lake trout (Claus 2011):
Muscle lipid concentration = e 1:843¢-Un(fatmeter reading))-5.05022) 4 1 ()

Fatmeter results were verified by analyzing a subsample of Lake Superior lake trout
muscle tissues by laboratory analysis. Wild lean and siscowet fillets were taken from between
the dorsal and adipose fin and stored at -20°C. An approximately 40g section of thawed muscle
tissue was blended until homogenized, separated into three approximately 3g subsamples, and
dried at 120°C. Subsamples were weighed before and after drying to determine muscle water
content. Dried subsamples were re-homogenized and reconstituted in water. Hydrated
subsamples were then extracted twice with chloroform according to Bligh and Dyer (1959) and
dried. Age was determined for field samples by counting sagittal otolith annuli (North Shore
Environmental Services).

Ovaries were analyzed to determine GSI, fecundity, and average egg diameter. GSI was
calculated by dividing ovary weight (g) by total body weight (g). Fecundity was determined for
mature pre-ovulatory females from the field study and laboratory experiment. Two samples were
taken from each ovary lobe weighing approximately 10 to 14g. Samples were weighed, counted,
and total egg number was determined. Total body weight was used to calculate weight-adjusted
fecundity, represented as eggs per gram body weight (Quince et al. 2008). Egg diameter was
measured in mature females. Eggs were randomly chosen and photographed. Diameters were
measured on six axes per egg. For the fall 2010 samples 36 eggs were measured per lake trout.

For a subsample of 15 lake trout, average egg diameter was calculated by averaging diameter

17



measurements from six randomly selected eggs. | compared average egg diameters calculated
from 36 eggs with average egg diameters calculated from six eggs by a two sample t-test.
Calculating egg diameters from six eggs minimally differed from calculating egg diameters from
36 eggs (T=0.0676, p=0.9466) (Figure 7). | simplified my protocol based on this observation,

and in the fall 2011 I only measured diameters for six eggs.
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Figure 7. Average egg diameter calculated using six eggs per lake trout did not significantly
differ from average egg diameter calculated using 36 eggs per lake trout in a random subsample
of 15 wild lake trout.
Data analysis of immune, endocrine, and bioenergetics parameters

Parameters measuring immunity (HSI), endocrine disruption (plasma sex steroid
concentrations and pituitary FSH), and bioenergetics (muscle lipid concentration, fork length,
fecundity, egg diameter, GSI), from the laboratory experiment and field study were analyzed by
a model fitting procedure. All statistical analyses on field study parameters used data from
mature females only. Statistical analyses on laboratory experiment parameters related to
reproduction (plasma sex steroids, fecundity, egg diameter, GSI) used data from mature females

only. Immature and mature males and females were included in statistical analyses of HSI and

muscle lipid concentration for the laboratory experiment.
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Response variables were first examined for normality and transformed accordingly before
analysis (Table 1). Response variables were evaluated by GLM with parasitism status and
morphotype as explanatory variables. Alternative models containing additional explanatory
variables, including covariates and meaningful interaction terms (procedure described below)
were compared using R (Appendix A). Alternative models were compared by AIC values, and
the model with the lowest AIC value was considered the best model. Because the primary
interest of my study was the relationship between morphotype, parasitism status, and the
response variables | considered morphotype and parasitism status as fixed effects, and they were
included in all alternative models. Models within two AIC values of the best model were also

examined for differences in overall conclusions (Appendix B).
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Table 1. Table of transformations for immune, endocrine, and bioenergetics res

ponse variables.

Response variable

Response variable transformation

Laboratory experiment

Plasma estradiol (ng/mL)

Reciprocal

Plasma testosterone (ng/mL)

Square root

Average egg diameter (mm)

Square root

Weight-adjusted fecundity
(total eggs per g body weight)

Square root

Gonadosomatic index (GSI) None
Hepatosomatic index (HSI) Lognormal
Muscle lipid concentration (% wt/w), N
one

by fatmeter

Field study
Plasma estradiol (ng/mL) Lognormal
Plasma testosterone (ng/mL) Lognormal
Average egg diameter (mm) Lognormal
Weight-adjusted fecundity Loanormal
(total eggs per g body weight) g
Gonadosomatic index (GSI) None

Follicle-stimulated hormone (FSH)

Square root

Hepatosomatic index (HSI)

Lognormal

Muscle lipid concentration (% wt/w)
by fatmeter

Lognormal

Muscle lipid concentration (% wt/w)
by laboratory analysis

Square root

Fork length (mm)

Lognormal

Age (years)

Lognormal

For response variables from the laboratory experiment test duration and processing date

were included as possible covariates. If the lake trout was a test fish then test duration was

defined as the number of hours which parasitism occurred. If the lake trout was a control fish
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then test duration was defined as the number of hours which parasitism occurred in its paired test
fish. Maturity was also included as a potential model parameter — in 2010 the fish were
immature, and in 2011 the fish were reproductively mature. In 2011 some lake trout had skin
fungal infections so the presence of fungal infection was noted and included as a possible model
parameter. Morphotype and parasitism interaction was included as a potential model parameter
to detect significant inverse responses to parasitism between the morphotypes. Interactions
between morphotype, parasitism status, and test duration were tested to accommodate different
relationships between the response variable and test duration according to morphotype and
parasitism status.

Lake trout age and sample date were included as possible covariates in models of
response variables from the field study. Interaction between morphotype and parasitism status
and between morphotype, parasitism status, and age were included as possible model parameters.

Final models were examined for normality of residuals, homoscedasicity, and assessed
for highly influential data points in the model. Marginal means were calculated for models that
included a significant covariate (e.g. age). If the model was fit using transformed response data
then the mean and standard error were back-transformed accordingly. For covariate models fit
using transformed data the predicted marginal means and 95 percent confidence intervals were
also adjusted for transformation bias with the bias correction factor (6%/2).

Age distributions were compared between wild parasitized and non-parasitized leans and
between parasitized and non-parasitized siscowets using a chi-squared test of independence.

Hepatic genetic regulation to determine immune, growth and endocrine effects

Hepatic transcriptome analysis was performed on a subsample of lake trout from the
laboratory experiment. Parasitized and non-parasitized leans and siscowets with their paired

controls were chosen (n=6 per group) based on ideal experimental conditions. Ideal experimental

21



condition was classified as continuous sea lamprey attachment to test lake trout resulting in a
lamprey wound classified as A-1 according to Ebener et al. (2006), no early sea lamprey
detachment, no premature death, and no noted fungal infections in either the control or test fish.
Equal numbers of males and females were included in each group. Initial sea lamprey weight
ranged from 111g to 2569 and sea lamprey weight gain during the parasitic event ranged from
22g to 649. Sea lamprey which parasitized lean hosts had an average initial weight of 182.7g and
gained an average of 32.8g during the parasitic event. Sea lamprey which parasitized siscowet
hosts had an average initial weight of 167.5g and gained an average of 42g during the parasitic
event. Only immature lake trout were analyzed using RNAseq because the stress response would
have been masked by reproductive processes occurring in the mature female fish as she
underwent vitellogenesis.

Liver subsamples were pooled within groups (e.g. parasitized leans, non-parasitized
leans, parasitized siscowets, and non-parasitized siscowets) and extracted according to Goetz et
al. (2010). RNA pools were constructed from livers taken from parasitized and non-parasitized
leans and siscowets and sequenced on the Illumina platform. Sequences were mapped to
existing lean and siscowet 454 sequenced datasets derived from liver and muscle transcriptome
analysis (Goetz et al. 2010). Mapped reads were then analyzed by RNAseq (CLC Genomics).
Genes which were differentially expressed in parasitized lake trout were then analyzed by qPCR

by individual lake trout according to Goetz et al. (2004) and Roberts et al. (2009).
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RESULTS

Measurements related to sea lamprey parasitism behavior
Laboratory experiment

The best model for sea lamprey percent body weight consumption from the laboratory
experiment contained morphotype and host beginning weight as predictor variables. Sea lamprey
had greater percent body weight consumption when feeding on siscowet hosts, although the
difference was not statistically significant (Figure 8A). This trend remained whether | removed
data collected using sea lamprey weighing less than 85g (p=0.1209), and whether the host size
was kept relatively similar (using siscowets and leans with overlapping weight ranges;
p=0.1157). Average length of time for sea lamprey attachment was similar between the
morphotypes (67.3 hours on lean hosts and 69.1 hours on siscowet hosts). Test duration was not
included in the final model and was not a significant predictor of percent body weight change of
sea lamprey that parasitized lean hosts (R?=0.0375, p=0.3535) or siscowet hosts (R?=0.0263,
p=0.3834).
Field study

The distributions of the number of sea lamprey scars per lake trout was not significantly
different between wild parasitized leans and parasitized siscowets (X°=4.747, p=0.1905) (Figure
8B). The best binomial model for the probability of sea lamprey scarring on wild lake trout
contained age and fork length as explanatory variables. Morphotype was not statistically
significant in any of the compared binomial models. Best models of measurements related to sea

lamprey parasitism behavior are listed in Table 2.
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Table 2. Best models for measurements related to sea lamprey parasitism behavior.

Predictor variable

Response variable AIC value
p-values

*§ £ Sea lamprey percent body Host morphotype: 0.0599 230.6
8 @ weight consumption Host beginning weight: 0.0592 '

= o

a3

% 5 Probability of sea lamprey Host age: 0.0006 1395
[ 4(,3, scarring in lake trout Host length: <0.0001 '
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Figure 8. (A) Sea lamprey feeding on siscowet hosts showed a statistical trend for gaining a
higher percentage of body weight during parasitism (p=0.0599). Error bars represent standard
errors. (B) Number of sea lamprey scars per lake trout was not significantly different (X?=4.747,
p=0.1905) between wild parasitized leans (n=32) and siscowets (n=25).
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Gross measurements of immune-related modulation
Laboratory experiment

Test duration was significant in the best model for HSI. Parasitized and non-parasitized
leans did not have significant relationships between HSI and test duration (Figure 9A).
Parasitized siscowets had a significant increase in HSI with test duration, and this relationship
was not observed in non-parasitized siscowets (Figure 9B). One lake trout with extensive skin
fungal infections was a significant HSI outlier and removed from analysis. Removal of the
outlier did not change statistical significance. HSI marginal means were not significantly
different between parasitized and non-parasitized leans, or between parasitized and non-
parasitized siscowets (Figure 9C).
Field study

HSI marginal means were not significantly different between parasitized and non-
parasitized leans, or between parasitized and non-parasitized siscowets (Figure 9D). Best HSI
models are displayed in Table 3.

Table 3. Best models for gross measurements of immune-related modulation. Morphotype and
parasitism status were considered fixed effects and included in all alternative models.

Response variable Predictor variable p-values AIC value

Morphotype: 0.0001
Parasitism: 0.0515
Test duration: 0.0114 -140.8
Sample date: 0.0001

Parasitism * Test duration: 0.1444

Hepatosomatic index
(HSI)

Laboratory
experiment

Morphotype: 0.0107
Parasitism: 0.9016 -107.0
Sample date: 0.0001

Hepatosomatic index
(HSI)

Field
study
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Figure 9. (A) The relationship between HSI and test duration was not significant for parasitized
leans (R?=0.0475, p=0.2747) and non-parasitized leans (R?=0.0165, p=0.5445) from the
laboratory experiment. (B) Non-parasitized siscowets from the laboratory experiment did not
have a significant relationship between HSI and test duration (R?=0.0008, p=0.8807). This
relationship was significant in parasitized siscowets (R?=0.1802, p=0.0173). (C) HSI marginal
means were not significantly different between parasitized and non-parasitized leans (p=0.2456)
or parasitized and non-parasitized siscowets (p=0.1776) in the laboratory experiment. Error bars
represent the 95 percent confidence intervals of the marginal means. (D) HSI was not
significantly different between wild leans and siscowets and their non-parasitized counterparts
(p=0.9016). Error bars represent standard error.
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Physiological measurements related to endocrine disruption
Laboratory experiment

Parasitized leans and siscowets had significantly lower plasma testosterone
concentrations than their non-parasitized counterparts in the laboratory experiment (Figure 10A).
No significant differences between parasitized and non-parasitized lake trout were observed for
plasma estradiol within each morphotype (Figure 10B).
Field study

Wild parasitized lake trout did not significantly differ in plasma testosterone (Figure 10C)
or estradiol (Figure 10D) concentrations when compared with non-parasitized lake trout within
each morphotype. Pituitary FSH levels were significantly lower in parasitized lake trout when
compared with non-parasitized lake trout (Figure 10E). One outlier was removed from the
pituitary FSH model to normalize residuals and reduce heteroscedasticity. Removal of this
outlier did not change overall statistical conclusions. Best models for parameters measuring

endocrine disruption are displayed in Table 4.
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Table 4. Best models for physiological measurements related to endocrine disruption.
Morphotype and parasitism status were considered fixed effects and included in all alternative
models.

Response variable

Predictor variable p-values

AIC value

Laboratory experiment

Plasma testosterone (ng/mL)

Morphotype: 0.0215

Parasitism: 0.0045

Test duration: 0.8376

Morphotype * Test duration: 0.0591

78.1

Plasma estradiol (ng/mL)

Morphotype: 0.0024
Parasitism: 0.2285

49.6

Field study

Plasma testosterone (ng/mL)

Morphotype: 0.9443
Parasitism: 0.2627
Age: 0.2864
Sample date: 0.0034

339.5

Plasma estradiol (ng/mL)

Morphotype: 0.9566
Parasitism: 0.2116
Age: 0.4271

Sample date: <0.0001

377.4

Pituitary follicle-stimulating
hormone (FSH)

Morphotype: 0.9229
Parasitism: 0.0061

-166.4
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Figure 10. (A) Plasma testosterone marginal means were significantly different between
parasitized leans and siscowets and their non-parasitized counterparts in the laboratory
experiment (p=0.0215). (B) Parasitized and non-parasitized lake trout in the laboratory
experiment did not have significantly different plasma estradiol concentrations (p=0.2285). (C)
Marginal means were not significantly different between wild parasitized and non-parasitized
lake trout for plasma testosterone concentrations (p=0.6746) or (D) plasma estradiol
concentrations (p=0.5926). (E) Wild parasitized lake trout had significantly lower pituitary FSH
levels than non-parasitized lake trout (p=0.0061). Error bars represent 95 percent confidence
intervals of the marginal means (A, C, D) or standard error (B, E). * = significant difference

p<0.05
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Physiological measurements related to bioenergetics
Bioenergetics parameters measuring growth
Laboratory experiment

Muscle lipid concentrations measured using the non-invasive fatmeter were not
significantly different between parasitized and non-parasitized leans or between parasitized and
non-parasitized siscowets (Figure 11A).

Field study

Muscle lipid concentrations measured using the non-invasive fatmeter were not
significantly different between parasitized and non-parasitized leans or between parasitized and
non-parasitized siscowets (Figure 11B). The best model for muscle lipid concentration
determined by laboratory lipid extraction contained the interaction between morphotype and
parasitism, so leans and siscowets were evaluated separately. Lean muscle lipid concentrations
were evaluated by a two-tailed t-test. A one-tailed t-test was performed between parasitized and
non-parasitized siscowets due to clear directional differences. There was a non-significant trend
for lowered muscle lipid concentrations in wild parasitized siscowets when compared with non-
parasitized siscowets (Figure 11C).

Wild parasitized and non-parasitized leans had significantly different age distributions
(Figure 12A). Parasitized and non-parasitized siscowets had almost significantly different age
distributions (Figure 12B). Wild parasitized leans and siscowets were significantly longer than
their non-parasitized counterparts (Figure 12E). Parasitized and non-parasitized leans had
significantly different length-at-age relationships (Figure 12C), as did parasitized and non-
parasitized siscowets (Figure 12D). Best models for bioenergetics parameters related to growth

are listed in Table 5.
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Table 5. Best models for bioenergetics measurements related to growth. Morphotype and
parasitism status were considered fixed effects and included in all alternative models.

Response variable Predictor variable p-values AIC value
? % Morphotype: <0.0001
S - . ype: <0.
s (M(y“;‘ft'/f/\:)'p;)d ‘}Z?r%irt‘gra“on Parasitism: 0.4333 634.8
28\’ 0¥ Sample date: 0.0946
43
Morphotype: <0.0001
Parasitism: <0.0001
Fork length (mm) Age: <0.0001 -232.3
> Parasitism * Age: 0.0289
= . . Morphotype: <0.0001
T auscle ipid concentraion | pasits: 0.6149 1522
2 0 DY Age: 0.1992
Muscle lipid concentration Morphotype: <0.0001
(% wt/w), by laboratory Parasitism: 0.4905 -48.9

analysis

Parasitism * Morphotype: 0.1455
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Figure 11. (A) Muscle lipid concentration marginal means, measured using the non-invasive
fatmeter, were not significantly different between parasitized and non-parasitized lake trout in
the laboratory experiment (p=0.8605). (B) Muscle lipid concentration marginal means, measured
using the non-invasive fatmeter, were not significantly different between wild parasitized and
non-parasitized lake trout (p=0.9580). (C) Muscle lipid concentration, measured by laboratory
lipid extraction, were not significantly different between parasitized and non-parasitized leans
(T=-0.2429, p=0.8107); parasitized and non-parasitized siscowets were almost significantly
different (T=1.7133, p=0.0536). Error bars represent the 95 percent confidence intervals of the
marginal means (A,B) or standard error (C).
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significantly different between parasitized and non-parasitized leans (p=0.0005) and siscowets

(p=0.0061). Error bars represent marginal means 95
difference p<0.05
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Bioenergetics measurements measuring reproduction

Laboratory experiment

Parasitized lake trout did not significantly differ from non-parasitized lake trout in

weight-adjusted fecundity (Figure 13A), GSI (Figure 13B), or average egg diameter (Figure

13C).

Field study

Parasitized lake trout did not significantly differ from non-parasitized lake trout in

weight-adjusted fecundity (Figure 13D) or GSI (Figure 13E). Wild parasitized leans tended to

have higher egg diameters than non-parasitized leans, although not significantly (Figure 13F).

However, when age was included in the best model for average egg diameter this trend was no

longer apparent (p=0.3043). Best models are displayed in Table 6.

Table 6. Best models for bioenergetics measurements related to reproduction. Morphotype and
parasitism status were considered fixed effects and included in all alternative models.

Response variable Predictor variable p-values AIC value
Fecundity (total eggs per g Morphotype: 0.5268 10.7
- % body weight) Parasitism: 0.2622 '
o
§ £ . Morphotype: 0.6041
g g Gonadosomatic index (GSI) Parasitism: 0. 1395 94.3
© X .
- . Morphotype: 0.9425
* Egy diameter (mm) parasitism: 0.9312 21
. Morphotype: <0.0001
Egg“”v‘ig?’ r(]tt‘)’ta' €995 PErg | parasitism: 0.5806 23.9
y welg Sample date: 0.0577
- Morphotype: 0.0096
:% Parasitism: 0.2335
2z Gonadosomatic index (GSI) Age: 0.0076 640.1
> Sample date: 0.0003
LL Morphotype * Parasitism * Age: 0.0396
Morphotype: <0.0001
Egg diameter (mm) Parasitism: 0.0139 -318.5

Sample date: 0.0001
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Figure 13. (A) Parasitized and non-parasitized lake trout from the laboratory experiment did not
significantly differ in weight-adjusted fecundity (p=0.2622), (B) GSI (p=0.1395), (C) or average
egg diameter (p=0.9312). (D) Wild parasitized and non-parasitized lake trout weight-adjusted
fecundity was not significantly different (p=0.5806). (E) GSI marginal means were not
significantly different between wild parasitized and non-parasitized leans (p=0.5334) or between
parasitized and non-parasitized siscowets (p=0.9178). (F) Wild parasitized and non-parasitized
lake trout had significantly different average egg diameters (p=0.0139). Error bars represent
standard error (A, B, C, D, F) or the 95 percent confidence intervals of the marginal means (E).
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Evaluation of changes in hepatic genetic regulation

Parasitized lean and siscowet transcriptome analyses were compared with results from
their non-parasitized counterparts for reference. Differentially regulated genes refer to the
difference between parasitized leans when compared with non-parasitized leans, and between
parasitized siscowets compared with non-parasitized siscowets. Genes with the greatest
regulation differences between parasitized and non-parasitized lake trout from RNAseq
transcriptome analysis were not shared between parasitized leans and parasitized siscowets
(Table 7). Parasitized leans had 424 genes which were differentially regulated with at least a 10-
fold difference compared with non-parasitized leans; parasitized siscowets had 208 differentially
regulated genes compared with non-parasitized siscowets. Of these differentially regulated genes
24 were shared between parasitized leans and siscowets.
Table 7. Summary of genes with the greatest regulation differences between parasitized and non-

parasitized leans and siscowets from RNAseq analysis. Numbers in parentheses represents the
magnitude difference in genetic regulation.

Up-regulated in parasitized | Down-regulated in parasitized

Chain A, Met-Trout Iv Hemoglobin

Lean Cytochrome b (234x) (70x)

Siscowet | Fucolectin-4 precursor (33x) | Angptl3 protein (72x)

The two greatest differentially up- and down-regulated annotated genes from gPCR
analysis also showed varying genetic changes in response to parasitism between the
morphotypes. Parasitized leans up-regulated genes related to energetics and stress responses and
down-regulated genes related to hemoglobin and immune modulation (Figure 14 and Table 8).
Parasitized siscowets up-regulated a gene related to immune modulation and down-regulated

genes regulating bile acid production and steroid binding proteins (Figure 15 and Table 8).
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Table 8. Description of differentially expressed gene functions from qPCR analysis.

Fucolectin A fructose-binding lectin which recognizes bacterial
liposaccharides.

Hepcidin Regulates plasma iron levels and mediates anemic response to
systemic infections.

Hemaoglobin Iron-containing component of red blood cells which facilitates
oXxygen transport.

Albumin The main protein component of plasma. Serum albumin binds
to a variety of molecules, including fatty acids, hormones,
cations, and water. It controls blood osomotic pressure and
facilitates transport of hydrophobic molecules.

Cytochrome P450 7A1 Enzyme which facilitates the production of bile from
cholesterol.

Cytochrome b A component of the mitochondrion respiratory chain complex

I11, which is involved in the electron transport chain and
couples the electron transfer in the generation of ATP.

Growth arrest and DNA
damage (GADDA45)

A stress sensor mediating DNA repair and apoptosis.

Liver antimicrobial peptide

Protein effective against gram negative bacterial pathogens.
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and non-parasitized (n=6) leans, as determined by qPCR analysis. Error bars represent standard
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DISCUSSION

Immune, endocrine, and bioenergetics responses to parasitism in lean and siscowet lake
trout

The results from this study support the hypothesis that sea lamprey parasitism imposes
sublethal effects on lake trout. These effects could lead to substantial impacts on lake trout
populations that have previously been ignored. My results suggest that a sea lamprey attack
evokes immune-related modulation, endocrine disruption, and bioenergetics alterations. | also
observed that life history may play a role in mediating the response to parasitism. This was
supported by the differences in how morphotypes modulated immune-related parameters as an
immediate response to parasitism and bioenergetics alterations as a longer-term response.
Gross measurements of immune-related modulation and stress responses

The immediate response to a sea lamprey attack manifested as changes in genetic
regulation in siscowets and leans, and in HSI in siscowets. Parasitized siscowets had a significant
positive relationship between test duration and HSI (Figure 9B), which is a general indicator of
immune-related modulation, although it cannot be exclusively linked to immune modulation
(Tahir et al. 1993; Secombes et al. 1995). Parasitized siscowets also differentially regulated two
immune-related genes (Figure 15). Fucolectin, which was up-regulated in parasitized siscowets,
is a fructose-binding lectin, which is a group of proteins enabling recognition and agglutination
of non-self cells (Honda et al. 2000; Bianchet et al. 2002). Parasitized siscowets also up-
regulated hepcidin, a protein involved in mediating iron homeostasis. Hepcidin is down-
regulated in response to anemia, which increases plasma iron concentrations. An increase in
hepcidin, as observed in parasitized siscowets, plays a role in the immune response to systemic

infections. Increased hepcidin production causes a decrease in iron availability, which is thought
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to be a host defense mechanism to decrease iron availability for pathogens (Jurado 1997; Nemeth
et al. 2004; Nemeth and Ganz 2006).

Changes in genetic regulation in parasitized leans suggested increased energetic
mobilization and immune-related modulation that was different than siscowets. Parasitized leans
differentially regulated genes related to ATP production (cytochrome b), stress response
(GADDA45), and circulatory compensation (hemoglobin 1) (Figure 14). In addition, parasitized
leans down-regulated an immune-related gene (liver antimicrobial peptide; Figure 14). The
changes in genetic regulation observed in parasitized leans correspond well with the initial stages
of the general stress response model, which include energetic mobilization and immune
suppression (Selye 1950; Mazeaud et al. 1977). This suggests that the lean lake trout parasitized
in my laboratory experiment were still experiencing an initial acute stress response at the time of
sampling and maintained this acute stress response throughout the duration of the experiment. It
is possible that the immediate acute stress response, as indicated by the gene expression pattern
in leans which have experienced a parasitism event, may eventually manifest as changes in
bioenergetics (e.g. reproductive success and growth), although additional research is necessary to
better understand this connection. Future research on immune-related modulation may include
identifying changes in genetic regulation in other immune-related systems, such as the spleen or
head kidney.

Parasitized siscowets did not show indications of energetic mobilization, stress response,
or suppression of immune-related parameters, suggesting that siscowets had transitioned beyond
the initial acute stress response at the time of sampling. Or, siscowets may be less sensitive to sea
lamprey parasitism and may not be experiencing severe enough stress to result in immune

suppression. The results from my laboratory experiment support the hypothesis that siscowets
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have a less severe immediate response to sea lamprey parasitism than leans, and this may lead to
differential population responses. Future studies that measure more physiologically-based
immune and energetic related parameters and that compare between the morphotypes may
provide additional support for the hypothesis that life history mediates the stress response. The
use of RNA-sequencing, as demonstrated here, may be a useful tool to explore these questions
and to identify key genes that differ between morphotypes.
Measurements of endocrine disruption

Endocrine disruption as a result of sea lamprey parasitism was also observed in this study
through decreased testosterone levels in the laboratory experiment (Figure 10A) and FSH
suppression in the field study (Figure 10E). The decreased plasma testosterone concentrations
observed in parasitized lake trout from the laboratory experiment may be because of suppressed
steroidogenesis or increased metabolism and clearance of the steroid. Stress may reduce steroid
levels due to increased production of cortisol, a main mediator hormone of the stress response.
Pankhurst and VVan Der Kraak (2000) observed a decrease in plasma testosterone concentrations
directly following an injection of cortisol in rainbow trout. Plasma estradiol concentrations did
not decline until the rainbow trout were allowed to recover for three hours. Estradiol is produced
through the aromatization of testosterone by cytochrome p450 in the theca cells (Nagahama
1994), and a decline in estradiol could be due to testosterone substrate availability (Pankhurst
and Van Der Kraak 2000). My results suggest a subtle decrease in plasma estradiol
concentrations in parasitized leans, although it was not significant (Figure 10B, p=0.2285). Had
my study allowed for a recovery period after parasitism, a significant decline in plasma estradiol

may have been observed.
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It is also possible that parasitized lake trout have lowered testosterone levels due to
increased steroid metabolism and degradation rates. Steroid-binding globulins, such as sex
steroid binding protein (SSBP) and albumin, transport and normally protect sex steroids from
degradation (Dunn et al. 1981; Petra et al. 1983). There is some evidence supporting that SSBP
binding affinity is lowered by cortisol (Hobby et al. 2000a). If SSBP affinity was lowered
enough to cause competition for binding sites then testosterone would be expected to bind less
than estradiol because its binding affinity is 33.8 percent of estradiol (Hobby et al. 2000b),
thereby increasing the concentration of free testosterone that is subject to degradation.
Furthermore, in my study qPCR results showed a down-regulation of albumin in parasitized
siscowets (Figure 15). Although albumin has a low binding affinity (compared to SSBP), it is
usually present in large concentrations in the serum and therefore binds to a large quantity of
plasma sex steroids (Dunn et al. 1981; Sodergard et al. 1982; Miller et al. 1983). In humans,
decreased albumin concentrations caused increased unbound testosterone levels, thereby
increasing metabolism of the steroid (Dunn et al. 1981). Therefore, it is possible that the down-
regulation of albumin in parasitized siscowets is linked to the lowered testosterone
concentrations, but this will need to be explored in future studies.

An additional observation of my endocrine analysis was the differences in plasma
testosterone and estradiol concentrations between my field study and laboratory experiment
(Figures 10A - D). This may be due to the artificial conditions of the laboratory experiment or
differences in sampling dates between the laboratory and field study. Fish maturation is sensitive
to environmental cues, including water temperature and photoperiod, and it is difficult to
replicate natural conditions in the laboratory (Davies et al. 1999; Bromage et al. 2001). Artificial

experimental settings may be an explanation for the lower plasma sex steroid concentrations
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observed in lake trout from my laboratory experiment. In addition, plasma samples were taken
over a longer time period in my laboratory experiment (periodically October through December)
compared with my field study (four sample dates total, taken in September and October). Plasma
sex steroid concentrations change during final maturation, which may have resulted in different
average testosterone and estradiol concentrations between the laboratory and field studies
(Taranger et al. 1998; Goetz et al. 2011).

Lower pituitary FSH levels in wild parasitized lake trout may also be due to endocrine
suppression (Figure 10E). FSH’s primary role is in early maturation when it induces oocyte
uptake of vitellogenin and oocyte recruitment (Tyler et al. 1991; Tyler et al. 1997). In lake trout
FSH peaks in August and September followed by a decline in October. However, detectable
levels of FSH are still present in October (Goetz et al. 2011). Little is known about the function
of FSH in the latter stages of maturation. In male mammals FSH stimulates LH receptors in late
maturation, increasing gonad weight and sensitivity to LH (Odell et al. 1973; Chase 1983; Kerr
and Sharpe 1985). However, | know of no comparable research for fish.

It is also possible that FSH has little or no function in late maturation and that the slow
decline in FSH concentrations in the fall represents down-regulation through negative feedback
or degradation. This is true of vitellogenin, which is present throughout rainbow trout
maturation. The presence of vitellogenin in late maturation, long after vitellogenesis is complete,
is thought to be due to its slow degradation rates (Bon et al. 1997). If the presence of FSH in later
stages of maturation is merely an artifact of its gradual degradation and down-regulation, then
the lower levels of FSH in parasitized lake trout could also indicate an earlier maturation
schedule or suppressed FSH production in early maturation. If this gradual degradation of FSH

is true, perhaps evidence can be found by close examination of plasma estradiol dynamics.
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Plasma estradiol levels tend to decrease throughout final maturation (Norberg et al. 1989; Goetz
et al. 2011). However, wild parasitized lake trout in my study had a non-significant trend for
increased estradiol levels (Figure 10D). This suggests that parasitized lake trout were not in later
stages of maturation than non-parasitized trout at the time of sampling. Therefore, it is most
likely the suppressed pituitary FSH levels observed in parasitized lake trout is due to decreased
production.

Additional research is necessary to determine whether FSH production was actively
being suppressed at the time of sampling or if the lower FSH levels were an artifact of decreased
production in earlier maturation. This would require measuring pituitary FSH earlier in
maturation. An additional limitation of my FSH analysis is that | was not able to measure this
parameter in my laboratory experiment. But, the suppressed pituitary FSH levels | observed in
my field study indicate that FSH is an important component of the lake trout endocrine response
to sea lamprey parasitism which should be considered for future study (Goetz et al. 2011).
Additional research may also include measurement of LH. LH, the gonadotropin involved in
final maturation (Prat et al. 1996; Breton et al. 1998; Figure 2), was also not measured in my
study because it peaks sharply directly before ovulation making it difficult to capture in field
studies (Goetz et al. 2011). It is very possible that LH may be affected by sublethal sea lamprey
parasitism as well.

Measurements of bioenergetics alterations

The endocrine response shown in both the short-term laboratory experiment and field
study suggests that sea lamprey parasitism affects lake trout endocrine function well beyond the
short-term stress response stage, and likely results in reduced reproductive success. However,

future research is necessary to understand this connection. Wild parasitized lake trout showed
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little indication of altered reproductive success (e.g. GSI, fecundity, egg diameter; Figure 13D,
E, F). The difference in length-at-age between wild parasitized and non-parasitized leans and
siscowets (Figure 12C, D) was a confounding factor for measurements of reproductive success.
These measurements tend to change with age, making interpretation difficult. Given that the
parasitized lake trout were larger and older (Figure 12A, B, E), and thus should have higher
fecundities (Goetz et al. 2011), itis possible that parasitized lake trout are experiencing
impairments in reproductive success but that these declines are undetectable in this dataset.

Understanding how sea lamprey parasitism affects measurements of reproductive success
may be more suited to a laboratory experiment that can control for potential confounding factors,
such as differences in length and age compositions. The short time frame of my laboratory
experiment was designed to measure the immediate endocrine disruption and immune-related
modulation in response to parasitism, but this also limited my analysis of reproduction
measurements, including fecundity and egg diameter. The mature lake trout used in my
laboratory experiment conducted in the fall were likely at or near completion of vitellogenesis,
which would mean that females would have already made their energetic investment into
gonadal growth and therefore were unlikely to show any changes due to parasitism.

Laboratory experiments in which lake trout are parasitized prior to maturation, given time
to heal sea lamprey wounds, and then assessed for reproductive alteration after maturation would
provide a clearer link between sea lamprey parasitism, endocrine disruption, and reproductive
success. This experimental design would enable sea lamprey parasitism to be linked with
changes in reproduction, such as fecundity and egg diameter. Additionally, future research on
reproductive alteration may also include the development of a lake trout physiological model

similar to the model developed by Murphy et al. (2005). This model connects HPG axis
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components, including gonadotropin and plasma sex steroids, and estimates cumulative
vitellogenin production. Development of a similar model for lake trout would allow endocrine
disruption due to parasitism to be scaled to a measurement of reproductive success.

The results from my study also support that lake trout alter growth-related bioenergetics
parameters in response to sea lamprey parasitism. Muscle lipid concentration measurements
determined by the laboratory lipid extraction method showed a non-significant trend for
decreased lipid levels in parasitized wild siscowets when compared with non-parasitized wild
siscowets (Figure 11C). This suggests that siscowets use muscle lipid energetic reserves to cope
with the energetic demands of sea lamprey parasitism. The decreased muscle lipid concentration
in wild parasitized siscowets was not observed in measurements taken using the non-invasive
fatmeter (Figure 11B). This is likely due to lower precision of the fatmeter. When operating the
fatmeter, | observed that muscle lipid level readings fluctuated with minor position changes. The
fatmeter can distinguish between the morphotypes well, but it is not precise enough to detect the
smaller changes due to sea lamprey parasitism. This would explain why a trend was observed
when measuring muscle lipid concentrations by laboratory lipid extraction analysis but not by
fatmeter measurement.

The differing results between muscle lipid concentration measured by laboratory lipid
extraction and by fatmeter measurement made analysis of this parameter difficult. I measured
muscle lipid concentration by laboratory lipid extraction for only a subsample of wild lake trout,
in order to verify fatmeter measurement results, so small sample size likely limited the statistical
power of this analysis. In addition, the short duration of my laboratory experiment made it

unlikely that I would observe changes in muscle lipid concentration in response to sea lamprey
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parasitism. Measurements of more immediate energetic demands, such as plasma triglycerides or
liver glycogen, may be better measurements of short-term bioenergetics alterations.

Wild parasitized lake trout were observed to have significantly greater length-at-age
relationships compared with non-parasitized lake trout (Figure 12C, D). There are a number of
different reasons why this could occur. One, sea lamprey parasitism could alter lake trout growth
trajectories, resulting in greater energetic allocation towards somatic growth. This explanation
has obvious management implications for the accuracy of lake trout bioenergetics models.
Additionally, greater lake trout size may cause increased sea lamprey parasitism. In addition to
being preferred hosts, larger lake trout are also more likely to survive parasitism (Swink 1990;
Swink 1991). This may result in a skewed sea lamprey scarring distribution towards older and
larger individuals. Since reproductive success tends to increase with age and size, sea lamprey
parasitism could be hindering reproduction of the population’s most productive individuals
(Berkeley et al. 2004; Olin et al. 2012). This effect may be similar to the reproductive pressures
observed in fish populations where fishing industries select for the largest and oldest females
(Birkeland and Dayton 2005; Olsen et al. 2005).

Life history influence on sea lamprey parasitism behavior

A second objective of my study was to compare the immune, endocrine, and
bioenergetics responses to sea lamprey parasitism between the lean and siscowet morphotypes.
As previously discussed, morphotype life history adaptations seemed to influence the immediate
and long-term responses to parasitism, seen through differential immune-related modulation and
bioenergetics alteration. Parasitized siscowets in the laboratory experiment mounted an immune

response (Figure 9B, 15) and wild parasitized siscowets seemed to sacrifice muscle lipid
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concentration (although not significant) (Figure 11C); these responses were not observed in
parasitized leans.

In addition to comparing immune, endocrine, and bioenergetics responses to parasitism
between the morphotypes | also evaluated measurements of sea lamprey parasitism behavior to
test whether morphotype differences could be due to parasite behavior, not just host response
differences. Results from my laboratory experiment suggest that sea lamprey have different
feeding rates depending on lake trout host morphotype (Figure 8A). Sea lamprey had a tendency
to consume a greater body weight percentage when parasitizing siscowet hosts. Sea lamprey
have been previously observed to alter feeding rates depending on host species, but this has been
attributed to differences in initial host weight (Swink and Hanson 1986). Host morphotype and
host weight were correlated in my experiment (p=0.4340), making it difficult to interpret these
effects individually. However, when | re-fit the sea lamprey feeding model using data from leans
and siscowets with overlapping weight ranges only there was still a statistical trend for greater
sea lamprey percent body weight consumption when parasitizing siscowet hosts (p=0.1157).

My results suggest that sea lamprey alter their feeding rates depending on lake trout host
morphotype, and that this difference may be independent of initial host weight. Alteration of sea
lamprey feeding rate between the morphotypes may be due to physiological or behavioral
differences between lake trout host morphotypes. Host physiological differences which may
increase sea lamprey feeding rate include increased blood flow or greater overall blood volume.
Additionally, host behavior may affect sea lamprey feeding rate. Although not measured in my
experiment | did observe that siscowets were more docile than leans when being parasitized. Sea
lamprey parasitizing siscowet hosts may experience less stress than those parasitizing lean hosts,

which may increase blood consumption.
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In addition to measuring sea lamprey feeding rate in the laboratory experiment, | also
measured sea lamprey scarring patterns on wild lake trout to assess sea lamprey behavior at the
population level. My results showed no indications of differential survival or parasitism
selectivity between wild leans and siscowets when differences in length and age compositions
were accounted for (Table 2, Figure 8B). Differences in length-at-age are important to consider
when comparing sea lamprey parasitism rate between the morphotypes because both greater size
and older ages are associated with an increased probability of sea lamprey parasitism having
occurred. Siscowets have lower length-at-age than leans (Miller and Schram 2000). At a given
age, when compared with siscowets, leans are preferred hosts due to sea lamprey selectivity for
larger lake trout (Swink 1991). At a given length siscowets will be significantly older than leans,
which also increases the probability of parasite-host contact having occurred. Since fisheries
sampling often targets fish of a particular length, sampling will be biased towards older
siscowets and younger leans which could lead to misinterpretation of the scarring data if
differences in length-at-age are not considered.

My research results may be further evaluated in future studies by comparing sea lamprey
scarring patterns between lake trout morphotypes in a greater number of age cohorts. Increased
sample size may also decrease the influence of potentially misidentified scars, including fully
healed scars which are no longer visible or scars from other sources, such as ulcers, with similar
appearances to sea lamprey scars.

Genetic adaptation to differing environmental pressures may explain why lake trout host
morphotype influenced sea lamprey feeding rate in the laboratory experiment (Figure 8A), but
was not a significant predictor of sea lamprey scarring patterns in wild populations (Table 2,

Figure 8B). The lean and siscowet morphotypes live in different bathymetric regions of Lake

51



Superior and have adapted genetically to their respective environments (Goetz et al. 2010).
While life history appears to influence immune-related modulation, and possibly bioenergetics,
responses to sea lamprey parasitism this could represent an adaptive response to differing
environmental pressures experienced by leans and siscowets. This would result in life history
differences in parasitism response, but similar overall survival in wild populations. It is possible
that the colder water temperatures occupied by siscowets may slow the healing of sea lamprey
wounds, leaving muscle tissue exposed for longer. This could explain the greater modulation of
immune-related parameters in parasitized siscowets. The trend for decreased muscle lipid levels
in wild siscowets may also be a result of occupying a less productive environment than leans
where replenishing muscle lipid reserves may take longer or come at a greater energetic cost.

Lean and siscowet differences in length-at-age may also affect population-level responses
to sea lamprey parasitism. Although wild leans and siscowets did not have differential sea
lamprey scarring rates it is possible that younger lake trout are parasitized differently depending
on morphotype. The difference in growth dynamics between the morphotypes could mean that
leans and siscowets become preferred sea lamprey hosts at different ages. Due to their slower
growth siscowets have more years between reproductive maturity and when they are larger and
more preferred lamprey hosts (Swink 1991; Sitar and He 2006; Mata 2009). With more years to
reproduce under lower sea lamprey parasitism pressures siscowets may experience less
reproductive impact at the population level. This difference would likely only be apparent by
studying a larger range of lake trout cohorts or through population modeling.
Overall conclusions

In this thesis | presented observations which support that lake trout respond to sea

lamprey parasitism by altering immune, endocrine, and bioenergetics parameters. Additionally,
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life history adaptations may affect short-term sea lamprey parasitism responses in lake trout and
life history characteristics, such as age and size at maturity, may influence susceptibility to an
attack. My study is a first step in identifying key physiological systems affected by sea lamprey
parasitism. From these results it is apparent that sea lamprey affect lake trout populations beyond
the direct mortality they inflict. The 45 to 75 percent of lake trout which survive a sea lamprey
parasitism event undergo a stress response, immune-related modulation, and endocrine
disruption (Swink 2003; Madenjian et al. 2008). These changes likely affect population-level
growth and reproductive success, which should be considered when evaluating the effects of sea

lamprey parasitism on lake trout populations.
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APPENDIX A: LIST OF ALTERNATIVE MODELS

The following is a list of all alternative models compared for each response variable. Alternative models were compared by AIC value
and the model with the lowest AIC value out of those listed below was considered the best model.

Response variable: Sea lamprey percent body weight consumption
Morphotype + Weight + Sample date + Test duration + Muscle lipid
Morphotype + Weight + Sample date + Test duration
Morphotype + Weight + Sample date + Muscle lipid
Morphotype + Weight + Test duration + Muscle lipid
Morphotype + Sample date + Test duration + Muscle lipid
Weight + Sample date + Test duration + Muscle lipid
Morphotype + Weight + Sample date
Morphotype + Weight + Muscle lipid
Morphotype + Test duration + Muscle lipid
Sample date + Test duration + Muscle lipid
Morphotype + Weight + Test duration
Morphotype + Sample date + Muscle lipid
Weight + Test duration + Muscle lipid
Morphotype + Sample date + Test duration
Weight + Sample date + Muscle lipid
Weight + Sample date + Test duration
Test duration + Muscle lipid
Sample date + Test duration
Weight + Sample date
Morphotype + Weight
Sample date + Muscle lipid
Weight + Test duration
Morphotype + Sample date
Weight + Muscle lipid
Morphotype + Test duration
Muscle lipid
Test duration
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Response variable (cont’d): Sea lamprey percent body weight consumption
Sample date
Weight
Morphotype

Response variables: HSI, muscle lipid concentration from laboratory experiment

Morphotype + Parasitism status + Test duration + Fungus + Sample date + Morphotype * Parasitism status + Morphotype *
Test duration + Parasitism status * Test duration + Morphotype * Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Fungus + Sample date + Morphotype * Parasitism status + Morphotype *
Test duration + Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Fungus + Sample date + Morphotype * Parasitism status + Morphotype *
Test duration + Morphotype * Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Fungus + Sample date + Morphotype * Parasitism status + Parasitism status
* Test duration + Morphotype * Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Fungus + Sample date + Morphotype * Test duration + Parasitism status *
Test duration + Morphotype * Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Fungus + Sample date + Morphotype * Parasitism status + Morphotype *
Test duration

Morphotype + Parasitism status + Test duration + Fungus + Sample date + Parasitism status * Test duration + Morphotype *
Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Fungus + Sample date + Morphotype * Test duration + Morphotype *
Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Fungus + Sample date + Morphotype * Parasitism status + Parasitism status
* Test duration

Morphotype + Parasitism status + Test duration + Fungus + Sample date + Morphotype * Parasitism status

Morphotype + Parasitism status + Test duration + Fungus + Sample date + Morphotype * Test duration

Morphotype + Parasitism status + Test duration + Fungus + Sample date + Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Fungus + Sample date + Morphotype * Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Fungus + Sample date

Morphotype + Parasitism status + Test duration + Sample date + Morphotype * Parasitism status + Morphotype * Test
duration + Parasitism status * Test duration + Morphotype * Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Sample date + Morphotype * Parasitism status + Morphotype * Test
duration + Parasitism status * Test duration
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Response variables (cont’d): HSI, muscle lipid concentration from laboratory experiment

Morphotype + Parasitism status + Test duration + Sample date + Morphotype * Parasitism status + Morphotype * Test
duration + Morphotype * Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Sample date + Morphotype * Parasitism status + Parasitism status * Test
duration + Morphotype * Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Sample date + Morphotype * Test duration + Parasitism status * Test
duration + Morphotype * Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Sample date + Morphotype * Parasitism status + Morphotype * Test
duration

Morphotype + Parasitism status + Test duration + Sample date + Parasitism status * Test duration + Morphotype * Parasitism
status * Test duration

Morphotype + Parasitism status + Test duration + Sample date + Morphotype * Test duration + Morphotype * Parasitism
status * Test duration

Morphotype + Parasitism status + Test duration + Sample date + Morphotype * Parasitism status + Parasitism status * Test
duration

Morphotype + Parasitism status + Test duration + Sample date + Morphotype * Parasitism status

Morphotype + Parasitism status + Test duration + Sample date + Morphotype * Test duration

Morphotype + Parasitism status + Test duration + Sample date + Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Sample date + Morphotype * Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Sample date

Morphotype + Parasitism status + Test duration + Fungus + Morphotype * Parasitism status + Morphotype * Test duration +
Parasitism status * Test duration + Morphotype * Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Fungus + Morphotype * Parasitism status + Morphotype * Test duration +
Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Fungus + Morphotype * Parasitism status + Morphotype * Test duration +
Morphotype * Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Fungus + Morphotype * Parasitism status + Parasitism status * Test duration
+ Morphotype * Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Fungus + Morphotype * Test duration + Parasitism status * Test duration +
Morphotype * Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Fungus + Morphotype * Parasitism status + Morphotype * Test duration

Morphotype + Parasitism status + Test duration + Fungus + Parasitism status * Test duration + Morphotype * Parasitism status
* Test duration
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Response variables (cont’d): HSI, muscle lipid concentration from laboratory experiment

Morphotype + Parasitism status + Test duration + Fungus + Morphotype * Test duration + Morphotype * Parasitism status *
Test duration

Morphotype + Parasitism status + Test duration + Fungus + Morphotype * Parasitism status + Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Fungus + Morphotype * Parasitism status

Morphotype + Parasitism status + Test duration + Fungus + Morphotype * Test duration

Morphotype + Parasitism status + Test duration + Fungus + Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Fungus + Morphotype * Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Fungus

Morphotype + Parasitism status + Test duration + Morphotype * Parasitism status + Morphotype * Test duration + Parasitism
status * Test duration + Morphotype * Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Morphotype * Parasitism status + Morphotype * Test duration + Parasitism
status * Test duration

Morphotype + Parasitism status + Test duration + Morphotype * Parasitism status + Morphotype * Test duration +
Morphotype * Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Morphotype * Parasitism status + Parasitism status * Test duration +
Morphotype * Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Morphotype * Test duration + Parasitism status * Test duration +
Morphotype * Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Morphotype * Parasitism status + Morphotype * Test duration

Morphotype + Parasitism status + Test duration + Parasitism status * Test duration + Morphotype * Parasitism status * Test
duration

Morphotype + Parasitism status + Test duration + Morphotype * Test duration + Morphotype * Parasitism status * Test
duration

Morphotype + Parasitism status + Test duration + Morphotype * Parasitism status + Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Morphotype * Parasitism status

Morphotype + Parasitism status + Test duration + Morphotype * Test duration

Morphotype + Parasitism status + Test duration + Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Morphotype * Parasitism status * Test duration

Morphotype + Parasitism status + Test duration

Morphotype + Parasitism status + Fungus + Sample date + Morphotype * Parasitism status

Morphotype + Parasitism status + Fungus + Sample date

Morphotype + Parasitism status + Sample date + Morphotype * Parasitism status
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Response variables (cont’d): HSI, muscle lipid concentration from laboratory experiment
Morphotype + Parasitism status + Sample date
Morphotype + Parasitism status + Fungus + Morphotype * Parasitism status
Morphotype + Parasitism status + Fungus
Morphotype + Parasitism status + Morphotype * Parasitism status
Morphotype + Parasitism status

Response variables: Plasma testosterone, plasma estradiol, egg diameter, fecundity, GSI from laboratory experiment
Morphotype + Parasitism status + Test duration + Sample date + Morphotype * Parasitism status + Morphotype * Test
duration + Parasitism status * Test duration + Morphotype * Parasitism status * Test duration
Morphotype + Parasitism status + Test duration + Sample date + Morphotype * Parasitism status + Morphotype * Test
duration + Parasitism status * Test duration
Morphotype + Parasitism status + Test duration + Sample date + Morphotype * Parasitism status + Morphotype * Test
duration + Morphotype * Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Sample date + Morphotype * Parasitism status + Parasitism status * Test

duration + Morphotype * Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Sample date + Morphotype * Test duration + Parasitism status * Test
duration + Morphotype * Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Sample date + Morphotype * Parasitism status + Morphotype * Test
duration

Morphotype + Parasitism status + Test duration + Sample date + Parasitism status * Test duration + Morphotype * Parasitism

status * Test duration
Morphotype + Parasitism status + Test duration + Sample date + Morphotype * Test duration + Morphotype * Parasitism
status * Test duration

Morphotype + Parasitism status + Test duration + Sample date + Morphotype * Parasitism status + Parasitism status * Test

duration
Morphotype + Parasitism status + Test duration + Sample date + Morphotype * Parasitism status
Morphotype + Parasitism status + Test duration + Sample date + Morphotype * Test duration
Morphotype + Parasitism status + Test duration + Sample date + Parasitism status * Test duration
Morphotype + Parasitism status + Test duration + Sample date + Morphotype * Parasitism status * Test duration
Morphotype + Parasitism status + Test duration + Sample date

Morphotype + Parasitism status + Test duration + Morphotype * Parasitism status + Morphotype * Test duration + Parasitism

status * Test duration + Morphotype * Parasitism status * Test duration
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Response variables (cont’d): Plasma testosterone, plasma estradiol, egg diameter, fecundity, GSI from laboratory experiment

Morphotype + Parasitism status + Test duration + Morphotype * Parasitism status + Morphotype * Test duration + Parasitism
status * Test duration

Morphotype + Parasitism status + Test duration + Morphotype * Parasitism status + Morphotype * Test duration +
Morphotype * Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Morphotype * Parasitism status + Parasitism status * Test duration +
Morphotype * Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Morphotype * Test duration + Parasitism status * Test duration +
Morphotype * Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Morphotype * Parasitism status + Morphotype * Test duration

Morphotype + Parasitism status + Test duration + Parasitism status * Test duration + Morphotype * Parasitism status * Test
duration

Morphotype + Parasitism status + Test duration + Morphotype * Test duration + Morphotype * Parasitism status * Test
duration

Morphotype + Parasitism status + Test duration + Morphotype * Parasitism status + Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Morphotype * Parasitism status

Morphotype + Parasitism status + Test duration + Morphotype * Test duration

Morphotype + Parasitism status + Test duration + Parasitism status * Test duration

Morphotype + Parasitism status + Test duration + Morphotype * Parasitism status * Test duration

Morphotype + Parasitism status + Test duration

Morphotype + Parasitism status + Sample date + Morphotype * Parasitism status

Morphotype + Parasitism status + Sample date

Morphotype + Parasitism status + Morphotype * Parasitism status

Morphotype + Parasitism status

Response variable: Probability of sea lamprey scarring in lake trout
Morphotype + Age + Length + Weight + Sample date
Morphotype + Age + Length + Weight
Morphotype + Age + Length + Sample date
Morphotype + Age + Weight + Sample date
Morphotype + Length + Weight + Sample date
Age + Length + Weight + Sample date
Morphotype + Age + Length
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Response variable (cont’d): Probability of sea lamprey scarring in lake trout
Morphotype + Age + Sample date
Morphotype + Weight + Sample date
Length + Weight + Sample date
Morphotype + Age + Weight
Morphotype + Length + Sample date
Age + Weight + Sample date
Morphotype + Age
Morphotype + Sample date
Weight + Sample date
Morphotype + Length
Age + Sample date
Morphotype + Length
Length + Sample date
Length + Weight
Age + Length
Morphotype
Age
Length
Weight
Sample date

Response variables: HSI, muscle lipid concentration (by fatmeter), muscle lipid concentration (by laboratory lipid extraction), plasma
testosterone, plasma estradiol, FSH, egg diameter, fecundity, GSI from field study
Parasitism status + Morphotype + Age + Sample date + Parasitism status:Morphotype + Parasitism status * Morphotype * Age
Parasitism status + Morphotype + Age + Sample date + Parasitism status:Morphotype
Parasitism status + Morphotype + Age + Parasitism status:Morphotype + Parasitism status * Morphotype * Age
Parasitism status + Morphotype + Parasitism status:Morphotype + Age
Parasitism status + Morphotype + Parasitism status:Morphotype + Sample date
Parasitism status + Morphotype + Parasitism status:Morphotype
Parasitism status + Morphotype + Age + Sample date + Parasitism status * Morphotype * Age
Parasitism status + Morphotype + Age + Sample date
Parasitism status + Morphotype + Age + Parasitism status * Morphotype * Age

61



Response variables (cont’d): HSI, muscle lipid concentration (by fatmeter), muscle lipid concentration (by laboratory lipid
extraction), plasma testosterone, plasma estradiol, FSH, egg diameter, fecundity, GSI from field study
Parasitism status + Morphotype + Age
Parasitism status + Morphotype + Sample date
Parasitism status + Morphotype
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APPENDIX B: MODELS WITHIN TWO AIC VALUES OF BEST MODEL

Table 9. Predictor variables for models within two AIC values of the best model for
measurements related to sea lamprey behavior.

Response

) Predictor variable p-values AIC values
variable
Morphotype: 0.2695 -29.3
Host beginning weight: 0.2654 -28.7
g« % Sea lamprey Sample datei 0.2208 -29.1
£ £ percent body Morphotype: 0.0593
55 weight Host beginning weight: 0.0583 -28.8
§ % consumption Test duration: 0.7328

Morphotype: 0.0944
Host beginning weight: 0.0832 -28.8
Sample date: 0.4278

Probability of Morphotype: 0.3338

T >
2 S :g:rlr?rr?pir?{ake Host age: 0.2419 1405
- trout g Host length: <0.0001
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Table 10. Predictor variables for models within two AIC values of the best model for
measurements of immune-related modulation.

Response
variable

Predictor variable p-values

AIC values

Hepatosomatic
index (HSI)

Laboratory experiment

Morphotype: 0.0001

Parasitism: 0.0526

Test duration: 0.0118

Mature: 0.9618

Sample date: 0.0002

Parasitism * Test duration: 0.1462

-138.8

Morphotype: 0.0001

Parasitism: 0.05182

Test duration: 0.0125

Sample date: 0.0001

Morphotype * Parasitism: 0.4143
Parasitism * Test duration: 0.1328

-139.5

Morphotype: 0.0011

Parasitism: 0.0532

Test duration: 0.0130

Sample date: 0.0001

Morphotype * Parasitism: 0.4697

-139.1

Morphotype: 0.0012

Parasitism: 0.0513

Test duration: 0.0121

Sample date: 0.0001

Morphotype * Test duration: 0.6091

-138.8

Morphotype: 0.0009

Parasitism: 0.0514

Test duration: 0.0114

Sample date: 0.0001

Parasitism * Test duration: 0.1444

-140.8

Morphotype: 0.0011
Parasitism: 0.0527
Test duration: 0.0119
Sample date: 0.0001

-140.6

=
D
Lo

5 Hepatosomatic
2 index (HSI)

Parasitism: 0.9018

Morphotype: 0.0192

Sample date: 0.0001

Parasitism * Morphotype: 0.6125

-105.2
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Table 11. Predictor variables for models within two AIC values of the best model for
physiological measurements related to endocrine disruption.

Response
variable

Predictor variable p-values

AIC values

Laboratory experiment

Plasma
testosterone
(ng/mL)

Morphotype: 0.0115
Parasitism: 0.0068

80.0

Morphotype: 0.0253

Parasitism: 0.0058

Test duration: 0.8407

Morphotype * Parasitism: 0.9909
Morphotype * Test duration: 0.0685

80.1

Morphotype: 0.0244

Parasitism: 0.0086

Test duration: 0.8975

Sample date: 0.7238

Morphotype * Test duration: 0.0632

78.8

Plasma estradiol
(ng/mL)

Morphotype: 0.0029
Parasitism: 0.1734
Sample date: 0.0821

50.0

Morphotype: 0.0036

Parasitism: 0.1826

Sample date: 0.0896

Morphotype * Parasitism: 0.8998

50.0

Morphotype: 0.0049
Parasitism: 0.1843
Sample date: 0.1202
Test duration: 0.9094

48.0

Field study

Plasma
testosterone
(ng/mL)

Parasitism: 0.3637

Morphotype: 0.6356

Age: 0.1210

Sample date: 0.0071

Parasitism * Morphotype * Age:
0.1722

341.6

Parasitism: 0.3673

Morphotype: 0.6381

Age: 0.1291

Sample date: 0.0046

Parasitism * Morphotype: 0.2551

340.1
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Table 11 (cont’d)

Field study

Parasitism: 0.3648
Morphotype: 0.6364

Plasma Age: 0.1272
testosterone Sample date: 0.0101 340.1
(ng/mL) Parasitism * Morphotype: 0.2527
Parasitism * Morphotype * Age:
0.2462
Parasitism: 0.2128
. Morphotype: 0.9564
(Pr:gj’mﬁ)es”ad'o' Age: 0.4356 379.0
Sample date: <0.0001
Parasitism * Morphotype: 0.5386
Parasitism: 0.0034
o . Morphotype: 0.6448 -165.8
Etlitrl#ljiaarl{i:glhde- Sample date: 0.3222
hormone (FSH) Parasitism: 0.0063
Morphotype: 09232 -164.4

Parasitism * Morphotype: 0.9718
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Table 12. Predictor variables for models within two AIC values of the best model for
bioenergetics measurements related to growth.

Response
variable

Predictor variable p-values

AIC values

Laboratory experiment

Muscle lipid
concentration (%
wt/w), by
fatmeter

Morphotype: <0.0001
Parasitism: 0.4706

635.7

Morphotype: <0.0001
Parasitism: 0.4351

Sample date: 0.0962

Morphotype * Parasitism: 0.7138

636.6

Morphotype: <0.0001
Parasitism: 0.4276
Fungus: 0.6886
Sample date: 0.1181

636.6

Morphotype: <0.0001
Parasitism: 0.4332
Test duration: 0.7437
Sample date: 0.0974

636.7

Morphotype: <0.0001

Parasitism: 0.4015

Test duration: 0.7410

Sample date: 0.0753

Morphotype * Test duration: 0.1204

636.1

Field study

Fork length (mm)

Parasitism: <0.0001
Morphotype: <0.0001

Age: <0.0001

Sample date: 0.0818

Parasitism * Morphotype * Age:
0.0234

-233.6

Parasitism: <0.0001
Morphotype: <0.0001

Age: <0.0001

Sample date: 0.0818

Parasitism * Morphotype: 0.7858
Parasitism * Morphotype * Age:
0.0188

-232.3

Muscle lipid
concentration (%
wt/w), by
fatmeter

Parasitism: 0.6121

Morphotype: <0.0001

Age: 0.1956

Parasitism * Morphotype * Age:
0.1769

154.1
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Table 12 (cont’d)

Parasitism: 0.7541
Morphotype: <0.0001

Muscle lipid Age: 0.1747 153.0
concentration (% | Sample date: 0.1746
> wt/w), by Parasitism: 0.6163
S fatmeter Morphotype: <0.0001 153.0
- Age: 0.2017 '
[ Parasitism * Morphotype: 0.7847
L Muscle lipid
concentration (% | Parasitism: 0.4386
wt/w), by Morphotype: <0.0001 -47.5
laboratory Parasitism * Morphotype: 0.4801
analysis
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Table 13. Predictor variables for models within two AIC values of the best model for
bioenergetics measurements related to reproduction.

Response
variable

Predictor variable p-values

AIC values

Laboratory experiment

Fecundity (total

eqgs per g body
weight)

Morphotype: 0.5390
Parasitism: 0.2766
Morphotype * Parasitism: 0.5955

-8.7

Morphotype: 0.5168
Parasitism: 0.2570
Sample date: 0.6304

Morphotype: 0.5708
Parasitism: 0.2884
Test duration: 0.9707

Gonadosomatic
index (GSI)

Morphotype: 0.5997
Parasitism: 0.1361
Morphotype * Parasitism: 0.2578

94.5

Morphotype: 0.7245
Parasitism: 0.1387
Sample date: 0.2414

94.4

Morphotype: 0.7243

Parasitism: 0.1397

Sample date: 0.3023

Morphotype * Parasitism: 0.3223

95.0

Morphotype: 0.4832
Parasitism: 0.1280
Test duration: 0.3295

95.0

Morphotype: 0.4919

Parasitism: 0.1041

Test duration: 0.3394

Morphotype * Test duration: 0.4759

96.2

Morphotype: 0.4902

Parasitism: 0.1349

Test duration: 0.5897
Morphotype * Parasitism: 0.4395

96.1

Morphotype: 0.6369
Parasitism: 0.1430
Test duration: 0.6094
Sample date: 0.4204

96.0
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Table 13 (cont’d)

Egg diameter
(mm)

Laboratory experiment

Morphotype: 0.9439
Parasitism: 0.9328
Morphotype * Parasitism: 0.8704

-70.2

Morphotype: 0.9542
Parasitism: 0.9709
Sample date: 0.7048

-70.3

Morphotype: 0.9406
Parasitism: 0.9341
Test duration: 0.7738

-70.2

Fecundity (total

eggs per g body
weight)

Parasitism: 0.6689
Morphotype: <0.0001

23.9

Parasitism: 0.5819

Morphotype: 0.0006

Sample date: 0.0594

Parasitism * Morphotype: 0.7570

25.8

Field study

Gonadosomatic
index (GSI)

Parasitism: 0.2324

Morphotype: 0.0094

Age: 0.0077

Sample date: 0.0002

Parasitism * Morphotype: 0.0947
Parasitism * Morphotype * Age:
0.0671

640.4

Egg diameter
(mm)

Parasitism: 0.0143

Morphotype: 0.0004

Sample date: 0.0001

Parasitism * Morphotype: 0.9888

-316.5
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