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Abstract

Fish species with complex life cycles, extensive migrations, or broad distributional ranges,
such astie American eelAnguilla rostratacommonly have poorly understood ecologies
because of a lack of information about their ambient environment. Stabtepss of otoliths
offer lifelong records of ambient conditions and life history, making them a progitssue for
ecological studies. However, unexplained variatiohi® geothermometers among fish
species has necessitated use of spesjgacificgeote r momet er s, t hus | i mitir
utility. Furthermore, interpretations of 3C of otoliths & complicated by multiple driving
factors (e.g., diet, DIC) and disputes over the possible influence of metabolic rate on both
isotopes.

In this thesis, | used three controlled laboratory experiments to isolate and examine: (1)
the relationship betweendamperature and 80 of otoliths, (2) the relative contribution of diet
versus DIC t0*3C of otoliths, and (3) metabolic rate influengédC and 20. In experiment 1, |
developed an eespecifict 180 fractionation equation (geothermometer); the slope was
shallower tharequations for other species. In experiment 2, otoliths reflected thel fiC
range of four isotopically distinct dietgardless of diet quality. Mixing models showed diet
contributed ~50% of total *C to otoliths. In experiment 3, | used the novppeoach of
manipulating swimming activity to induce a gradient of metabolic rates. The results showed no
relationship betwea metabolic rate and 13C. | propose that temperature may explain the
apparent connection between metabolic rate antfC.

Finally,I applied the laboratory findings to an ecological study of stocked American eels in

the St. Lawrence River. Th¥O of ed otoliths could be used to estimate water temperature



within 0.4°C of their habitat. | usetd*3C to determine habitat use after stking and found that

eels change habitat once they reach a specific age and size. Collectively, my thesis integrates
three longterm laboratory experiments and 6 years of field data to elucidate the role of
temperature, diet, and metabolic rate on the oxyrgand carbon isotope compositions of

otoliths with implications for future ecology studies of species with complex liferies.



Epigraph

Thousands passed the lighthouse that night, on the first lap of a far sea jaurayhe silver eelsn
fact, that the marsh contained. And as they passed through the surf and out to sea, so also they passed
from human sight and almost from human knedte.
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Chapter 1

General Introduction

Knowledge of the ambient environmental conditiogperienced byrganisms is
fundamentalto understanding their basic ecology. Accurate measures of envirotahen
conditionsfor individuals of declining specieanalsoinform predictions abotitheir tolerance
and response to future changes so that appropriate action can be taken to mitigate those
declines. However, comprehensive measurements of ambient envieahare difficult to
obtain for organisms that move through different habitats dgriheir lives. In particular, fish
species with complex life cycles, extensive migrations, or broad distributional ranges
commonlypoorly understooddue toa lack of iformation about their ambient environment.
The difficulty involved itracking many organisms over anngenough temporal scale to
understand longerm trendshas resulted ira need for accurate took® help elucidate these
complex ecological histories.

Oxygen isotopes as geothermometers

Ambient temperature is central to the cami and regulation of the physiology and
behaviour of ectothermdut accuratdy measuingthe thermal experience of nostationary
animalscanpose a considerable challenge faologists,asthese animalsre exposed to many
different environments througout their life. Animals that secrete calcium carbonate (e.g. in
the form of shells), however, have buitt thermometers that can be used to reconstruct their
thermalexperience Harold Urey (1947) was the first to discover that oxygen isotope ratios of

calcium carbonate can be used as a geothermometer. Calcium carbonate is precipitated in

1



isotopic equilibrium with ambient water. However, the heavy isotol®) requires slightly
more energy to break its bonthan the light isotope 1%0). Consequently, teperaturecauses a
predictable partitioning of heavier and lighter isotopes (fractionation) between calcium
carbonateand water The temperaturedependence of this fractionatiqralibrated using the
calcite shells of mollusK&psteiret al.,1951) is so sensitive that the difference iA%0 of
calcium carbonate and water can be used to reconstructaimbienttemperature at the time
the carbonate was formed. This method wast appliedto reconstruct paleotemperatures
usinga 15@million-yearold belemnite fossil (Uregt al.,1951) andDevereaux (1967) was the
first to applyit to 1 Y80 of fish otoliths. Like mollusk shells, otoliths are calcium carbonate
structures however while mollusk shells are calcite, otolithee mainly composed of a
different calcium carbonat@olymorph, aragoniteandso their fractionation is slightly
different. Nevertheless, the method took off anger the past 50 yeatsasbeen used many
timesin a wide range of fish species teconstruct the thermal history of individus|Degenset
al., 1969; Radtkest al.,1987; Kalish1991; Pattersoret al.,1993; Thorrolcet al.,1997; Hgie et
al., 2004; StormSukeet al.,2007).

The broadapplication ofbiogenic geothermometers was called into questibowever,
when Ureyet al. (1951) proposed the idea that biological processes could override the
environmental signals recorded tine 1 180 of carbonate.Even recently, smatlifferences in
oxygen isotopdractionation were found between inorganic calcite and biogeniealiyned
cal cite ( Koo, Copled2000; Wdtkinset al.,2015).Mollusks, which were used to

calibrate the geothermometer method, consistently piggtate their carbonate shells oxygen



isotopicequilibrium with ambient water (Leng and Ley29§16) however, this is not the case
for all organisms. In rare cases, organigmg. corals and foraminifera)ayprecipitate
carbonate out obxygenisotopic equilibrium with ambient wier, a phenomenon branded as
vital effects (McConnaughey989; Sharp, 2017Pver time “vital effects has become a cateh
all term to explain any deviation from expected isotopic equilibrium.

The discovery ofital effeds generatel the idea that mé&abolism might affect the
accuracy of biogenic geothermometers. Indeed, tixggen isotopgeothermometers
calibrated for various fish species over the past several decades reveal small differences, mainly
in the form of diffeent intercepts wherplotting the fractionation between otoliths and water
versus temperatureThese differencesmphasize the need for specispecific
geothermometers for fish otoliths (Kalish991; Thorrolcet al., 1997; Hie et al,, 2004; Storm
Sukeet al,, 2007) as well as addiina studiesto understand the factors that cause fish otoliths
to deviate from expected isotopic equilibrium.
Carbon isotope signals

A half century has passed since the first isotope measureswdrat fish otolith, yet major
gaps still exist in undetanding how carbon isotopes are incorporated into otoliths. In inorganic
marine carbonates, precipitation is straightforward: carbonate precipitates in egaitibrium
with 1 13C of dissolved inorganic cam¢DIC)n the water. Most biogenic carbonatesylever,
deposit carbon isotopes out of equilibrium with D& the factors that drive this
disequilibrium are not well understood. Some studies have found a significant relationship

betweent 12C of otolitts and diet(Radtkeet al.,1996; Elsdort al.,2010) Others have



concluded that *3C of otoliths is primarily derived from DIC (Kali#91b; Weidman and
Milner, 2000; Hgieet al.,2003; Solomoret al.,2006; Tohse and Mugiya008),andmore
recent studies have found that metabolic rate, or swimméagjvity, has an effect on3C
(Sherwood and Ros2003; Dufouret al.,2007; Chunet al.,201%). While these factors are
not mutually exclusive, the extent to which each contributes toth€ of otolithsremains
unknown which limits the utility of *3Cof otoliths and leaves a considerable amount of
unexplained‘nois€’ in 1 13C data

Sincemetabolic rate is difficult to measure in the natural environment and also difficult to
control ina laboratory, most evidence of a relationship betweéfC and meabolic ratehas
been tested using proxiesuch as life history factors that relate to changes in metabolic rate.
For example, ontogenetic trendsiA3C of otoliths are observed in a numbsrfish species
(e.g., Schwaraeet al., 1998; Weidman and Milnge2000; Jamiesoet al., 2004; Dufouet al.,
2008) younger fishcommonlyhave lower 13C and higher metabolic rates than older fish
(Kalish, 1991b). Otolith@rovidea longerterm record oft 3Cthan other tissues, such as
muscle making them a promisintissue for ecological studies. Yet, whfficulty in
disentangling the proportion of'3C derived from dieversus that derived froldIC, and the
suggestiorthat metabolic rate may also influen¢é3C of otoliths, continues tmake
interpretationsof 1 $3Cof otoliths uncertain

Applications of stable isotopes to study the ecology of fish species with complex
life histories

Stable isotopes of carbon and oxygen of fish otolithslzansed to elucidate information

about ambient environment and life histarimbient temperature reconstructions using®0
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of otoliths reflect individual eperiencejtemperature ismportant to document becausk is a
major factor controlling metabolic rate and growth of fish, particularly in early life st@egs
1971, Panfilet al, 1994) For example, records ekperienced temperature can be compared
to the temperature requirements of a species to predict thermal tolerance in relation to future
climate changeHistorical archived otolithsnay alsooffer insight into past environment
condtions; they provide impdant environmental baselines for detecting changes in conditions
that may becontributingto the decline of a species. Interpretation sthblecarbon isotopes of
otoliths still requires refinement, but more definitive inferendesm any one of the propaesl
driving factors (diet, DIC, metabolic rate) will greatly enhance future ecological studies. Diet and
prey availability are critically important in understanding and predicting changes in species
abundance because diet influeregrowth rate potential maximumsize, quality of
reproductive organs, survival, and ability to migrate. Whargterm trendsare examined,
stable carbon isotopes can provide a dietary arcluver long time periodsrad yield insight
into possible food webkhifts. Otolith recordsf 1 1°C derived from DIC can be used in isotope
tracing studies to identify habitat use since DIC can reflect the geochemistry of water from
different locations. Although metabolic rate is a plausible faatfiuencingt 13Cof otoliths,
uncertaintyaboutits contribution has plagued interpretations of diet and DIC for decades.

The American edhnguilla rostratais an ideal example of a species thadybenefit from
the use of stable isotopes tnderstandits ecology. Eelbave a complex life cyclawide
distributional range involving the use of several habitats, and large variation in diet across life

stages (Jacobst al.,2015).Eels argapidly declining (Castonguay al., 1994; Casselman



2003; Casselmaet al.,2013), yet major gaps in our understaing of their complex ecology
have largely prevented us from identifying and mitigating the factors causing their dedtiae.
stable isotope compositions of otolittsay be one of the few tools that we have to fill in those
gaps and draw a clearer pictuoé their ecology. In this thesis, | use controlled laboratory
experiments to isolate and measure the variables infliegct3C and 80 of American eel
otoliths andthen apply the results to an ecological study of stocked eels living in the upper St.
Lawrence River. The work presented here represents a critical step tewahdating and
optimizing the use of isotopic composions of otolithsto make accurate inferaces regarding
the basic ecology of species with complex life histories.
Thesis outline

In chapter 2, | examinthe relationship between water temperature and®O andt 1°C of
otoliths by rearingAmerican eeélvers in fresh water for 32 weeks 10 temperature
treatments ranging from 10 to 3€. | develop a speciaspecific geothermometer based on
otolith—-water 1 18O fractionation at each temperature. | also provide a method for isolating the
freshwater portion of an otolith of a catadromous species. Somatic and otolith grasfrlvers
are examined in relation to temperature and | report the optimum temperasdoe growth by
body weight, body length, and otolith weighthis chapter validates the use of otolithsda
stableisotopes as an accurate estimator of thermal history of American eels in fresh water,
providing a geothermometer that is applied in the natural environment in chapter 5.

In chapter 3, | examine the*Ccontribution of diet tot 13C of otoliths using eels grown in

a laboratory feeding study. There is considerable disagreement on how to interddet



because otoliths derive carbon from both diet and DIC in waitethis chapter, | isolate the

1 13Ccontribution of diet through a 24veek laboratory experiment where eelgere fed four
isotopically distinct diets, at a constant temperature oP@8nd a DIC efl.6%o. | calculate the
relative contributions of 13C from diet versus DIC to théC of the wiole otolith. | then
compare otoith + *3C with paired muscle**C andi 1N to validate the use of otoliths as diet
indicators. This chapter provides two important contributiaasmprowe interpretations of

113C (1) a percentage contribution of*Cfrom diet and DIC t@ 13C of eel otoliths, and (2)
validation that eel otoliths can accurately reflect diet through direct comparisons of otoliths
and muscle.

In chapter 4, | address a loistanding debate in the literaturevhether metabolic rate
influencest 13C of otoliths. Mosbf the support forthe relationship between °C and metabolic
rate comes from indirect inferencelecause metabolic rate is difficult to measure in the
natural environmenbr control in a laleratory, andconflicting evidenceabout the importance
of metabolic ratehas sowed uncertaintin interpretations ofi 13C of fish otoliths. In this
chapter, | us¢he novel approach of manipulating swimming activity in eel elfer20 weeks
to induce a gradiet of metabolic ratesconfirmed by &ygen consumption rate measurements,
and then measure'3C of otoliths. | control for other factors that influenc&C (diet and DIC)
and factors that influence metabolic rate (temperature and body size). This chaogdes
empirical evidence to fill major gap in the field by disentangling metabolic rate from

interpretations oft 13C of fish otoliths.



In chapter 5, | use the stable isotope composition of otoliths to elucidate the thermal and
ecological associatienof stocked American eels livingthe upper St. Lawrence River. The
findings of chapters 2, 3, and 4 are used to interpréC and 180 of otolithsfrom free living
eels American eel elvers are notoriously difficult to study because they undergossxéen
migrationsovera remarkably wid geographic range>3000 km)However, agovernment
experimental stocking program placed elvers of known age and growth history in a single
measurablesnvironment which created a unique opportunity to validate the isotope
inferences made in the laboratgrIn this chapter, | use'®0O andt **C of otolithsto determine
habitat use and dispersal after stockimghen ask how &bitat userelatesto age, year class,
body size (growth rate), prey availability, and temperature. | also test whefliér of otoliths
can be used to estimatwater temperatureexperenced byeels living in the natural

environment.



Chapter 2
Optimum growth temperature and thermal history of the American eel,
determined using stable isotopes of otoliths and long-term laboratory rearing

Abstract

Isotope compositions aftoliths provide thermal tstory estimates of fish; however, this
tool is currently unrefined for use on a catadromous spe@esh as the American eghguilla
rostrata, where the otolith is formed in both marine and freshwater environments. In this
study, we reared elvers in temperatw@ntrolled laboratory conditions to 1) determine how
somatic and otolith growth responded to temperature; 2) evaluate the relationsbtpreen
water temperature and 80 andt 13Cof otoliths; and 3) develop a specigpedfic isotopic
fractionation equation that isolates the freshwater portion of the otolith. We reared 2,000
elvers in fresh water for 32 weeks at 10 temperature treatmeatsging from 10 to 3%, then
measured 0 andt 13Cof otoliths. Our results show thzeels have a high optimum
temperature for somatic growth (228°C).Optimum temperature for otolith growth was
slightly higher, suggesting that otolith growth can decouple from body grodgtemperature
increasedj 180 of otoliths decreasedusing thigelationship, the expression for aragonite
water isotopic fractionatin of American eel otoliths over the temperature range examined was
1000N0aragonitewater= 14.30(18T1) —18.651. The equation was tested by using 180 American eel
otoliths from anothe controlled rearing study (conducted at 22 and@8and was foundbt
accurately predict water temperature (predictive error °€9. The 13Cof otoliths decreased

with temperature. This experiment validated the use of otoliths and stable isotopes as an
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accurate estimate of thermal history of American eels in fresh water, providing a method that

can be applied to wild eels.

Introduction

The Ameican eelAnguilla rostratais an exceptionally resilient fish that has inhabited
marine and freshwater habitatof North America for over 20 million years (Aoyashal.,
2001). Yet in recent decades, the species has experienced a precipitous declikeq Riuth
Whalen 2000; Dekkeet al, 2003; Dekker and Casselm&014), and in 2014, the American eel
was clasified as an endangered species on the International Union for Conservation of Nature
(IUCN) Red List (Jacadtyal, 2017). Factors thatmaycantt but e t o t he speci es’
barriers to upstream migration, habitat loss, climate and oceanic aadngs of preferred prey,
contaminants, and infection with the swim bladder paragiaguillicola crassugastonguagt
al., 1994a; Casselmar003; Knights2003; MacGregoet a., 2008). However, the global
synchrony of decline with other anguillid spes and the speed at which the decline has
occurred indicate that global factors such as rising water temperature or climate change may
be involed (Bonhommeatet al., 2008)

Water temperature is a major controlling factor affecting metabolic rate anavtiraf
fish, particularly in the earliest stages of life-Blyears)Fry, 1971; Panfiét al., 1994)
Knowledge of the temperaturgrowth response of a species can help predict the direct
temperature effects of climate change. Because eels have a veayl listributional range, the
temperatures encountered in the natural environment can be very diffefieym temperatures

that eels prefer or those that produce optimal growth. Extensive migrations between spawning
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and maturing grounds through differentéihmal environments necessitate a high degree of

thermal tolerance (Haral991; Jessq®010). Temperatre could be a contributing factor to

the species’ decline. Yet surprisingly few st
requirements of Americaeels.

The limited number of studies that examine optimum temperature for growth of the
Americaneelad t he complexity of the species’ i fe
thermal requirements of the species. The optimum temperature for growtihat at which the
maximum growth rate occurs when fish are exposed to constant temperatureadciiitum
feeding (McCauley and Casselma880, cited from Wismer and Christ987). Peterson and
Martin-Robichaud (1994) found that the highest somafecific growth rate of American eel
elvers (0.150.18 g) occurred at temperatures of 22.4 to 2€3However, in Peterson and
Martin-R o b i ¢ h-aeaelddng experiments, the highest growth rates occurred at the highest
temperature, indicating that the ofnum growth temperature could be higher than the rearing
temperatures. In a study involving longerm rearing (15 weeks), the optimum temperature
for somatic growth of American eels in the glass eel stage (~ 0.05 g) from the southern part of
t he s gigributianal frange was 28& for length and 2 for weight (Tzenet al., 1998).

Although no studyas investigated the thermal requirements of American eels in later life
stages, the optimum temperature for somatic growth is thought to be similah&b of other
anguillid species. Sadler (1979) determined the optimum temperature of European eéls (~ 3
g) as 22 to 2%, while Seymour (1989) found a slightly higher temperature oPZg§5 12 g).

Masudaet al. (2011) found that the highest growth raté Japanese glass eels (> 30 mm)
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occurred at 27.%C. As a general indicator of optimum growth tempera for elvers and
yellow eels, Japanese eels are generally cultured at temperatures of 28GoB@insbroek
1991), although some outdoor standing mtsncan maintain temperatures of 3D and still
produce rapid growth rates (Usui974). For tropicalraguillid species, the optimum
temperature for somatic growth was estimated to be ZC&orAnguilla marmoratg~5 g) and
30.1°C forAnguilla bicolor paéca (~ 5.6 g) (Luet al, 2013). The optimum temperatures of
these closely related anguillid specmgygest that the optimum temperature for older, larger
American eels likely falls within the range of 22 t6@G0Although it is difficult to culture ctipe
animals for extended periods of time and at a larger size, the longevity and complexity of the
life cycle necessitate a study that examines the optimum temperature for growth of older,
larger American eels in a longer rearing period than has preyidnestn attempted.

Previous studies involving the rearing of American eels have focused on determining
thermal conditions for optimal somatic growth for aquaculture purposes (Peterson and Martin
Robichau¢1994; Tzengt al,, 1998). Few studies of angudlispecies have investigated the
relationship between otolith growth and water temperature. This relationship is important
because otoliths are commonly used for bagkculations of body size and growth rate and it is
necessay to know if otolith growth dfers from somatic growth in response to water
temperature. In the Japanese eel, otolith growth is proportional to water temperature increase
over a broad temperature range from 15 to%5 with no significant difference imagyvth rate
at temperatures betwen 25 and 3%C (Fukudaet al., 2009) Otolith growth in Japanese eels is

thought to cease or prodte very minimal deposition aemperatures below 19 (Fukudaet
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al., 2009) However, Cieri and McCleave (2001) found that ghisse American eels still
deposited daily increments below 42. In addition to growth baegalculations, knowledge of
the temperatures at which otolith growt might cease is important in validating the use of
otoliths as recorders of thermal history.

Otoliths permit a precise examination of age, growth, thermal history, and ecology of a
fish. Previous analyses of teleost fisloldhs have shown that oxygesatopes can be used to
estimate the water temperature in which a fish has lived (Devergd®&7; Pattersoret al,,

1993; Thorrolckt al, 1997; Hiie et al., 2004). Otoliths are calcium carbonate accretions
(typically aragone) of the inner ear that arecellular and metabolically inert once deposited
and provide a continuous repository and archive of environmental and physiological
information (Campang999; Panfilet al., 2002). The ratio offO to'%0O deposited in a fish
otolith is directly related tavater temperature and 80 of the ambient water at the time of
deposition(Epsteiret al., 1951; Thorrolet al., 1997) Fish are ectothermic, meaning their body
temperature is governed by environmentaimperature. Consequently, ambient water
temperatureis thought to be the primary factor in determining the ratio®D10 accreted in

an otolith (Campangl999). Thus, if*80 of an otolith can be measured and th€0O of the

water is known, the tempetare at which the otolith was formed can be calc@dt

Knowledge of ambient temperature conditions experienced by individual fish can be useful in
analyses of past environmental changes and in determining théiktery dynamics of

complex migratory §h species, such as the American eel.
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The use of 18O of fish otoliths to estimate ambient water temperature relies on the
assumption that—across all fish speciesthe temperaturedependent isotopic fractionation
between otolith aragonite and water tee same as for inorganic aragonite. However, aratgon
formed by living organisms can be subject to slight differences from the predicted ratio of
180:160. These discrepancies gmoposed to beelated to metabolism and are sometimes
referredl "t ooras” Kivndtai c” ,¥89 Kalshl391b;,(REtk@oah naughey
1996). Thesmall differences in the temperatu@ependent fractionation of isotopes between
fish speciesprecludethe use of ggeneral equation relating temperature and oxygen isotope
fractionation in otoliths across all fish spesi€onsequently, previous authors have
emphasized the need for specispecific isotopic fractionation equations (KalJitB91a;
Thorroldet al., 1997, Haie et al,, 2004). StormSukeet al. (2007) propose that in the absence of
speciesspecific equationggenusspecific equations that account for species life history and
physiology should be used when available. In contrast, Godidsain(2010) suggst that the
choice of a isotopic fractionation equation should be based on physiological similarity in
thermal requirements, rather than phylogenetic relatedness, because even closely related
species can vary in physiological performance. There is nangxesjuation for American eels.
Development of such an equation would greatly enhance future studiesvimgogel otoliths.

Although not the main focus of this study, carbon isotope rabiosh otoliths can also
provide additional information for a maber of possible factors such as diet, metabolic rate,
swimming activity, and dissolved inorganic carbbiQ) in the water (Kalish991b; Thorroldet

al., 1997; Sherwood and Ros2003; Solomoret al., 2006; Tohse and Mugiya008). In studies
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of fish inthe natural environment, it is difficult to isolate the effects of any of these individual
factors, causig the factors that drive carbon isotope compositiari®toliths to remain poorly
understood. Controlled rearing experiments offer an opportunitysimate and examine the
effects of a single variable-in this case, temperature.

The present study exames the importance of water temperature through rearing of
glass eels to large elvers in controlled temperatures encompassing the natural thermal range of
the species. The main objectives of the experiment are to 1) determine tHehoémd somatic
growthresponse in relation to temperature, 2) determine a validated fractionation equation
specific to the American eel that relate§O of otoliths and ambient water temperature, and

3) examine the influence of temperature o#*Cof otoliths.

Materials and Methods
All work complied with Canadian Council on Animal Care (CCAC) guidelines and was
performed in accordance with permits issuedtom e Queen’ s Uni versity Ani
Committee (UACC protocol #100593, Casselri20i11-028).
Source of eels and capture
Live glass eels (N = 2,300) were captured in the St. Croix River near the west shore of the
Bay of Fundy, New Brunswick, Canada, in €anmg 2013. Eels were captured over a-fiay
period and amalgamated in a holding facility af@0They were not fed dung holding. All eels
were provided gratis by Brunswick Aquaculture Ltd. Eels were shipped through Air Canada

Cargoandthendriventoh e Queen’ s University Biology Depa
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Kingston, Ontario, Canada. Upon arrival, eels were divedeilly between two 39 flow
through rectangular tanks and held at®@for two days to recover from the stress of transport.
Initial subsample of glass eels

Before the experiment began, 300 glass eels were euthanized, using 400 ppm tricaine
methanesulbnate (MS222, Aqua Life TMS Syndel), and used as a record of baseline condition,
Immediately after euthanasia, each eel was dragggiutly across a wet sponge to remove
excess moisture and wet weight and total length were measured. The mean body wkigat o
initial subsample was 0.23 £ 0.01 g (mean and 95% confidence interval) and total length was
61.71 £ 0.45 mm. Sagittal otoliths meeremoved under a dissecting microscope and cleaned by
dragging them lightly across 8@pit silicon carbide grinding par (Buehler) to remove any
attachedsoft tissue, then washing them in 80% ethanol and distilled water. Otoliths were
placed in the centre foa small square of Parafilm (Parafilm M, Bemis) with a black circle drawn
around them for easy retrieval. The Palafwas folded to contain the otoliths, placed in
microcentrifuge vials, and stored dry.
Marking of otoliths with tetracycline

Otoliths oflive eels were marked by oxytetracycline hydrochloride immersion (OTC,
Liguimycin LA00, Pfizer) to indicate the aitt of the experiment within the otolith. When small
fish are immersed in OTC solutions, the OTC is incorporated in their calcified tssteas
otoliths. When later removed and placed under ultraviolet light (Figu2g the OTC mark
fluoresces (Tswmoto, 1985). Eels were immersed in a solution of 4 L of water containing 5%

sodium chloride and 3% OTC. The treatment time was 15 mint@&@ (room temperature)
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and eels were treated in batches of approximately 1,000. This OTC marking procedure was
modified from Simon and Dorner (2005) and Threaeteal. (2010).
Thermal rearing and maintaining water temperature

Eels were randomly disbuted in 10 tanks, each containing 200 eels. Temperature
treatments ranged from 1@ 37°C by 3degree increments,xaminng 10 temperatures and
rearing for 32 weeks. Eels were acclimated to rearing temperatures at a rate of incre&se of 3
every 48 hoursWater temperature in each tank was maintained by using a combination of
heaters (JBJ TrueTemp Titanium Heatingeystih controller—500 W and 800 W,
TransWorld Aquatic Enterprises Inc) and digital mixing valves (Hass Manufacturing Intellifaucet
K250) Dechlorinated water fed from each mixing valve (or chiller in the case of @ 10
treatment) was tempered & lowe than each corresponding rearing temperature. Mixing
valves dispersed water into 62L5header tanks where heaters were used to raise the
temperature the additional ®. Water was then fed into tanks containing esdla flow rate of
1.2 L/minuteandcontrolled by using a ball valvén preliminary tests, this combination of
header tank volume (62.5 L) and flow rate (1.2 L/minute) mast effective at maintaining
consistent water temperatures between 10 and®°@7in a roontemperature of 22C.
Temperaturdogges (HOBO UTREIO1 TidbiT v2 Temperature Data Logger, Onsete
programmed to record water temperature every minute and plasethe bottom of each
rearing tank. Water temperature was also measured and recorded with a glass handheld
thermometer evey 12hours to ensure that controlled temperatures were maintained. The

mean temperatures of the temperature loggers and glass theretemwere averaged
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because, although air stones mixed the water, the temperature logger recorded at the bottom
of the tank,while the glass thermometer recorded surface water temperature. The mean 95%
confidence interval across all treatments was 0@3#&r the glass thermometer and 0.00%
for the temperature logger. Temperatures were maintained withir?G.8f target
temperatures throughout the experiment (TabR1). All calculations and analyses were
conducted using the mean measured temperatures, @ligh for simplicity, plots and general
references refer to the target temperatures.
Rearing conditions

Eels were housed B9-L (51 x 25.5 x 31.5 cm) rectangular tanks filled with 32 L of
dechlorinated water, tightly fitted with siliconsealed plexigladgls with removable feeding
and cleaning hatches. Water level was maintained by using a standpipe covered with a mesh
screen that could be removed and cleaned. Each tank contained an air stone, and oxygen
saturation was maintained between 80 and 100%. pHavas 8.0. Two black PVC plastic pipes
(6-cm diameter, 3e&cm length) were placed in each tank to provide cover. Everyrgeday,
tanks were cleaned with a small brush and then debris was siphoned out. Standpipe screens
were cleaned every 12 hours andsed in hot water to remove buildup and prevent tank
overflows. Lights were maintained on a-th8ur light/dark cycle. Fluescen light tubes were
covered with yellow filters to reduce light levels in the room. Tanks were covered with orange
garbage bags3lad Eas¥yie) to reduce light levels when maintenance was not being performed
and to reduce disturbance from people entagithe room. Light levels inside eel tanks when

orange garbage bags were present was 8.8 + 0.9 lux across tanks. Tanks were irfspected
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dead eels every 12 hours during feeding. Dead fish were immediately removed, weighed,
measured, then stored in 80% ethol.
Diet and feeding regime

Food was added to each tank (~8% body weight) every 12 hours (16% per day), between 8
and 9:30 a.m. andetween 8 and 9:30 p.m. To ensure that eels were being &tllibitum, food
was given at over twice the amount fed in ethexperimentsnvolving anguillid species, where
eels were fed 7.5% total body weight per day (Degamail., 1988), 1.33.9% body weight per
day (Seymouyrl989), 3% biomass per day (Heinsbro&k91), and 4% body weight per day
(Huertas and Cerd2006). Food quanty was adjusted throughout the experiment to ensure
there was always excess food in each tank after feeding. At theooiitt of the experiment, all
eels in each tank were weighed live, in a beaker of water placed on a scale, to help adjust
biomass estimats and ensure that eels were still being fed 16% body weight per day.

Food consisted of equal quantities of Otoleitrarval Fistrood A2 and B1 (Marubeni
Nisshin Feed Co., LTD), mixed with fro@eimonomids (Hikari Bipure). A scalpel wassedto
chop Chironomids into #to-2-mm pieces, which were mixed into Otoharto form a mixture
with the consistency of hard dougfihe ratio by wet weight was approximately 40:60 Otodim
to Chironomids. The dry weight ratio was 92:8 Otokito Chironomids.The 1 13C of the food
mixturewas2 3. 6 %4 Andas +10. 0% (Chapter 3).
Formaldehyde treatment to control white spot disease

At the start of the experiment, all eels were treated with a static formaldehyde bath to

prevent white spot disease, or infection dfe protozoan ectoparasiteehthyophthirius
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multifiliis. Our previous experience in rearing American eels indictiadearly proactive
treatment was necessary to prevent a more serious outbreak later in the experiment. Tanks
were treated with 100 ppm formldehyde in static baths for one hour. This protocol was
repeated every 48 hours for a total of three treatmerni$is procedure was recommended by
the Ontario Provincial Fish Veterinarian at the University of Guelph, Dr. John Lumsden. This
treatment succssfully prevented white spot infection.
Mortality

Cumulative mortality was highest during the first 15 weeks &) of the experiment
and then decreased thereafter (Figu2el). Eels placed in the 3Z treatment were unable to
survive at the high temgrature and generally died within the first 14 days of the experiment.
Mortality in the 32C treatment continuedd increase until the treatment was terminated in
week 27 (5 weeks early) because so few eels remained. The mean total mortality was 16%
acrosshe 10 to 32C treatments. Mortality in the lower temperature treatments (10, 13°Qp6
started later in the expement and was generally lower than that at higher temperatures.
Mortality in the higher temperature treatments (19 to 1) occurred earlidbut ceased
quickly, and survival was sustained for the remainder of the experiment. Changes in density
throughoutthe experiment did not appear to influence growth rate, as eels were fed well in
excess oad libitum
Termination of experiment

After 32 weeks, unpigmented glass eels had grown into elvers and small yellow eels. The

32-week duration was chosen to ensuteat all otoliths grew large enough to take on the
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isotopic signature of the controlled conditions, particularly in the-lewperature treatnents
in which eels grew less. Eels were not fed within 24 hours of euthanization at the end of the
experiment. Eks within each treatment were euthanized every 24 hours in the order in which
they were acclimated, starting with the 40 treatment and endig with the 32C treatment.
Eels were euthanized, measured and weighed, and otoliths removed fresh and storesirdyy u
the same methods described for the initial subsample. Internal examination confirmed that
none of the eels had begun to form gonads, megrall growth energy was used for somatic
growth only. Thirty eels were randomly subsampled from each temperdtaegment using a
random number generator in R (version 3.&1Development Core Team, 201lh the 34C
treatment, where there were feweeels, all 17 fish were used. A total of 257 otoliths were
examined across 10 different temperatures. Left andtrigbliths were desiccated for 48 hours
and weighed to the nearest 0.0001 mg several times to ensure consistency (Sartorius MSA6.6s
000-DM Culis Micro Balance). Right otoliths were used for isotope analysis and left otoliths
were used for growth measuremen
Stable Isotope Analysis

Stable isotope abundances were determined by using continflousstable isotope
ratio mass spectrometry (Therncientifi¢™ GasBench Il aridelta"SXP Continuou&low (CF)
Stable Isotope Ratio Mass Spectrometer (IRMS), t he Queen’ s Facility
(QFI'R) in Kingston, Ontario. | sotope ratios

reported usng the delta notation+():
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where R is the ratio of the heavy (rare) isotope to the light (common) isotope.

Thel 80 andt 13C of otoliths were calibrated to Vienna Standard Mean Ocean Water
(VSMQ@V) and Vienna Pee Dee Belemnite (VPDB) using international standards NBS 19
(accepted values:'®0=+ 2 8 . 8 5C%+ 1 . 9 5 %)NBS18 (aactepted values®O=+ 7 . 2 %o,
113C =5 ., 0 1D®&).2, a secondary internal laboratory standard made from dolomite, weg u
to test the calibration (accepted valugs®O=+ 2 2 . 2%+ 1 . 1R&Producibility foNBS
19was+ O . farl%a nd =+ fd& 13C4n% 48)Reproducibility foNBS 18vas+
0. 1 #r'®Oand+t O . for39%(n = 12) Results foDOL2were:1180=+22 . 3 = 0. 3 0 %o,
andi3C=+1. 0 =+ 0. IwBiék cdmparesweliw@h) its accepted valuéoliths were
analyzed in suites of 60 vials with 10 interspersed waigaining certified reference materials
and two empty vials as blanks.

To avoid poling otoliths from multiple fish because of their small size, three different CO
gas concentration and extraction methods were employed, depending uporvéitbod one
(larges) —otoliths that weighed more than 0.1 mg were placed irriR roundbottom
borosilicate vialand flushed with helium to remove atmosphe@€. Each otolith was then
dissolved in 100% anhydrous phosphoric acid 8C72eleasin€Q gas, which was analyzed
using the Thermo Scientiff¢ GasBench Il coupled to #iRMSfor the ratios of180 to %0 and
13C to'?C.Method two(intermediate size)}—otoliths that weighed).050 to 0.099 mg were
placed in 4.5mL roundbottom borosilicate via to concentrate the smaller amount of £§as
produced by smaller otoliths. To decrease the puial of leaking from caps, the 4r18L vials

were propped up on aluminum foil inserts inside theC2heating block so that the vial®uld
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not hang by their cps. Vialsvere then flushed with helium, otoliths were dissolved in 100%
anhydrous phosphoric atat 72C, andCQ gas was delivered to th&RMSMethod three
(smallesy —otoliths that weighed).020 to 0.049 mg were placed in 4183 roundbottom
borosilicate vialsflushed with helium, and otoliths dissolved in 100% anhydrous phosphoric
acid at 72C. Instead of sending the resultii@Q gas directly to the IRMS, gas was redirected to
a Thermo Sentific™ GasBenchi Cryo Trap. This cryo trap raised and lowered a staistes
sampling loop into a liquiditrogenilled dewar, effectively freezingnd cryefocusing the C®
This allowed the gas to be focused into a larger accumulation thag mrooved from the
' iquid nitrogen and warmed, could be transfer
method allowed very small amounts of §§asto be concentrated before analysis.

Water from each rearing tank, sampled at the start of thpeximent, had a 18O of-
6. 5 % (23)aApprorimately 2nL of water from each sample was placed iri2 flat
bottom borosilicate vialeind flushed with a mixture of 3% e&nd helium to remove
atmosphericCQ. Vials were left to equilibrate at 26for three days. Ore equilibrated, C®

was analyzed with a Thermo Scientffi6Gas Bench Il coupled to a Thermo Scientffidelta'us

XP CHARMS
Measuredt 380ofot ol i t hs and water was used to calcul a
1 0 prmm o
| 1 0 PTTT P

where 18Q0uiith andt *Owater are the oxygen isotope compositions of the otolith and water.
Following standard practice, otolith 100tdx v al ues wer e regressed agai

temperatures (1000/T) to estimate a temperatudependent fractionation equation as follows:
23



prmtit @ wpTt"Yh (o) §:

where100na i s t he natur al |l ogarithm transfor med
b is the slope. T is the water temperaturekelvin (K).
Otolith preparation

Left otoliths were mounted on glass slides with cyanoacryliétazy Glué") using
methods similar to those of Stevenson and Campana (1992). Whole otoliths were viewed at
40x%, 100x%, and 200x magnification (OlympusBHRA) and photographeahder ultraviolet
and transmitted light. To better view the tetracycline label, otoliths were lateralbgdially
ground dry on one side, first with dry 4@@it Buehler silicon carbide paper and then with 800
grit paper, and then phatgraphed under ultrawlet and transmitted light (Figur2.2).
Otolith volume calculations

Ideally in otolith studies, fish are hatched in a laboratory into controlled conditions,
making the entirenistory of otolith growth known. However, in complex speciesdikhe
Americaneel where routine laboratory hatching is not yet possible, all study specimens are
wild-captured and the otolith inevitably contains a previous history. Hence, proportional
weighting must be used to factor out the previous history and igolae otolithmaterid
formed under controlled conditions. The initial subsample of eels, taken before the start of the
experiment, provided otoliths for which!®0 andt *3C could be measured. It was originally
thought that otolith mass could be used forgportional waghtingby using the mean otolith
weights of the initial subsample. But there was no way to confirm that the mean weight of

other fish was an appropriate estimate for each individual eel in the experiment. If an eel was
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small at the end of th experimentthere was no way to determine if it started out smaller than
average or if it started out average in size and thdehnotgrow. Although there was no
significant difference in initial otolith size among treatments, there was high variantehigh
variance in nitial size created errors in proportional weighting, particularly for otoliths that did
not deposit much material during the experiments, such as during the temperature extremes.
Using mass for proportional weighting led us to recagrthat eachotolith must be treated
individually. Area analysis, treating otoliths as a circle, was attempted but it overestimated the
proportion of the otolith formed before the tetracycline label. Volume, while treating the
otolith as an ellipsoid, pragted the mosaccurae values (Figur2.2). This was as expected,
given the general shape of otoliths of elvers. The correct use of an ellipsoid was confirmed by
calculating specific gravity using the equation specific gravity = mass/volume and then
comparing values tthe knowvn specific gravitpf aragonite of 2.93.0 g/cc.

Volume of the whole otolith and otolith up to the tetracycline label was calculated using

the ellipsoid relationship:

T .
W 86 wh (0] 3¢5
where V is the otolith volume;
A = m x otolith I ength x otolith height, and

W = otolith width, alculated using the equatiod® T8I ¢ L LT® O U &8 O £@AVEK
ImageJ softwareRasbandW.S., ImageJ, U.S. National Institutes of Health,
https://imagej.nih.gov/ij/, 19972017)coupled with a Wacom CTH470M Bamboo Capture Pen

Tablet was used toiditally trace and measure the width, height, and area of the whole otolith
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and the otolith at tle tetracycline label (Figui22). Area was measured by digitally tracing the
tetracycline label and otolith edge and then using the ImageJ software to dal¢chtarea
within the traced portion (Figur2.2B). Otolith height was measured by tracagne across the
height of the whole otolith and labgFigure2.2B). Otolith width was determined by using the
relation between otolith width and height, as detamed by measuring the first annual
increment in otolith transverse crosgections of 60 eels: 20ild, from the St. Lawrence River at
Cornwall (captured from the Mose®aunders Dam eel ladder, 192007 and archived in the
CSAGESIaboratory), 20 stockedfrom the St. Lawrence River at Mallawwn (captured 201%
2013), and 20 stocked, from a creek tributary of the St. Lawrence Riveufedf016-2013)
(Figure2.2C). A linear relationship between otolith width and height was generated and then
applied to estimate otolith height of eels from #hrearing experiments.

The mean initial volume at the start of the experiment (otolith at thizaeycline label)
was 0.0094 + 0.00235 niracross treatments. fere wasno significant difference in initial
otolith volume of eelsamong temperature treatmerst one-way ANOVAR = 1.22p = 0.28§.

Volume estimates were calculated to proportionally weight isotope compositions of the
whole otolith and portion of the otolith formed during the experiment period by using the

following mass balance equation:

10 : o8
where1 ¥Qqypis the calculated 20 of theotolith formed during the experiment;

1180 and V are 180 of the final whole otolith and volume (n#n

118G and \f are the initialk 80 and volume of the otolith up to the tetracycline label, and
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Vexpis the calculated volume of the otolith formed dogi the experiment obtained by
subtracing the initial otolith volume (up to the tetracycline label) from the vokiof the
whole otolith.

Testing of the eel otolith-water oxygen isotope fractionation equation

To test the eel otolithwater oxygen isotope &ctionation equation determined in thi
study, and presented below, eel otoliths from three other controlled reguexperiments,
conducted at22and?€, were used as “known” test sampl e
temperatures were compared with those prodeat by using the equation and®0 of 180 eel
otoliths grown at known temperature in water of knowfO. Calculated water temperatures
were compared witlrearing temperatures as a measure of predictive error.

To validate the use of a speciggecific oblith-water oxygen isotope &ctionation
equation, equations developed [Battersonet al. (1993),Thorroldet al. (1997) Haie et al.
(2004), StorrrSukeet al. (2007), Kinet al. (2007), and Geffen (201&)r various fish species
were applied to the sam&80 eel otoliths (Tabl2.2). Temperature estimatesising these
equations were then compared with rearing temperatures as a measure of predictive error.
Growth rate of body and otoliths
The specific growth rate of each eel was calculated using the enuati

I TicQaQ 1 TiCQaQ

Y OY 5 pTT oRxad

where SGR is the specific (instantaneous) growth rate in percentage change per day;
Sl&ina is the size of the edlt the end of the experiment (as bgdveight, total length, or

otolith volume);
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SlZEiial Is the mean total length or body weight of the initial subsample of eels, or the volume
of an individual otolith up to the tetracycknlabel, or start of the expement. Initial body size
had to be stimated using the initial subsample because eels placed in the experiment could
not be marked as individuals due to their small size, and
“t’ 1s the number of days of the experi ment.

To cetermine the optimum temperatre for body and otolittgrowth, specific growth
rates by rearing temperature were fitted with fourth order polynomial equations. The data
were fitted with second, third, and fourth order polynomials; fourth order polynomiadsawv
chosen because they halld highest Rvalues. One the data were fitted to each equation, the
optimum temperature was determined by inputting temperatures in°@ Increments into the
equation and solving for specific growth rate. The temperature giratiuced the highest
specifc growth rate was considered the optimum temperature for growth.
Micro-XRD

Micro Xray diffraction was used to determine if otoliths cairied vaterite, a polymorph
of calcium carbonate that sometimes substitutes, for replaes,aragonite in fish otollis. We
visually selected one otolith that showed possible abnormal crystal growth from each
temperature treatment to increase the chancekdetecting the presence of vaterite. Micro
XRD data were collected using a Bruker B@@ier microdiffractometer ahVantee500 Area
Detector with general area diffraction detector system (GADDS) software at the University of
Western Ontario. The oper@inal conditions wer€€Cu Kar a d i a=%1i78897 A), 35 kV x 45

mA, a beam diameterof B0 pm, a st egspeedot3® mio/fram® and26 ° ,
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scanning range of 14.5208°.Three targets were analyzed on each otolith and compared with
a vaterite(PDF 0@060-0483) and an aragonite (PDF081-1475) reference carth the Powder
Diffraction Fil€™maintained by thdnternational Center for Powder Diffraction Dafeaks 29°
206 and 51°286 (Co Ka) were used to indicate th
Statistical Analysis

All statistical analyses were conducted in R (version 30evelopment&@e Team,
2017). Figures wergenerated using SigmaPlot 11.0.
Results
Body and otolith size

Final eel body and otolith size increased with increatengperature up to 28C and then
decreased (Tabl2.1). Eels that were reared at B grew to the largegbtal length and body
weight,while eels reared at '€ were smallest in total length. Eels reared éiCGwere, on
average, smallesh body weight Eels exhibited increased variance in body size distribution for
both weight and length at temperatures nea8C @ppendices Bnd Q). Otoliths were heaviest
in the 28C treatment and lightest in the 2Q treatment (Tabl@.1). There was a significant
relation between otolith weight and body weight, which was best fit with a linear relationship
(F2s5= 2055 < 0.01,R = 0.89:AppendixD).
Optimum temperature for growth

The relationship between specific bedyeight growth rate and water temperature was
best fitted by a fourthpower polynomial y =0.00005049%+ 0.004054%—0.11914%

+1.56051% 7.08218 (Figre 2.3A). Using this equatig the optimum temperature for groth in
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body weight was 27°C. The relationship between specific bddgpgth growth rate and water
temperature was best fitted with the fourtpower polynomial y =0.00001044%+
0.0007993%—0.02255% + 0.29382x- 1.34376 (Figure2.3B). Using this equatn, the optimum
temperature for growth in body length was 27Q The relationship between specific otolith
weight growth rate and water temperature was best fitted with the foudtder polyromial y =
—0.000006537%+ 00004444%—0.01166% +0.18289% 0.84718 (Figur2.3C). Using this
equation, the optimum temperature for growth in otolith weight was 2&1
Relationship between otolith and body growth rate

When the relationship betweentolith and body specific groth rate by weight was
compared across rearing temperatures, the correlation appeared to be strongest at
temperatures surrounding the optimum for growth, ZB @ppendix E There were significant
relationships between otolith ashbody specific growth rataithe 13 to 32C temperature
treatments (Linear Regressiomsppendix Epanels B—H). The highed® values were at 28
(0.93), 28C (0.92) and 3C (0.88). At the temperatures extremes, 10 anéiC34here was no
significantrelationship between otolittand body specific gwth rate by weight (linear
regressions- 10°C:Fs= 3.51,p=0.07,R = 0.08 and 3%C:Fs=1.50p = 0.24,R = 0.09;
Appendix Epanels A and I).

Generally somatic specific growth rate was higher thtolith specific growth ratexcept
in the 10and 32C treatments, where otolith growth appeared to decouple from somatic
growth (Figure2.4). To further investigate the differences in otolith and body specific growth

rates by temperature, relative growttates (by percent) were caltated using the equation:
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relative growth = SGR/SGRogy. Otoliths from the 10 and 3€ treatments grew at &aster rate
than the body (Figuré.4). Body growth was faster than otolith growth in all other temperature
treatments (13-31°C). A onevay ANOM indicated that the relative growth difference in the
34°C treatment was significantly different from all othteeatments = 31.1p< 0.01. TUKEY
HSDp < 0.01 for 34C comparisons with all other temperature treatmentgute2.4). There
was a signi€ant difference between the 10 and 4® (TUKEY H$B30.042) and the 10 and
34°C treatments (TUKEY HEEO0.01) but no significant differences across all other treatment
comparisons (TUKEY H$®O0.05 all comparisons; Fig2.4).
Oxygen isotopes

Thelt*®Oofot ol it hs ranged from +20.8 to +29. 2 %
encompasig 10 to 34C. Otoliths were less enrichedfO with increased water temperature,
showing overall significant differences between rearing tneats(one-way ANOVAEs =
107.95,p < 0.01; Figur@.5, Table2.3). The 10 temperature treatmentanged from 10 to 32C
in 3-degree increments. The overall trend shows consistent decreasé® imcross treatments;
post-hoccomparisons revealed signifittadifferences in 180 occured across 8 comparisons
(TUKEY HSD, significance indicated witledgthbove boxplots in Figuge5). Higher levels of
variance in O occurred at the temperature extremes, 10 and®G4(Figure2.5).
Carbon isotopes

Thet 13C recorded in otdlhs from temperatures encompassing 10 to®ranged from-
13.8 t0-8 . 4 @oliths became more depleted 6iC as temperature increased, similar to the

trend for oxygen isotopes (FiguPes, Table2.3). Values of 13C showed overall significant
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differencesbetween tamperature treatments (onavay ANOVARs = 36.65)p < 0.01; Figure
2.6). TUKEY HS$iosthoccomparisons revealed that the differences were most evident in
comparisons involving the temperature extremes, such as 10, 13, 31, 8&8d §gnificance
indicated wth letters above boxplots in Figugeo6).
Relationship between oxygen and carbon isotopes

There was a significant relation betweetC and 20 in eel otoliths across temperature
treatments (inear regressionf>ss = 359.4p < 0.01,R= 0.58,df = 256;Appendix [ The relation
is described by the linear equation 0fCooiith =—32.85 + 1.08 8Otoiith).
Minerology of otoliths

Micro xray diffraction was used to detminethe presence of vaterite and aragonite in
eel otoliths from each temperature treatment. There was no vaterite in otoliths from the 13,
22, 31, and 3%C treatmentqTable 2.4)Vaterite was detected in one of thkree targets
measured in otoliths grown 6, 19, 25, and 2&, and in all three targets in otoliths from the
10°C treatment(Table 2.4)
Discussion

This study confirms that American eel elvers have retained a high optimum temperature
for somatic growh of 27 to 28C, matching previous work ajlass eels from the southern part
of t he speci ¥88). Thistemmemturé i3 sumprisiggly high, given that maximum
mean daily summer water temperatur egewoud t he m
rarely, if ever, approach this optum. This high temperature optimum could be an

evolutionary holdover”, considering that fre
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tropical Pacific; 12nguillaspecies currently inhabit the tropicahile only five species occupy
maturing grounds in temperate regions (Aoyastal., 1997). Based on mitochondrial DNA
evidence, the ancestr@nguillaeel originated 3657 MYA in the Eocene Epoch, during which
temperatures averaged around 30 (Aoyamat al., 1997). In addition to conservation of a high
optimum growth temperature, eels have dispersed widely and successfully, in that every newly
hatched larval eel that leaves the Sargasso Sea spawning grounds adqgiyaily equipped

with the ability toinhabit a very broad geographic range. High phenotypic plasticity has been
proposed as an adaptive response to broad environmental variability for many species,
particularly those with large ranges and panmictic plagpions (Gotthard and Nyljr1995;

Piglucci 2005; Daveraget al,, 2006). It is possible that conservation of a high optimum
temperature and phenotypic plasticity in the panmictic American eel has facilitated an
exceptionally wide range of growth and siwad strategies, allowing the speciesittabit a

broad range of environments and persist for milkoofyears.

As a consequence of their high optimum temperature for growth, conservation of
American eels may be enhanced by climate change. Rising water temperatures could increase
somatic grovth rate of elvers across most of the range, particularly in the norther, pdnere
summer temperatures are currently well below optimuBaveratet al. (2012) suggest
European eels could similarly benefit from climate change, particularly in the nontfetrof
their range, because of a positive relationship between somatic growth rate and temperature.
With rising water temperature, increased growth eatould cause eels to mature at a younger

age and shorten generation time, which could increase theadpctive capacity of the species.
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Rising temperatures, however, are likely to have effects beyond increasing growth rates. For
example, although highéemperatures accelerate gonad maturation in the European eel,
excessively high temperatures can resaltower-quality oocytes (Kucharczgk al., 2016).

Despite the widespread use of fish otoliths to estimate life history information, very few
studies lave examined how the thermal growth response of otoliths might differ from other
body tissues, such a®matic growth. Although there is typically an overall strong positive
correlation between otolith and body growth within individual fish in this stubg,difference
in optimum growth temperatures indicates that otoliths can continue growing when somatic
growth has ceased. This decoupling may occur because the factors that drive growth differ
between otoliths and the body. Body growth is generally fuddgdhe amount of energy input
(food ingestion) and subsequent allocation of energy resources to gregrus basic body
maintenance. In contrast, the precipitation rate of an otolith within the endolymphatic fluid is a
chemical equilibrium reaction thas closely controlled by thermodynamics and the physical
properties of the endolymph fluid, such as tparature and saturation state of calcium and
carbonate ions (Gutierrez and Moraibkin, 1986; Romanek and GauldiE996). So, although
the body and otoths are both influenced by metabolic rate, the specific processes that control
their growth are likelyseparate, indicating that otolith growth can be independent of somatic
growth (Wrightet al,, 1990; Wright1991; Hoff and Fuimari993).

Most growth kackcalculation estimates, such as size at age and growth rate derived from
otoliths, rely on the assuption of proportionality between somatic and otolith growth; hence

it is important to know if this relationship decouples under certain conditions (Campad
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Neilson 1985; Casselmari990; Campand990). Otolith and somatic growth rates are usually

proportional to one another. In some circumstances, however, decoupling can occur where

somatic growth slows or ceases but the otolith continues to grow (Mosegstaatl 1988

Campanal990; Secor anBean 1992). When decoupling occurs, slgnwowing fish ommonly

have larger otoliths than fagirowing fish of the same size, while fasggowing fish tend to

have proportionally smaller otoliths (Reznetkal., 1989; Campan&a990; Schirripa and

Goodyea, 1997; Otterleiet al., 2002; Hpie et al,, 2003). Thiphenomenon is particularly

evident in both the 10 and 3€ treatments, where thermal constraints have produced slow

growing, small fish with otoliths that are proportionally larger than their bodbld2.1; Figure

2.4). This experiment indicates that deupling can occur in the American eel near these

temperature extremes, which could undoubtedly be encountered near the northern and

southern extremities of the species’ distribu
Otoliths showed a consistent decrease #iO as temperature imeased across

experiment treatments, demonstrating a precise relationship with water temperature. The

higher levels of variance irt0 at the temperature extremes were likely related to a #era

amount of calcium carbonate material deposited at the dtoédge because of slow growth

during the experiment. The results of the experiment yield the following relationship for the

otolith aragonitewater oxygen isotope thermometer from 10 to ¥ 1000NAaragonitewater =

14.30 (16/T)—18.65. When compareditin aragonitewater isotopic fractionation equations

proposed by others, the equation for American eels fell within the same general range but had

a slightly shallower slope (Figu2er). At bwer temperatures eel otoliths had lowettO
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relative to inorgaic aragonite, and at higher temperatures eel otoliths had high#® relative
to inorganic aragonite. This divergenmgy have resulted in paliecausenot alleel otoliths
were composed of pure aragonite; some otoliths contained vaterite.

Calcium carboate has three polymorphs: calcite, aragonite, and vaterite. Polymorphs
have identical chemical formulas, but different crystalline structure, densities, artthbss
(Carlstrom, 1963). Most fish otoliths are composed of aragonite. Vaterite is rare irenbtu it
can grow in the place of aragonite in parts of a fish otolith, forming a mosaic of both aragonite
and vaterite. Very rarelyhowever,are entire sagtal otoliths composed entirely of vaterite.

The presence of vaterite inclusions eaamong fsh species, but they are particularly
prevalent in salmonids £70% prevalence compared te-8% for nonsalmonids (Gauldie,

1986; Sweetingt al., 2004) Vaterite inclusions have also been documented in European eels
from the Baltic Sea region&% prevalace, Tzengt al.,2007) and American eels from Atlantic
Canada (2459% prevalence, Jessepal.,2008). Despite the high prevalence of eel otoliths
with vaterite inclusions, most (882%) inclusions were of small size (<5% of otolith area,
Jessgp et al.,2008).

The cause of thenineralogicakhift between aragonite and vaterite in otoliths is
unresolved, but proposed factors include partial genetiotoals (Gauldie, 1986), temperature
(Mukkamalaet al., 2006), fast growth rate (Reimet al., 2017), andstress factors such as high
density, temperature fluctuation, disease, and poor water quality (Sweetirad, 2004).
Hatcheryreared fish have a-% fold higher incidence of vaterite inclusions than wild fish,

regardless of species (Sweetketel., 2004). In the present study, vaterite was detected in the
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otoliths of slowgrowing eels reared at low temperatures (10, 169@Pand alsdast-growing
eels reared at temperatures near and at the optimum for growth (25 ar€R&Regardless of
what causes varite inclusions, their effect on the isotopic composition of otoliths should be
considered.

Vaterite isdepletedof 0 by ~1.%. r tévé ta aragonite between 22 to 3Z (Kinet al.,
2007; Kluge and John, 2015; Figure 2.8a). Consequentlyitgatelusions in otoliths result in
lower  180. Otoliths that contain both aragonite and vaterite will have isotopic compositions
that are intermediate to pure aragonite and pure vaterite. The amount of deplaifdfO
relative to aragonite would depenoh thesize of the vaterite inclusion in the dith, to a
maximum depletionofl.5% i n t he case of Ibathebige@he vatetiteer i t e o0
inclusion could be estimated, it could be used to correct the otaltfl® value back to that of
pure aragonitefor use in themore widely-available aragonitexygen isotope
geothermometes. In Figure 2.8ye“ correct” for hypothetical 5,
inclusions in the otolithfor temperatures where vaterite was detected usimgcro-XRDWhen
larger vaterite inclusion are considered, particularly at colder temperatures, the slope of the
eel otolith-water isotopic fractionation by temperature becomes increasingly parallel to that of
aragonite (Figure 2.8) and also that of other fish spe¢Figure.7).

Species with igh incidences of vaterite occurrence probably need spespegific
geothermometers (e.g. eels and salmonids). Species that mainly form pure aragonite otoliths
probably do not require speciespecific geothermometerd.he adantage ofa speciespecific

geothermometer is that it naturally factors in the mixture of aragonite and vaterite and their
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respective isotopic fractionations by temperatuidiernatively, a broad geothermometer for
all fish species could be usedaifisotopic orrection forvaterite inclusionsvas possibleThis
would require standard estimates tife percentage of vaterite versus aragoniteotoliths for
fish species known to have a high prevalence of vaterite inclusiamsexample, if Lake trout
otoliths are typically ~30% vatite, their1 180 could be corrected, for use in a broad
geothermometer, by adding 0.4 (+1.30 x 0. 3 = 0. 45 %o) .

The present American eel study was unique in that it covered a very broad temperature
range within a single species. This broad range produced vateritssimetuat some, but not all,
temperatures, which shifted the slope tife eel geothermometecomparel to other studies.
In contrast, geothermometers that differ only in intercept compared to other studies, such as
that produced by StorrSukeet al., 2007 (Fgure 2.7) for salmonids probably also contain
vaterite inclusions, but in equal amounts at all feenatures because of the narrower
temperature range examineddany of the otolithoxygen isotopegeothermometers reported
by others involve multiple speciesd narrow thermal ranges within each spediEgyure 2.9
It is possible that some of these spexhave not been studied at temperatures low enough to
produce vaterite inclusions. It may be only a
microstrudure changes enough to produce vaterite and shift otolithO away from values of
pure inorganic aragonitélhe differences in000N0otolith-water &CrOSS Species underscore the
importance of considering vaterite inclusions when usitf® as a geothermometer.

When American eel otoliths (n = 180) from othentrolled rearing experiments, were

used to independently test the oxygen isotope thermometer developed in this study, the mean
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predictive error wa®.49 + 0.66C (Table.2). Whenoxygen isotope thermometerf®r other
species of fish were tested by usitige results for the same 180 eel otoliths, the predictive
error was on average 2@ (Tabl&.2), confirming that a speciespecific equation produces the
most accurate temperature estimates. The equations developed for other species of fish
tended to undeestimate temperature from eel otoliths.

Because the American eel lives the earliest part of its life in the marine environment, its
otoliths are more complex than those of many other species. Accurate calculation of water
temperature using the oxygenawpe aragonitewater thermometer proposed here requires
that at least 50% of the otolith growth by volume occurs in fresh water and that @
signature of the water is known (Figuzel0). Growth is greatly reduced below a@ Below this
temperature,it is unlikely that bulk otolith 20 can be used to accurately predict temperature.

A protocol was developed for calculating the water tengtare during formation of the

freshwater portion of an American eel otolith usinfO (Figure2.11). This protocbincludes a

proposed glass eel otolith volume antfO that could be applied to witdaptured eels where

the glass eel, or marine, portion tife otolith cannot be easily isolated from the whole otolith.

These proposed values are based on wloitdiths of 30 glass eels captured in the Bay of

Fundy area as a record of “baseline condition
captured during their migration from the Sargasso Sea and had not yet experienced freshwater
residency.

Otolith carbon isotope compositions are complex to interpret; they are potentially

influenced by multiple factors, including diet, metabolic rate, swimmingiygt water depth of
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the eel’”s habitat, and the isotopiganiccasborposi t i
(DIC) in the water (Kalish991; Thorrolcet al,, 1997; Sherwood and Ras2003; Solomoret
al., 2006; Tohse and Mugiya008). In the eperiments reported here (Figurz6), however,
factors such as tank volume!*C of diet, and *3C of DC in the water were consistent across
treatments and hence were not primary drivers of the observed differences in otdf@ In
addition, thet 13C of DIC in the water used in the experimertt ( 6 %, Chapter 3) i s
the13C o f mar i n,globAllaverage sckan Sutdace water, Krooph@85).
Therefore, eels used in this experiment were exposed to only a small rang&odf DIC
during rearing. Any observed differences #C across treatments were likely pruockd during
the experiment by a factor other than DIC.
Otoliths generally became more depleted'$€ as temperature increased, with
differences most evident in comparisons involving temperature extreffeaperature ha not
been found to affect 13C in horganic aragonite precipitated under laboratory conditions
(Romanelet al,, 1992) However,m an investigation of a wide range figh species, Kalish
(1991) found that otoliths became more depleted'®E with increaimg temperature, which he
attributed to biological isotopic fractionation related to metabolic rate. Typically, fish species
living at higher temperatures show depletiond€ in their otoliths relative to isotopic
equilibrium (Kalish1991b; Gauldie 199; Schwarcet al, 1998; Hvie et al., 2003).The
evidence for a direct relationship between temperature aféCof otoliths is unclear,

however, because of the confounding relationship between temperature and metabolicAate.

correlation between 13C and: 180 of fish otoliths(Appendix Fhas been previously
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documented (KalisH991b; Haie et al., 2004) andsuggest& common underlying mechanism
that influences both isotopesuch as temperaturer metabolic ratelnthe present
experiment we observedhanges in 13Cin relation to changs in temperature, however,
these findings do not allow us ttistinguis between thedirect effects of temperatureversus
temperature-driven changes in metabolic rate 6#%°Cof otoliths. Theinfluence of metabolic

rate on 3Cof otoliths will be examinednd discusseth subsequent chapters.
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Table 2.1. Body length, body mass, and otolith mag®els reared for 32veeksat controlled
temperatures. Measured emperature is the mean water temperature recordedery minute
using temperature loggers andgiass research thermometer. Data are expressed as means +
95% confidence intervals for 30 eels. The 33.&mperature treatment contains 17 eels.

Target Measured Total Length Body Otolith weight
Temperature {C) Temperature {C) (mm) weight (Q) (mQ)
10 10.3 68.8+1.32 0.39+0.03 0.0456 + 0.0028
13 13.3 82.6 £2.83 0.87+0.08 0.0697 + 0.0038
16 16.0 91.7+3.57 1.07+0.14 0.0812 + 0.005%
19 19.1 104.0x7.65 1.71x0.44 0.1214 +£0.0168
22 22.0 123.0+ 79 2.84+0.61 0.1773 +0.0261
25 24.9 1249+11.8 3.17+0.97 0.2012 + 0.0368
28 27.9 142.6 +13.4 4.69+1.42 0.2519 + 0.0454
31 30.9 118.5+10.8 3.17+1.19 0.1987 +0.0387
34 33.8 71.1+28 0.34+0.09 0.1044 +0.0081
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Table 2.2. Summary of fractionation equations for estimating water temperature using fish
otolith 1 0, where T is 1000/K. 180 American eel otoliths derived from threeious
laboratory rearing experiments, conducted at 22 andQ8vere used to test the predictive
power of the various equations. Predictive error is the mean differefiCe 95% CI) between
the otolith 1 120 estimated temperature and measured water temperature.

Paper Equation Temperature Species Predictve error
range ¢C) (°C and 95% CI)
StormSukeet al., 2007 20.69F41.69 2.3-11.8 Arctic charr 7.8 £0.43
Brook trout
Pattersonet al., 1993  18.56F33.49 3.2-30.3 Sculpin 2.1+0.49
Lake trout
Dace
Lake chub
Guppy
Freshwater
drum
Kimet al., 2007 17.8831.14 040 Inorganic 3.2+051
Aragonite
Thorroldet al.,, 1997 18.5632.54 18.2-25 Atlantic -1.1+0.51
croaker
Geffen 2012 15.99F724.25 11-17 Plaice 0.28 £ 0.59
Haie et al., 2004 16.75F27.09 2-19.5 Cod 1.9+0.55
Eel study 14.30F18.65 10-34 American eel 0.49 £ 0.66
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Table 2.3. Summary of isotope data for each temperature treatment containing 30 eels. The
33.8C temperature treatment contains 17 eels. OtolitKO and1 13Care expresseds means +

95% conf i de nidnsaer BNt of tha Waser arecexpressed as means
Water ()C) 1 180q0jith 1 BGotolith Ootolith-water  * *Owater
10.3 25.8+0.59 6.3+1.00 1.0325 —6.58
13.3 24.8+0.24 —-7.6+0.45 1.0315 —6.58
16.0 245+0.21 —-7.4+0.37 1.0312 —6.52
19.1 24.1+£0.16 -7.9+0.43 1.0308 —6.57
22.0 23.6+£0.10 -8.1+0.31 1.0303 —6.50
24.9 23.0£0.09 -9.0+£0.32 1.0297 —6.56
27.9 225+0.10 -8.7+0.24 1.0292 —6.51
30.9 22.2+0.12 -10.6x0.45 1.0289 —6.52
33.8 21.7+0.26 -11.3+0.35 1.0284 —6.55
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Table 2.4. Summary of micro XRD results. Three targets were analyzed iotolite from each
temperature treatment. V'’ is vaterite and ‘A’ i's aragonit

Water ¢(C) Taget1 Target 2 Target 3

10.3 \% \Y \%
13.3 A A A
16.0 A A \%
19.1 \% A ?
22.0 A A A
24.9 A A \%
27.9 Vv A ?
30.9 A A A
33.8 A A A
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Figure 2.1. Cumulative number of eel mortalities during the experimpatiod by temperature
treatment. Each treatment started with 200 eels. Different colours indicate temperature
treatments.
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Figure 2.2. A— Threedimensional schematic of a whole otolith, sulcus facingygwhowing B
—the laterallymedially ground surface used for otolith height-Hyellow line) and area
measurements, viewed in ultrélet light, and €-the transverse crossection of an older eel
otolith used to determine the relationship between otdiitvidth (W— white line) and height
(yellow line) for estimating height using the width depicted in B{Mellow line), viewed in
transmitted light.
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Figure 2.3. Relationship between specific growth radad water temperature for A body

weight, B-body length, and € otolith weight. Closed circles represent means &edical

lines and ticks represent + 95% confidence intervals. Each temperature treatment contains 30
eels, except for 3 which contais 17 eels. Data are fitted with fourth order polynomial

curves and equations.
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RATIO OF OTOLITH TO BODY WEIGHT
w
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TEMPERATURE TREATMENT (°C)

Figure 2.4. Otolith specific growth rate by weight relative to body specific growth rate by
weight in relation to water tempettare. The dashed line represents a 1:1 ratio where otolith
and body growth rate are the same. Values abdvs line indicate faster otolith growth

relative to the body. Values below this line indicate slower otolith growth relative to the body.
Median valies are plotted as horizontal lines within boxes. Boxes encompass thar2b73"
quartiles. Vertical ling with ticks indicate the T0and 90" percentiles. Closed circles indicate
outliers.
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Kim et al., 2007 — Aragonite
Eel study
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Storm-Suke et al., 2007
Geffen 2012
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Figure 2.7. Comparison of the present study American eel otolith aragewis¢er and
temperature relationship with previously reported fractionation relationships. Relationship
bet we en addofeRatldnchtemperature in kelvin is reported. Mean values are pnése
for each temperature treatment from the 3&eek controlled experiment.

52



1000Ina. aragonite-water 1000Inc: aragonite-water

1000Ina. aragonite-water

A — Unaltered B — 5% vaterite correction
34F @ Kim etal, 2007 - Aragonite -, 34 F @ Kim etal, 2007 - Aragonite -
. @ Kiuge and John 2015 — Vaterite 7 . @ Kiuge and John 2015 — Vaterite %
. v Eelotdliths 7 | v Eel otoliths — 5% vaterite correction 27w
2 ’ -
30 o
28 -
b 4
26 | -
% Lao 1 1 1 1 ] % Lao 1 1 1 n J
3.2 33 34 35 36 37 32 33 34 35 36 37
C — 10% vaterite correction D — 20% vaterite correction
34 F @ Kim et al, 2007 - Aragonite - 34F © Kmetal, 2007 — Aragonite i
L @ Kluge and John 2015 - Vaterite P L @ Kiuge and John 2015 — Vaterite
. v Eel otoliths — 10% vaterite correction 7 L. v Eel otdliths — 20% vaterite correction
32 F 32k
30 F 30k
28 | 28
4 b
26 26
- 1. 1 1 1 L 1 Z 1. 1 1 1 1 I
3.2 33 34 35 36 37 3.2 33 34 35 36 3.7
E — 50% vaterite correction F — 100% vaterite correction
- " =
34 F @ Kim etal, 2007 - Aragonite 34 F @ Kim et al, 2007 — Aragonite
L @ Kluge and John 2015 - Vaterite - @ Kluge and John 2015 - Vaterite
b v Eel otoliths = 50% vaterite correction 5 v Eel otoliths — 100% vaterite correction
B P
A
32F 2F v 7
L - 7
30 F 30
28 28
p
26 | 26
z Lot 1 1 1 1 1 - 2ot 1 1 1 1 ]
3.2 33 34 35 36 37 32 33 34 35 3.6 3.7
1000/T 1000/T

Figure28.Rel at i onshi p chedvarddempetatu@dAmereccan eel otoliths
compared to that of inorganicalgrecipitated aragonite (Kirat al., 2007) and vaterite (Kluge
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Corrections are based on affOdifference of +1.5 between aragonite and vaterite.
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Figure 2.9. 1 0 0 QugoRtetater values of Amedan eel otoliths compared with previously
reported values from other fish species, teynperature ¢C). Arctic charr and Brook charr
(StormSukeet al., 2007) are only reported as mean values according to capture location. The
Arctic charr, Brook charr, @pin, Lake trout, Dace, Lakbub, and Freshwater drum are field
captured. The Ameran eels, Guppy, Atlantic croaker, and artificial aragonite are reared in
laboratory controlled conditions.
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Step 1 — Proportional weighting

— ~

1la — Glass eel phase known 1b — Glass eel phase unknown

Volume* and 680 of the glass eel, or
marine, portion of the otolith is known

6180freshwater = ((6180whole X thole) o (5180marine - Vmarine)) 6180freshwater - ((5lsowhole - thole) i (2612 X 0009964))
Vfreshwater Vfreshwater
« where 61805t is the estimated 680 value of the otolith * where 680 hwater IS the estimated 620 value of the otolith

formed in freshwater formed in freshwater

« 610,00 and V, i are whole otolith 620 and volume (mm?) * 680, h01e and Vo1 are whole otolith 6'%0 and volume (mm?3)

« 6180, e and V, e are the 620 and volume of the otolith *  +26.12%o is a mean 680 of 30 glass eels captured in the Bay
of Fundy area after completing the marine phase and
0.009964 is the mean volume of the same 30 glass eel
otoliths

*  Vieshwater 1S the estimated volume of the otolith formed in
freshwater obtained by subtracting the marine otolith
volume (0.009964) from the whole otolith volume.

\ /

Step 2 — Estimate temperature using equation

formed during the glass eel, or marine phase

*  Vieshwater 1S the estimated volume of the otolith formed in
freshwater obtained by subtracting the marine otolith
volume from the volume of the whole otolith.

T(°C) = (1000/((1000Ina-(-18.651))/14.3))-273.15

Where T(°C) is the estimated water temperature; 1000Ina is the natural logarithm of
the fractionation factor multiplied by 1000; fractionation factor () is calculated as:

a= (61800tolith + 1000)/ (6180water + 1000)
Where 680, and 680, are the oxygen isotope values the otolith and water.

*If volume of the whole otolith cannot be easily determined, the equation V = MASS/SPECIFIC GRAVITY can be used to convert weight to volume. Where the specific
gravity of aragonite is 2.9-3.0 g/cc. This conversion is not recommended for very small weights, such as a glass eel otolith. Some error is expected using this method.

Figure 2.11. Proposed protocol for isolating the freshwater portion of an American eel otolith
and using 80 to estimate the temperature at which that fish lived.
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Chapter 3
Empirical measurement of the diet signal in 6'3C of American eel otoliths

Abstract

Stable carbon and nitrogen isotopebsoft tissues, such as musclare regularly used in
fish ecology studies as indicators of feeding environment (base food web source) and trophic
level. Otolithsare a promising altenative tissue for diet studies because they record a longer
term record oft 13C Yet, establishing how to interpret a clear diet signal frofCof otoliths
has been difficult becausatoliths derive carbon from both diet and dissolved inamgs carbon
(DIC) in waterHere, we isolate theé'3Ccontribution of diet through a 24veek laboratory
study of 80 American eel elvers fed four isotopically distinct diets, maintained®@t&&l eDIC
of —1.6%0. We then compare otolith 3C with paired maclet 13C and *N. The full range of
113Cacross diet treatments was accurately reflected in otalidind confirmed by muscle. Diet
contributed 46-47% of the total 13Cof otoliths. Otoliths were enriched i%*C relative to
muscle by 13%. Thet 13C and *N of muscle separated eels into isotopically distinct clusters
by diet treatment with no overlap b&teen groups. Eel muscle was enriched relative to
diet, on aver age, eblgfeddaplniagrewlto the%snallestdodyesize and
had abnormally high®N and**Genrichment from diet to muscle (119% and 5.260), which
indicated nutritioral stress and recycling of internal energy reserves. Within the scope of this
controlled experiment where DIC was constant, otoliths accurately reflecté& of diet,

regardless of diet quality, and diet contributed almost half of tA#C to otoliths.
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In the present study, we quantify the influence of diet'ddCof otoliths by studying
American eels grown under controlled laboratory corafis. Here we compare paired stable
carbon isotope compositions of muscle and otoliths withasured: 13C of prey items to
validate the use of otoliths as indicators of diet history.

Shifts in diet can have dramatic effects on species abundance becatig&fldences
growth rate, maximum potential size, quality of reproductive organs, survival, anty abil
migrate and spawn. Shifts in diet are increasingly of concern because they can be caused by
anthropogenic effects such as invasive species, pollutiad climate change. Introduction of
invasive species commonly causes changes in community compaaitd food availability. For
example, in Lake Ontario, Lake whitefi§lofegonus clupeaformibegan feeding on invasive
Dreissenapecies following the etline of their primary food source, the native amphipod
Diporeia.This shift in diet caused a dewiin whitefish body condition and subsequent
population decline (Hoylet al,, 2008). Anthropogenic pollution can also cause substantial
changes in prey aiability and overall food web dynamics. Letegn dietary recordof
isotopesfrom a guano deposindicate that chimney swifta€Qhaetura pelagideshifted from
consuming calorigich beetles to lower caloric value true bugs, after increased DDT uke in t
1940s depressed beetle populations (Nocetal., 2012). This shift in prey availability had
nutritional consequences for the chimney swifts, which may have caused their population
decline. Of particular importance, climate change has created shiftirkton communities
and food web structures globally (Katlal., 2001). Water temperature incresas since the

1980s are estimated to have caused a 6% decrease in global primary production€Gakgg
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2003), creating bottorrup effects on food websntreases in water temperature with climate
change can also result in stronger year classes of watemfiah species, causing changes in
community structureand prey availabilityn relation to temperature (Casselma al., 2002).

Diet and prey availaliiy are critically important in understanding and predicting changes
in species abundance, emphasgihe importance of developing accurate and reliable
methods to trace diet. When samples are available, analysis of stomach contents can provide a
“snatpshef an individual’'s diet. Such sampl es,
meal, which isi0t necessarily representative of overall diet, particularly for generalist species.
Combining the stomach content data of multiple fish of the same spgafess controlling for
size and age, can provide a more comprehensive understanding of diet. $eyniéems,
however, are assimilated too quickly to be found in stomach content analyses, whiles other
such as bones, carapaces, and scedgsiot be assinmated at all, causing them to appear
disproportionately represented (Michener and Sh&f94).

When examining longerm trends, stable isotopes can provide a dietary archive on a
larger temporal scale and yield insight into possible food web shifts.rticplar, stable
isotopes can providéfetime records of diet, thus providing a powaelfalternative to
traditional methods. Nitrogen isotope$®N:1“N) are generally enriched by8 % f r om pr ey t
consumer tissues, enabling soft tissue to serve as anatwli of the trophic level in which an
animal is feeding (DeNiro and Epsteif81; Miragawa and Wadd 984; Vander Zanden and
Rasmusser2001).Carbon isotopeg3C2C)in soft tissue reflect the 13C of primary producers

at the base of the food web withnly smalf*Genrichments from lower to higher trophic levels
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(DeNiro ancepstein 1978; Checkley and Entzerott985; Peterson and Fr§987; Post2002).
Typicallyi*C i n an ani mal ' s s of% relativestsfane iternss(Dedlior i ¢ he d
and Epsteinl1978; Peterson and Fr§987), although more recent studies mp slightly larger
mean enrichments of +1% (Sweetinget al., 2007; Nelsoret al.,, 2011) and +%. (Darnaudet
al., 2004; Barnest al., 2007).Values of 13C can therefore be useakan indicator of the
feeding environment, for example, to distinguish consumption of aquatic versus terrestrial
prey, or pelagic versus benthic prey.
Isotope compositions can be measured for virtually any animal tissue, but differences in
metabolic prgerties, tissue turnover rate, and temporal window must be taken into
consideration when selecting a material for analysis. Within a single organism, there is isotopic
variation among different tissues, although tissues often correlate with one anothssto(Et
al., 2010; Gerdeaux and Dufa2015). Different tissues have different molecular and
elemental compositions, which create differences in mode of growth and turnover time.
Metabolically active tissue, such as hair, skin, liver, and muscle, cantakiure of old and
newly formed proteins and lipids that are subject to constant turnover. Calcified tissues, such as
bone, tooth enamel, and otoliths (typically aragonite) are composed of minerals and proteins,
are generally metabolically inactive onfmemed, and exhibit accretionary growth (Campana
1999). Consequently, calcified tissues record material formed in chronological order (Dalerum
and Angerbjorn2005). The temporal window, or time period, represented by a tissue is related
to the type of gowth and turnover rate. The metabolic turnover rate of muscle-8 #honths,

making it a relatively shotterm indicator compared to calcified structures such as otoliths,
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which grow continuously and are metabolically inert once deposited (Camp888; Rnfili et

al., 2002). In addition, soft tissue must be either frozen or stored in alcohol and does not
preserve well during lonterm storage, whereas otoliths are easy to preserve because they can
be stored dry and are resistant to decomposition and ipatalteration over time. Otoliths

have even preserved across epochs such that the isotopic composition of samples from as early
as the Jurassic Period have been successfully measured (PattE988). Thus, archived

otoliths can be useful for examiningdd web responses to past ecosystem shifts when soft

tissue is not available.

Despite the widespread use of otoliths in fisheries studies, there is still considerable
uncertainty surrounding the relationship between diet andCof fish otoliths becausefdhe
influence of other possible factors. Some studies have found there is a significant relationship
between diet and °C of otoliths (Radtket al., 1996; Elsdort al., 2010). Others have
concluded that *3Cof otoliths is primarily derived from disk@d inorganic carbon in ambient
water (DIC) (Kalish991b; Weidman and Milng2000; Hgieet al,, 2003; Solomoret al., 2006;
Tohse and Mugiy&008), while more recent studies have found that metabolic rate, or
swimming activity, has an effect 8A°C(Sherwood and Ros2003; Dufouret al., 2007). The
amount of isotopic variation arising from all three parameters (DIC, diet, and metabolism) may
also cause th&!3C of otoliths and diet to appear unrelated (von Biedal., 2015).

The American eel inadeal species for exploring stable isotopg®toliths as a tool to
study diet because it is an extreme example of a complex life cycle, wide species distributional

range involving the use of several different habitats, and large variation in dietdifeostages
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(Jacobyet al, 2015). The species has evolved to survive in a broad range of environmental
conditions, making it ideally suited to be used in controlled rearing experiments with a wide
range of variables. Although it is exceptionally restli¢he American eel has experienced a
precipitous decline in recent decades (Richkus and WhaRe0; Dekkeet al., 2003; Dekker

and Casselmar2014), and in 2014, it was placed on the International Union for Conservation of
Nature (JIUCN) Red List ofdangered species (Jacobyal., 2017).

The global synchronous decline of several species of freshwater eels suggests that a
common factor was involved, such as climate change (Bonhometealy 2008). This could
potentially affect food availability fogels at all life stages. For example, in the Sargasso Sea
spawning grounds, changes in spring mixed layer depth, wind speed and direction, and a
reduction in the occurrence of eddies have resulted in changes in nutrient cycling dynamics and
primary producton, thus reducing food availability to larval eels, or leptocephali (Knigaas;
Friedlandet al., 2007; Bonhommeaaet al., 2009). Climatenduced fluctuations in food
availability for eel larvae in the spawning grounds are strongly positively cadeldth
variations in recruitment between years (Bonhommesal.,, 2008). The American eel,
however, has a complex life cycle, involving the use of several different habitats, making it
difficult to understand which environments may be experiencing litiates in food availability.

In the northern extremity of the species range (upper St. Lawrence River and Great Lakes
region), the American eel has declined to the point where there are no longer abundant wild
eels available for study (Castonguetyal., 1994b; Casselmar2003; Casselmaet al., 2013).

Archived historical otoliths are the principal source of wild eel samples. To understand long
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term trends and factors that may have influenced the decline, these archived otoliths may be
an importanttoolhati s st i | | avail able. Consequently, th
113C in American eel otoliths as a tool to examine emn trends in diet.

Here we investigate the influence of diet o%Cof otoliths by studying eels grown in a
controlled laboratory feeding study. A crucial requirement for isotope tracing studidsebfs
that input sources must have large isotope differences. By feeding fish prey items from three
distinct trophic levelsat a constant DIGhis study determines théull range oft 13Cof otoliths
that can be attributed to diet alone. In additiogmpositiors of 1 N in prey items and eel
muscleare used to identify differences in trophic level. Compositions'8€ measured from
prey items and eel muscle providee 1 13C source input from diet. The relationship between
113Cof otoliths andt *3Cof muscle is used to validate the use of otoliths as diet indicators.
Somatic and otolith growth data at the end of the experiment provide additional insight into

the effect ofgrowth rate and diet type on the isotopic composition of otoliths and muscle.

Materials and Methods

All work complied with Canadian Council on Animal Care (CCAC) guidelines and was
performed in accordance with permits issued b
Committee (UACC protocol #100593, Cassel@i-028, Renewal 1416).
Capture and Holding of Eels

Glass eels were captured in the St. Croix River, New Brunswick, Canada, in late May 2014,
then held at 10C, unfed, for three days. All eels were providgdtis by Brunswick Aquaculture

Ltd. Upon arrival ology DdpatmépubeatinFacdity io Kingstanr si ty B
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Ontario, Canada, all eels were immersed in a static formaldehyde bath to prevent white spot
disease, or infection of the protozoattoparasitelchthyophthirius multifilisusing procedures
outlinedin Chaper 2. Eels were thedivided equally between four 39 flowthrough
rectangular tanks and held at 2 for eight weeks. Eels were fed Otohime larval feed mixed
with Chironomids (bloodwormg during the holding period (referred to as the reference diet
during the experimat, described beloyw
Initial Subsample of Eels

At the end of the eightveek holding period, when the experiment began, 180 eels were
randomly subsampled and euthanized using 400 ppm tricaine methanesulfonai2ZR®)&qua
Life TMS Syndelp provide a reord of baseline audition of eels entering the experiment,
including the holding period. The mean body weight of the initial subsample was 0.16 + 0.01 g
(mean and 95% confidence interval) and total length was 59.6 + 0.74 mm. Sagittalsotadit
removedunder a dissectingiicroscope and cleaned of the membrane, soft tissue, and mucus
by dragging them across an 8@€t silicon carbide grinding paper (Buehler), then washing
them in 80% ethanol and distilled water. The dried otoliths weregdainside faled parafilm
(Paraflm M, Bemis), and stored in microcentrifuge vials for later analyses.
Otolith Marking

To indicate the start of the experiment in the otolith, live eels were marked by immersion
in a solution of 4 L of water containing S%dium chlorié and 3% oxytetracyine

hydrochloride (OTC, Liquimycin-RB0, Pfizer), using a procedure modified from Simon and
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Dorner (2005) and Threadet al. (2010). The immersion time was 15 minutes &i2and eels
were treated in batches of approrately 500.
Rearing Conditions

Eels were randomly distributed into four 9(51x 25.5x 31.5 cm) rectangular tanks
filled with 32 L of dechlorinated water, tightly fitted with silicoeealed plexiglass lids with
removable feeding and cleaning hatchestially 140eels were placed in each tank. Oxygen
saturation was maintained between 8000% using air stones. The measured pH wasBR0k
PVC plastic pipes (6 cm diameter, 30 cm length) were placed in eacto tardvide cover
Tanks were cleaned exy second daysing a small brush and grav#iphon. Standpipe screens
were cleaned everg?2 hours and rinsed in hot water to remove organic buildup and prevent
tank overflows. Fluorescent ceiling lights were covered with yellow filters to reducediggis|
and progammed on a 1zhour light/dark cycle. Tanks were covered with orange garegss
(Glad Eas¥ie) to further reduce light levels and also help reduce visual disturbance from
people entering the room. Tanks were inspected for dead eels ex&hpdrs; deadish were
immediately removed, weighed, measured, and stored in 80% ethanol.

The experiment was conducted at%8 the optimum temperature for somatic growth as
determined in previous controlletemperature rearing experiments (Chapter 2)atafr
temperature was maintained using digital mixing valves (Hass Manufacturing Intedtifauc
K250), which dispersed dechlorinated water into 62.5 L header tanks that was then -geavity
into tanks containing eels at a rate of 1.2 L/minutemperature Iggers(HOBO UBH001

TidbiT v2 Temperature Data Logger s@hwere programmed to record war temperature
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every minute and placed in the bottom of each rearing tank. Mean water temperature, as
measured by the wiank temperature loggers, was 27®@in thedaphnia treament, and 27.8C
in the fish, crayfish, and reference diet treatments. Asass check, temperature was also
recorded using a glass handheld thermometer every 12 hours.
Diet Treatments and Feeding Regime

Eels were fed four isotopically distit diets (Take 3.1), which included three
experimental diet treatments and one referendet. The reference diet consisted of equal
quantities of Otohime Larval Fish Food B1, B2, and C2 (Marubeni Nisshin Feed Co., LTD, full
composition and ingredientsra listed in Apendix A), mixed with frozen Chironomids cut into
1-2 mm pieces (Hikari Bjoure) to form a consistency of hard dough. The ratio of Otohime to
Chironomids, by wet weight was ~40:60, and the dry weight ratio was ~92:8. Daphnia were
purchasedrozen in cubes. Cubes were weighed, thawed, then dropped into eel tanksisGrayf
were captured live from an inland pond in Hartington, Ontario, at the beginning of the
experiment, then frozen until used. Muscle from the crayfish tail was removed usicdpe!
and minced into 42 mm pieces (small enough to match the gape sizeslsf i@ the
experiment). Fish were captured in the upper St. Lawrence River. Only minnows, Golden
shiners, and small Yellow perch were used to ensure fish were from a simpaictievel. Fish
were prepared by removing the head, viscera, scales, anddkins c | e was t hen " scc
small squares (approximately 1 mm) so that eels could easily tear muscle away from the

carcass.
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To ensuread libitumfeeding eelswere fed ~8% ftheir body weight every 12 hours
(~16% per day), between 8 to 9:30 am and 8 to 9:30 pm. This was more than twice the amount
fed in previous experiments involving anguillid species where eels were fed 7.5% total body
weight per day (Degaet al,, 1988),1.3-3.9% body weight per day (Seymopi989), 3%
biomass per day (Heinsbroel991), and 4% body weight per day (Huertas and C&@i26).
Food quantity was adjusted throughout the experiment to mainthlibitumfeeding
conditions as elebiomass incrased.
Mortality

Cumulative mortality across treatments was generally low because eels were held for
eight weeks before the experiment began, making them older and habituated to feeding in a
laboratory environment. Mortality was highest wh eels were fd fish (20% compared to <6%
in the other two diet treatments and reference diet). Typically, eels at this early life stage would
not consume fish in the natural environment, which could suggest that fish is not a suitable
nutritional sourcefor eels of th size.
Termination of the Experiment

The experiment duration of 24 weeks was chosen to allow for the full isotopic turnover of
muscle, which is ~46 months. This duration also allowed the otoliths to grow large enough to
take on the isotofr signature othe controlled diet, particularly for the treatments where eels
remained small. At the end of 24 weeks, eels were humanely euthanized, measured and
weighed, and otoliths removed fresh and stored dry using the same methods described for the

initial subsamge. After otolith removal, eels were frozen until muscle could be removed and
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prepared for isotopic analysis. A random number generator in R was used to subsample 20 eels
for measurement of 80 andt 3Cof otoliths from each diet treatmenthe reference diet, and
the baseline initial subsample. Ten eels were then subsampled from each group of twenty for
analysis of 3C andt 1N of muscle, to ensure paired otolith and muscle values came fitee
same fish. After being stored dry, left and right sagittal otoliths were desiccated for 48 hours
and weighed to the nearest 0.0001 mg several times to ensure consistency (Sartorius MSA6.6s
000-DM Cubis Micro Balance). Right otoliths were used fdoso analysis and left otoliths for
growth measurements.
Stable Isotope Analysis

The stable isotope compositions of otoliths, muscle, diet items, and tank water were
determined using continuoulow stable isotope mass spectrometry (Ther8oientifiéc™
DeltaP'usXP Continuou&low (CF) Stable Isotope Ratio Mass Spectrometer (IRKBY

Queen’s Facility for | sotope Research (QFI R)

inpartspet housand (%) and repori)ed using the delt .

Y Y
Y

where R is the ratio of the heavy isotope (é%) to the light (e.gt%0) isotope.
Values ofl 180 were expressed relative to Vilea Standard Mean Ocean Water (VSMOWAC
relative to Vienna Pee Dee Belemnite (VPDB),1apd relative to atmospheric nitrogen (AIR).
Measurement of 630 and 8'3C of Otoliths

Otoliths were placed in borosilicate vials and flushed with heliumetoove atmospheric

CQ. Each otolith was then distred in 100% anhydrous phosphoric acid &7 2eleasingQ
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gas, which was analyzed for the ratios% to 0 and'C to'°C using a Therm8cientificM
GasBench Il coupled to #RMS Methods outlinal in Chapter 2 for C&€as concentration and
extraction of small samples were used to avoid pooling otoliths from multiple fish.

Thet 0 andt 13C of otoliths were calibrated to Vienna Standard Mean Ocean Water
(VSMOW) and Vienna Pee Dee Belemnite (VPDB) using international standards NBS 19
(accepted values:'®0=+ 2 8 . 8 5C%+ 1 . 9 5 %)NBS18 (aactepted values®O=+ 7 . 2 %o,
113C=-5 . 0 1D®) 2, a secondary internal laboratory standard made from dolomite, was used
to test the calibration (accepted valuesfO=+ 2 2 . 2%+ 1 . 1R&Producibility foNBS
19was+ 0.2%o for 1 18O and +0.16%o for 1 13C (n =24). Reproducibility foNBS 18vas +
0.13%o for 1 180 and + 008%. for 1 13C(n =7). Results foDOL2vere:1180=+224 + 028%., and
113C=+11+028 % ( 1), whichompare well with its accepted valuBgcause otoliths
were analyzed whole, and not homogenized, we couldamatlyze duplicates of the same
sample. Instead, repeated measures of standards were used to assess reproducibility.
Measurement of 6'3C of DIC in Tank Water

To measure the 3C of DIC in the tank watesamples were drawn in December 2018
from the six hotand cold output pipes in the room where the experiment took place. Sampling
vials and a glass beaker were rinsed three times before each sample was drawn. Sampling vials
were filled with water, and to gevent air bubbles in the sample, caps were screweavbile
submerged in a glass beaker of the same water. A syringe was then used to transfer 2 ml of
each water sample into sealed vials containing 1 ndlaif% anhydrous phosphoric acid; the

vials had bee previously flushed with heliumVvials were left teequilibrate at 72C for two
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hours. Once equilibrated, the resulting £4as analyzed using a Theriaientifi¢™ GasBench
Il coupled to an IRMS.

Accuracy and precision of thé3C analyses were monitadeusing international reference
material NBS 19 anesondary laboratory standards Sr&dd MBQ. The mean °C obtained
for NBS 19 was +1. 9 -5. 8% 3(% (M33:23-33a0@®BPMRBCEAas) .
which compare well with their accepted vakie o f +% . 9 &3 3 . 7 %o, respect i\
Measurement of 6'3C and 6*°N of Muscle and Diet Items

Muscle samples and diet items were placed in glass containers and-fleedefor 48
hours. After freeze drying, all material was homogenized into agaveder in a mortar and
pestle in the presence of ligainitrogen.Homogenized samples were weighed into tin capsules
at ~0.3 to 0.4 ma@nd then combusted in a COSTECH ECS 4010 Elemental Analyzer (EA). The
resulting gas was swept by He in continudkasv mode to an IRMS.

Accuracy and precision of thé3C aralyses were monitored using international

reference material NBS 21 and secondary laboratory standards UC1 and T&amkan4 13C
obtained forNBS21wa2 8. 2 +* 0. 22% (n = 6), which compar e
-2 8 . ITkemeant 13C obtainedor UC1of2 5. 7% (n = 2) -1and % orn GOWI)

also compare well with their accepted values@f5 . 8 %e18n ® %o tivedysDu@icate

13%C analyses of muscle samples (n = 7) differe
15)ofaniner nal | aboratory standard (EELSdD12) had
24 . 9 %) .
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Accuracy and precision of thé°N anayses were monitored using international
reference material NIST 8551 and a secondary laboratory standard, JRiNneant 1°N
obtained for NIST 8551 was +53.3 £ 0.21% (n =
of + 5BhenseHal 1N obtained bor QKN@Gwas +4. 8% (n = 1), which oc
its accepted val U¥ amalysestomuscisammes=i) differea toe
average, by 0.09%. Replicate analyses (n = 15
had a precisionaf 0. 2 0 % me&ahl. 4 %) .
Growth Rate of Body and Otoliths

The specific growth rate of each dsi body weight, body legth, and otolith volume
was calculated usingquation2.5.
Otolith Volume Calculations

The American eel has a complex life cycle that currently precludes laboratory hatching.
Consequently, all eels used in this experiment were-adglgtured and the ototh inevitably
contained some history of previous growth. Following methods detail€rapter 2,
proportional weighting of individual otoliths by volume was used to correct the isotopic
composition of the otolith to that arising only from growth under tatied conditions. The
initial subsample of eels, taken before the start of the experimprovided otoliths for which
1180 andt 13C of“wild” growth could be measured.
To measure volume, left otoliths were mounted on glass slides with cyanoacfiiaty

Glueg’™) using methods outlined by Stevenson and Campana (1992). Once mounted, whole

otoliths were laterallymedially ground on one side using dry 400 grit Buehler silicon carbide
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paper, followed by polishing with dry 800 grit paper. Ground and polisieliths were then
viewed at 4&, 100%, and 20& magnification (Olympus BFRFCA) and mhographed under
ultraviolet and transmitted light. ImageJ softwaRRasband, W.S., ImageJ, U. S. National
Institutes of Health, https://imagej.nih.gov/ij/, 1992017)coupled with a Wacom CTH470M
Bamboo Capture Pen Tablet was used to digitally trace aabsare the width, height, and area
of the whole otolith and otolith up to the tetracycline label using these images.

Volume of the whole otolith and otolith up to thetracycline label was calculated using
equation 2.3Volume estimates were used to progionally weight isotope compositions of
the whole otolith and the otolith portion formed during the experiment period usaangass
balance equatiorfequation 2.4)

Percentage contribution of diet
The following equation was used to estimate the relative contributions'¥¢ from diet
versus DIC to the!*C of the whole otolith.
16 01 8 - p b1 6 - O
where 1 13Cyiitn is the measured 13Cof the otolith;
M is the proportion oft :3C derived from diet;
1 B3Gyier is the measured *Cof the diet;
Eotolith-diet IS the isotopic enricment factor between diet and the organic matrix of an otolith (a
mean of O0.17% i s used, as de torkaenetah 20d3);f or At | at

113Gy cis the measured 13Cof the dissolved inorganic carbon, and
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EHcO3aragonitelS the isotopienrichment factor between HGGand ar agoni t e ( a

25°C is used, as determined for aragonite by Romagielt., 1992), with the assumption that
<1% of the DICis @O0 r e n doeakgdnidnegligbleT h e t GidoBRrdgonited cagonitd
would increase slightly if some of the carbon is present aglit©generally less than 1% DIC
is in the form of dissolved GQf a range of 1 to 10% gEbntribution to DIC is theoretically
calculated usingcozaragonite0 f 1 0 . 9QdRoaanelet &l., 1992), the totak increases from
2.9 to 3.7. When M is recalculated using a tataf 3.7 (theoretical 10% G@ontribution), the
percentage contribution of 13C from diet versus DIC to thé3C of the otolithincreases by 1.2,
1.4, 22, and 1.8% in the daphnia, crayfish, fish, and reference diet treatments respectively.
Statistical Analysis

All statistical analyses were conducted in R (version 30eveloprant Core Team,

2017). Figures were created using SigmaPlot 11.0.

Results
Isotopic composition of diet treatments

A comparison of diet items among treatment groups revealed mééN differences of
greater than 3.%o., confirming that the experimental diet treatments differed in trophic level
(Table3.1). Meant 13C of diet items increased across treatments (as trophic level increased)
with a range 0£30.9 t0-19.6% ( T &8.1.[Thereference diet, which containe@ironomids
(bloodworms) and a pellet mixture of both plant and animal material (Otohime), had an

isotopic profile that was intermediate to the three experimental diets.
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613C of otoliths

There was a significant differenget 13C of otolitts between all diet treatments,
including the reference diet, at the end of the-2#&ek experiment (onavay ANOVAR =
220.19,p< 0.05. TUKEY HS3; 0.05 for all comparisons, FiguB4, Table3.2). To confirm that
otoliths acquired tle isotopic signature of experimental condition33C of otolitrs from the
end of the 24week experiment was compared with otoliths subsampled before the start of the
experiment. There was a significant difference betwe&iC measured in otolithat the gart of
the experiment (baseline) and end of experiment, within each diet treatment, except for the
fish treatment (oneway ANOVAR = 253.39p < 0.05. TUKEY HSBhfp = 0.10, all other
comparisonsp < 0.05).
630 of otoliths

To help assess that einenmental conditions in the rearing tanks, such as water
temperature and watet 120 were held constant for the duration of the experimentéO in eel
otolithswas also measured. Mean®O in eel otolitls at the end of experiment wagenerally
similar amang diet treatments, but otoliths of eels fed the reference diet were significantly
different than the daphnia and fish treatments (om&y ANOVAER: = 5.07p < 0.01. TUKEY
HSD, daphniaeference dietp < 0.01, fishreference dietp < 0.01, Tabl&.2). Depite showing
some significant differences in the reference diet, the mean rangé&fof otolithsacross the
entire experiment was only 0%. Thet 80 in eel otolitls at the end ofthe experiment was
significantly different than eels from the start of the experiment, indicating eels had taken on

the isotopic signature of the controlleghvironment ¢ 80 of ambient water) during the 24
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week experiment period (oneray ANOVAR = 136.38p < 0.05. TUKEY HSD between baseline
and each diet treatmenp < 0.01).
Relative contribution of diet to the 63C of an otolith

Thet 13C of each diet @ble3.1) and mean *3C of the dissolved inorganic carbon (DIC) of
the water 1.6 +0.4%0) wer e used to esti mat%Cofeachati ve
otolith. The relative contribution of diet to**Cof otolithswas 47% in the daphnia treatment,
45%in the crayfish treatment, 40% in the fish treatment, and 41% in the reference diet.
Isotopic composition of eel muscle

There was a significant positive correlation betweé?fC and °N of eel muscle across
diet treatments at the end of the experimer®éason correlationp < 0.05R= 0.51,df= 47,
Figure3.2). Individually paired*3C and *N of eel muscle from the three diet treatments and
reference diet separated into isotopicatlystinct clusters.

A discriminant function analysis differentiatedlsinto treatment groups based on'3C
and4 N of muscle with no overlap between groups. The classification function derived from
the discriminant function analysis, usintfC and: *°N, yielded a misclassification rate of 0%.
When the jackknife methodfsegquential removal of individual data points was used, the
misclassification rate remained at 0%. Mahalanobis distances were then calculated for each
treatment group to determine the dtance from individual values to the centroid of each
cluster. The ayfish diet treatment had the shortest mahalanobis distances (mean and 95% CI:

1.69 + 0.25), meaning it had the smallest amount of variance, while the reference diet
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treatment had the lagest mean mahalanobis distances (2.15 + 1.60). Daphnia and fish diet
treatments showed intermediate distances (1.83 + 1.17 and 2.13 + 0.39 respectively).
Followup univariate onevay ANOVAS showed a statistically significant differenc&hh
betweenfish from different diet treatmentsk = 232.23p < 0.01, Tabl8.2). There was also a
significant difference in'3Cof muscle of eels from different diet treatment&E 533.60p <
0.01, Table.2). Tukeyposthoctests showed significant differences among all four diet
treatments @ < 0.05 for all comparisons).
Relationship between eel otoliths and muscle §3C
There was a significant positive relation betweéfCof otoliths and muscle tissue within
individual fish across diet treatments (Pearson correlatpn,0.05,R= 0.812df = 48, Figure
3.3). A discriminantunction analysis differentiated eels into treatment groups usitif of
both otolithsand muscle with no ovéap between groups. The classification function derived
from the discriminant function analysis yielded a misclassification rate of 0%. When the
jackknife method of sequential removal of individual data points was used, the misclassification
rate remainedat 0%. Mahalanobis distances were calculated for each treatment group to
determine the distance from individual values to the centroid of atelu3 he reference diet
treatment had the shortest mahalanobis distances (mean and 95% CI: 0.50 + 0.12), niteaning
had the smallest amount of variance, while the daphnia treatment had the largest mean
mahalanobis distances (2.88 + 1.60). Crayfish andlfeshreatments showed intermediate

distances (2.54 + 0.59 and 1.88 + 0.24 respectively).
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When thel3Genrichment from prey items to otoliteand muscle was compared across
diet treatments, otolitrs had much highet 3C compared to muscle (Figuset), as & typical for
organicinorganic components of biogenic carbonate (Radtkal.,, 1996; Gauldig1996;
Nelsonet al., 2011;McMahonet al,, 2011).Changes in'3C of otolitrs and muscle generally
followed changes in prey3C. When the difference in eichment in3C from prey to otolith
and prey to muscle were compared (distance between closed aed oircles, Figurd.4),
however, there was a significant difference between all treatments except for the crayfish and
reference diet (onavay ANOVAE: =39.53,p < 0.01. TUKEY HSD crayisference diefp =
0.99, all other comparisors< 0.05).

When'3C enrichment between prey and otoliglwas compared across diet treatments,
only the fish treatment was significantly different than the other treatmefuise-way ANOVA;
F=62.65p<0.01. TUKEY HSD-igfyfishp < 0.01, fishdaphniap < 0.01, fiskreferencep <
0.01, all other comparisons> 0.05). WheA*Genrichment between prey and muscle was
compared across diet treatments, there were significdifferences between all comparisons
(oneway ANOVAE: = 315.47p< 0.01. TUKEY HSD all comparser0.01). Hence, otolith
appear to reflect the carbon isotope composition of diet more consistently than muscle.

Eelmuscle was enriched #N relativeto diet in all treatments; the largest enrichment
occurred in eels that were fed daphnia (mean
enriched by +1.7 £+ 0.26%, eels fed fish were

reference diet wee enrich@by+ 0. 8 * 0. 55 %o.
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Evaluations of otolith and somatic growth

Specific growth rate in body weight was significantly different between the four diet
treatments (oneway ANOVAR = 65.64p < 0.05, TUKEY H33; 0.05 for all comparisons,
Figure3.5A). E&s that were fed daphnia had the lowest specific growth rate and had the
smallest final body size, followed by eels that were fed fish, and then eels fed the reference diet
(body weight means and 95% CI: 0.37 £ 0.12 g, 1.52 + 0.62 g, 2.87gtr@spéctely). Eels
that were fed crayfish had the highest specific growth rate and attained the largest final size
(6.53 + 1.44 q).

Otolith specific growth rate, by weight, was significantly different between diet
treatments except for the two slowestgwing treatments, daphnia and fish (or@ay ANOVA,
F=27.88p < 0.05. TUKEY HS13% 0.57, Figur@.5A) and between the two fastest growing
treatments, crayfish and reference diet (TUKEY #S).10, all other comparisons< 0.01).
Generally somatic specifggowth rate was higher than otolith specific growth rate, except in
the daphnia treatment where otolith growth was apparently decoupled from somatic growth
and grew at a faster rate thahe body (Figur&.5A).

A significant relationship between otolitmd somatic specific growth rate, by weight,
was found for the crayfish (Linear regressipr;, 0.01,R = 0.30,Fs = 9.25, Figur8.5B), fish,
(Linear regressiorks = 103.0p < 0.01,R = 0.84) and reference diets (Linear regresstan:
16.9,p < 001,R = 0.46). No significant relationship was observed for the daphnia treatment,

where otolith growth appeared to decouple from somatic growth (Linear regreskier,0.02,
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p = 0.90,R =-0.06, Figure3.5B). Otoliths of eels in the daphnia treatmemtre

disproportionately large relative to the body, compared to other treatments.

Discussion

When eels were fed prey items from three isotopically distinct diets wite between-
30.9 and-19.8%o., the full spread of 13C from dietwas reflected in otolis (-16.2 to—6.2%o). In
total, diet contributed between 4647% of the total 13C in the otolithOur results are
consistent with previous studies that have fountdCof otolithsto be well correlated with *3C
from diet (e.g., Radtket al., 1996; Weidmarand Millner, 2000; Elsdort al., 2010; McMahon
et al, 2011; Von Bielat al,, 2015). The relative contribution afiet to the 13C of otolitls,
however, was considebdy higher than values reported in other studies, whigny from ~30%
(Kalish1991a;Hgie et al.,, 2003) to8-17% (Solomoet al., 2006; Nelsoret al., 2011) to as low
as 7% (Guigueet al,, 2003). The large contribution from diet that we found likely reflects the
controlled rearing environment in which we conducted our study.

Thet 13Cin eel otolithswas strongly correlated with'3Cof muscle within individuals
across diet treatments, indicating3C of diet was reflected in both tissues. Previous studies
have also found a significant relationship between t#E&C of paired otolith andnuscle
samples (Elsdoet al., 2010); McMahoret al., 2011). This otolittmuscle relationship is
particularly evident when thé'3C of the otolith organic matrix, consisting of amino acids
exclusively derived from diet, is isolated ¢gBkjaeret al,, 2013 McMahonet al,, 2011).

Because diet fuels the grdlwof all tissues, there is commonly a strong correlation between the

isotopic composition of an animal and its food source (DeNiro and Ep$88; Radtket al.,
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1996). Preferential uptake 6fC durhg dgestion and assimilation causes organic tissoes
animals to acquire a slightly highef®Cthan their diet (DeNiro and Epsteih978). Typically, a
13C enrichment of <1 to% is expected between the food source and most body tissues
(Vander Zanden and Rasmuss2®01). In the present study, the average isotopic enrichment
between prey itemsand muscle was +2.0 + @d.

As is typical for biogenic carbonates, i€ enrichmenbf an otolith relative to muscle is
considerably largeiThe highet 3Cof otoliths compared to muscle arises because otoliths
containcarbon obtained from multipleairces (diet, DIC in ambientater) and because of the
much larger equilibrium isotopitactionation between solid carbonate and dissolved oxidized
carbonate moieties at low temperatures (Emrighal., 1970). Previous studies repef?C
differences between otoliths and muscle of +15.1 to +1669 (Radtkeet al., 1996), +10 to +1%o
(Gauldie 1996), +14.3 to +15% (Nelsonet al.,2011),+ 1 0. 7 t o +1 1letél% ( Mc Maho
2011) In the present study, thel3C difference between otolithand muscle was +134; an
average enrichment of 15.2 + 0%dfrom prey items to el otolithsand 2.0 £ 0.6%. from prey
itemsto muscle.Eels that were fed daphnia, however, showed markedly higher variance in the
113C compositiorof otoliths and muscle (Figu&3) and also conderably highef3G
enrichment from prey items to otoliths and muscle compared to other treatments (FRjdje

One major assumption when calculating isotopic enrichment is that the measured
isotopic composition of the diet reflects a gross value thaisrely assimilated into the

consumer’ s tissue. I n actuality, thehe i sotopic

constituents of diet that were used in forming that tissue, referred tdiastopic routing
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(Gannest al.,, 1997; Vander Zanden and Rassgen 2001; Kelly and Martinez del RRD10).

For example, the13C of blood cells have been found to overesitmthe protein constituents

of diet because blood is mainly comprised from proteins (Martinez de2tRib, 2009). In our

study, daphnia we fed as whole items, which included relatively insoluble chitin. Although

there is some evidence that certain marine fish species can digest chitin (Gutetalka

2004), it is likely that the eels mainly assimilated thieer, more easily digestiblepmponents

of daphnia. The nowghitinous components would therefore have been underrepresented in the

“gros$ 1 13C measurement of daphnia, possibly explaining the latigan-expected'*G

enrichment from daphnia to otolithand muscle. Similarlyhe higher variance in the'3C

compositionof otoliths and muscle in eels that were fed daphnia could rdsoith individual

differences in the digestion efficiency and isotopic routing of different constituents of the

daphnia. In ontrast,the crayfish and fish were fed to eels as pure muscle, which would make

their “gross 1 13C compositions more representative of whaasvassimilated into eel tissues.
Thet 13C of DIC in the water used in this experiment, derived from Lake Ontarie; was

16%, which generally matched previl®u s( Ymtenags ur e m

al. 1996),-1.0 to+1.5% ( H ocetlak, 1998),and—2.2 to+0.5% ( L e & gl.£1998) The

113C of DIC in lake wategflects the weighted average of contributions from dissolved

atmospheric C¢) weathering of carbonate rock, and biogenic sources such as freshwater

plankton and oxidation of organicatter (Hladyniuk and Longstaff2015).DIC is the sum of

inorganic species of carbon in the water, which mainly includea@®HC®. The ratio of C®

and HC® s controlled by pH, but generally <1% of DIC is in the form of dissolved IO
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enrichmentin 13C from HC®to otolith aragonite is ~2.0t0 2% and i s | argel vy
temperature at typical surface temperatures (Kalis891a; Romaneé&t al., 1992) Enrichment

of 13C from dissolved CG@ otoliths is temperaturedepencdent and ranges fim 8.8 to 12.6o
across temperatures of 10 to 40.

To better understand the influence of diet eA*Cof otoliths, muscle is considered a good
reference tissue because its carbon isotope composition is exclusively influenced by diet. In the
present study}3Genrichment of muscle of eels fed the crayfish, fish, and reference diet were
within the nor 8&l0.3aand+d. %o(respenely)Muscle grown by eels
fed the daphnia diet, however, had an abnormally higlienrichment of +5.%o. Prevous
studies have found that fish muscle becomes enrichédGnwhen fish are forced to use
internal energy resems, such as during migration and cessation of feeding (e.g. Atlantic
Salmon, Doucettet al., 1999), but depleted of*C with increased feedinrate (e.g. carp, Gaye
Siesseggest al., 2004). It is possible that the daphnia were a poorer quality or nutienited
diet for eels at this life stage, whichayhave forced the eels to use internal lipid reserves as an
energy source. The deficienof/a specific essential dietary nutrient has been linked to higher
isotopic enrichment factors (Gambd2elgadcet al., 2008). Often animals will increase their
feeding rate to cope with a nutrient deficit, causing further metabolic cycling ofassential
nutrients, thus further increasing the amount of isotopic enrichment between diet and tissue.

In our study, differaces in growth rate and final otolith and body size in response to diet
serve as an additional indicator of diet quality. Eels fed dapsimiaved significantly slower

specific growth rates than eels in other treatments and had the smallest otolith anddipelat
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the end of the experiment, indicating daphnia did not provide the energy needed for rapid
growth. Qoliths and body typically g proportionally, except in the daphnia treatment where
otoliths grew at a faster rate than the body, resulting inptdegortionately larger otoliths
relative to the body compared to other treatments. Although there is typically a strong positive
correlation between otolith and body growth, decoupling can occur in response to stress,
during which somatic growth slows ceases while the otolith continues to grow (Mosegaatd
al., 1988 Campanal990; Secor and Deah992; Otterleiet al., 2002). The decoujmg of
growth in the daphnia treatment, despit&d libitumfeeding, is considered here to be evidence
of nutritional stress.

Nitrogen isotope®f muscle typically serve as an indicator of trophic enrichment but can
also be used to examine starvation agiét quality. The large isotopic enrichment (+2%.p of
eel muscle in the daphnia treatment reflects a much higheplic level than their diet could
produce, which is almost certainly an additional indicator of nutritional stress. Nutritional stress
or starvation, either by food limitation or reduction of nutrients through a iquality diet, can
result in the internatecycling of nitrogen. Without the input of new nitrogen from diet, a
starving animal must use nitrogen within its own body, which isuace of nitrogen that has
already been enriched N relative to diet (Hobsomt al., 1993; Adams and Sterngt000). As
available dietary nitrogen decreases, organisms are forced to rely more heavily on internal
nitrogen resources. Hobsaat al. (1993)ound that'“N loss through nitrogenous waste
excretion increases during periods of ritibnal stress in birds, providing further evidence for

isotopic enrichment associated with nutritional stredglams and Sterner (2000) found that
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when thet *N of the food source was held constant and the C:N ratio of food was manipulated,
the 1 15N of caphnia increased from0 . 09 t o + 0 :d&y6t¥vation, conatuding Fhat
the size of isotopic fractionation across trophic levels may depend on nitrogen avgilabil
Other studies, however, suggest there may be a threshold level of nutritionakstgsired to
produce detectable changesif®N composition (Kempstest al., 2007).
Conclusions

Otolithsrecordalongerterm recordof 1 13Ccomparedto muscle, makingthem a
promisingalternativetissuefor diet studies.Yet,the confoundmentof + 23Cfrom both diet
andDICin the water into the otolith 1 13Ccompositionhaspreviouslycastdoubt on the utility of
otoliths to reflecta cleardiet signal.We found that, in the contextof this controlledrearing
experiment,otoliths consistentlyand accuratelyreflectedthe 1 13Cof diet. Otolithseven
showeda more consistentgrowth responsehan muscleand continuedto growwhenbody
growth slowedor ceasedOtolith 1 13Ccompositionalsocorrelatedwith diet + 13C,regardlessf
diet quality. Hence otoliths appearto be a better choiceof tissuefor isotopestudiesof fish
with reducedgrowth ratescausedby nutritional stressor other factors.Diet only contributed
40-47%o0f the total 1 13Cof otoliths, however,whichemphasizeshe important caveat;an
accuratel 13Cof DICin the water is necessaryo accountfor the other >50%of the otolith 1 13C

and permit accurateinterpretationsof diet.
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Table 3.1. Thet 13C and! >N of preyitems fed to eels in the controlled diet experiment
presented as individual values and summarized with means. Ieatompositions of the
reference diet are presented as individual components anixed. The calculated reference
diet mixture isotopic compsition was obtained using the dry mass ratio and proportional
weighting of measured isotope compositions@ironomidsand Otohine B1, C2, B2.

1 15N 1 13C
Sample Description % Al % VPI
Daphna
Daphnia —2.0 -30.9
Daphnia -1.8 -30.8
Mean -1.9 -30.9
Crayfish
Small +7.1 —27.3
Medium +6.9 -28.1
Large +5.5 —28.5
Mean +6.5 —-28.0
Fish
Golden shiner +11.4 -21.3
Golden shiner +11.5 -18.2
Minnow +10.9 -21.5
Minnow +10.9 -19.7
Yellow perch +11.7 -18.9
Yellow perch +11.7 -18.1
Mean +11.4 -19.6
Reference Diet Components
Otohime B1 +7.9 -23.6
Otohime C2 +11.1 -21.8
Otohime B2 +9.6 -23.5
Mean +9.5 -23.0
Chironomids +15.3 -30.9
Reference Diet Mixture
Measured +9.6 -24.1
Calculated +10.0 -23.6
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Table 3.2. Summaryof the isotopic compositionof otoliths and muscle of eels fed controlled
diets of daphnia, crayfish, or fish, and a reference diet. Each diet treatment consists of otoliths
from 20 eels and muscle samples from 10 eels (means = 95% CI).

Diet consumed Otoliths Muscle
1 13C 1 180 1 13C 1 15N
%, VP % VSMC % VPD % Al R
Daphnia -13.8+0.63 +22.1 £0.32 -25.7+0.44 +9.7+0.26
Crayfish -11.7 +0.33 +22.2+0.32 -27.2+0.20 +8.2+0.19
Fish —7.1+0.29 +22.0+0.26 -19.9+0.37 +12.7+0.24
Reference -8.9+0.38 +225+0.18 -21.7+0.27 +10.8+0.35
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Figure 3.1. 1 13C of eel otolitls after 24 weeks of growth while being fed controlled diets, as
listed on the xaxis. Each diet treatment contains 20 eels. Medialues are plotted as
horizontal lines within boxes. Boxes encompass thHea&td 75" quartiles. Vertical lines with
ticks irdicate the 10" and 90" percentiles. Closed circles indicate outliers.
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diet). Open circles indicate the3C difference between the muscle and diet and muscle of
individual eels £}*Gnusciedier). Diet treatments are indicated on the x axis; each treatment
contains 10 eels.
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confidence intervals between diet treatments fed to eels during av@ék period. Each
treatment contains 20 eels. B-Relationship between specific growth rate, by weight, of
otolith to body within individual els at the end of the 2dveek experiment. Diet treatments are
represented using various shapes and colors. Linear regression lines are shown. The black
dashed line shows the 1:1 growth ratio line.
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Chapter 4

Metabolic rate differences from long-term induced swimming have no effect on
613C of otoliths in American eels

Abstract

Carbon isotopes of otoliths refleatlifetime history ointeractionbetween a fish andts
environment because otoliths are formed by using carbon derived fimsolved inorganic
carbon in the water and fromrpy items that reflect the base'3C of the food webYet, there is
some evidence that metabolic rate may also influen& of otolitts, which, until resolved,
sheds uncertainty on ailiterpretations ofi 13C. We manipulated swimming activity level in
American eel Anguilla rostratajelvers for 20 weeks to induce a gradient of different metabolic
rates, confirmed using oxygen consumptiate, then measured 3C and: 80 of otoliths.
There was no significant relationship betwe€eriC of otolithsand metabolic rate MO,
measured after exercise: 23892 mgQ/kg/h) induced byswimming speeds ranging between
0.2-3.4 BL/s. Although this findireemscontrary toother studiesthat indirectly infer
metabolic rate effectsit is the first investigation that intiduces changes in metabolic rate by
manipulating swimming activity, itead of temperature. We conclude thaerobic metabolic
rate (MQy) does not influence 1°C of otoliths. Wepropose possibl@hysiological mechanisms
to explain how carbon isotopes are incorporated from DIC and diet into theTfigre was
evidence of a rationship between metabolic rate and®O of otoliths, but it was mainly driven

by the fish with the highest oxygen consumption rates, suggesting that only very high oxygen
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consumption rates influence*®O, or the possible use of anaerobic metabolismupm@ement

aerobic metabolism.

Introduction

The use of stable isotopes of carbon amygenof fish otoliths ha radically enhanced
ecology studies over the past half century. Otoliths exhibit accretionary growth through daily
deposition of layers of calcium carbonate (typically aragonite, but small vaterite inclusions have
been recordedChapter2). Once formed, otoliths are metabolically inert, which generates a
chronological record of stable carbon¥C) and oxygen t80) isotope compositions (Campana
1999). This chronological record allows for temporal comparisons across and within species an
also for the examination of specific time points within the lifetime of an individual fish. Hence,
such igtopic measurements provide unique ways to track habitat use, migration, food web
dynamics, and thermal history.

Despite wide use by biologists,pexts of how isotopes are incorporated into fish otoliths
are still not well understood. The interpretatiad otolith 1 13C has been particularly fraught.
Multiple factors have been proposed to influencEC of otoliths, such as diet (Radté&eal.,
1996;Elsdoret al.,, 2010; McMahoret al., 2011), dissolved inorganic carbon (DIC) (Weidman
and Milner, 2000; Guigueet al., 2003; Solomort al., 2006; Tohse and Mugiyda008), depth of
the water column in which a fish is living, depth of occurrence (ShenaoddRrose2003),
metabolic rate (Kalisi991b; Hsie et al,, 2003), and swimming activity (Sherwood and Rose

2003; Ddour et al,, 2007). The contribution of each factor is poorly understood, which limits
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the diagnostic power of13C of fish otoliths and leaves a considerable amount of unexplained
“nois€’ in the carbon isotopealata that is broadly attributed tdmetabolic effects.

Previous studies have attempted to disentangle the factors that influef#@ of otoliths
by usingmixing models to calculate the percentage contribution 8XC from diet and from DIC
of ambient water Estimates of the percentage contributionofC from diet into arotolith
vary from~30% (Kalisil991a; Hie et al., 2003) to~15% (Solomoet al,, 2006; Nelsoret al.,
2011) to as little as-I7% (Guigueet al., 2003).Isotopic enrichment factors between diet and
otolith are critical variables in #se estimates but attempts to measure them have varied
substantially, with these differences attributeéd variable metabolic rates among individual fish
within and across species (Solometral., 2006). Quite plausibly, the large variation in isotopic
enrichment factors is related to a lack of understanding of the isotopic fractionation at each
step from cabon sources to otolith (e.g. water to blood, blood to endolymph, endolymph to
otolith). Thelarge, unexplained variation in the contribution of the two main sources (diet and
DIC) across studies suggests th&C of otoliths is influenced by an additidnanderlying
factor, such as metabolic rate.

Within a single otolith} 3C andt 180 are tyjically positively correlated, implying a
common underlying factor that influences both isotopic measurements (Kalish, 1991b; Thorrold
et al, 1997; Hgie et al., 2004; Wursteret al., 2005; Dufouret al., 2007). This relationship
persists across numerousespes from marine and freshwater environments that live at a broad
range of temperatures and depths and consume isotopically different diets from various trophic

levels (Kalish1991b). Oxygen isotopes have a wilcumented relationship with temperature;
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the ratio of*20 to1%0 incorporated into fish otolith aragonite directly relates to temperature
and1 80 of ambient water (Epsteigt al., 1951; Devereaux1967; Pattersoret al., 1993;
Thorroldet al,, 1997). Previous studies that examine the influentéemperature ont 13C of
aragonite show conflicting results: some studies find proportional increiase$C with
increasing temperature (Grossman and K&86; Thorrolcet al., 1997; Chapter 2), while others
find no direct relationship between temperature anéfC (Romanekt al., 1992; Sherwood and
Rose 2003). Temperature governs the rates of biochemhreactions (Gilloolgt al., 2001),
however, which suggests metabolic rases influenced by temperature, causes the correlation
between1 13C andt 120.

Previous studies propose that increases in metabolic rate are associated with depletion of
13C of amotolith (Kalish1991b; Schwarcet al., 1998; Hie et al, 2003; Wurster ad Patterson
2003; Dufouret al., 2007; Kahilaimeet al., 2014). Metabolic rate is the consequence of many
different biological reactions, making it difficult to measure (Gijatlal., 2001), particularly in
animals living in the natural environment.H&h direct metabolic measurements are not
possible, evidence of the influence of metabolic ratel &#C of otoliths is sometimes indirectly
inferred by examining life history factors that relate to changes in metabolic rate. For example,
fish species livip at higher temperatures generally have higher metabolic rates and lot%€r
than species livingtaold temperatures (Kalisi991b). Water depth has also been linked to
variation int 13C at the species level; lowetC of otoliths is found in fisliving at shallower
depths (Sherwood and Rgs2003), although changes in water temperature likelyocour with

changes in water depth. Ontogenetic trendd #C of otoliths are observed in a number of fish
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species (e.g., Schwaretzal., 1998; Weidmanrad Milner, 2000; Jamiesaet al., 2004; Dufouet
al., 2008). Younger fish commonly have low&C anchigher metabolic rates than older fish
(Kalish, 1991b). Within individual fish, inim#olith + 3C comparisons reveal covariation with
changes in estintad water temperature and also modeled oxygen consumption rate (Wurster
et al,, 2005). Even in fossitdiths, differences between the maximum and minimum iatra
otolith 1 13C are thought to reflect total lifetime changes in metabolic rate (Wurster and
Patterson 2003). Many of the studies that link3C of otoliths with metabolic rate are field
based, howeer, and involve poorly constrained estimates of tHéC of carbon sources and
indirect measures of metabolic rate. Both metabolic rate abtC are inflenced by multiple
factors, making it difficult to isolate and understand their relationship.

Swimmingactivity and oxygen consumption rate can be used as proxies for metabolic rate
of fish living in the natural environment and provide indirect evidenta celationship
between metabolic rate and**C of otoliths at the individual @ik et al., 2003) andspecies
level (Kalish1991a; Kalish1991b; Sherwood and Rqs2003). For example, caudal fin aspect
ratios reflect swimming activity; high ratios are generally found in streamlined, continuously
active fish, whereas low ratios are found in less activeess (Sherwood and RQ&903).
Using caudal aspect ratios agproxy for metabolic rate, Sherwood and Rose (2003) found a
strong correlation between caudal aspect ratio aiéC of otoliths among 60 marine species.
Kalish (1991b) also noted a greater depletio”3¢f of otoliths in more active species. Oxygen
consunption rate, in response to metabolic demand, could influence which stable carbon

isotopes are preferentially imcporated into an otolith. Previous studies have found a
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relationship between estimated oxygen consumption rate ahiC of otoliths within spédes
(Wurster and Pattersar2003; Dufoutet al,, 2007), and also across multiple fish species (Kalish
1991Db).

Currently 1 13C of otoliths is interpreted largely based on diet and DIC. Yet, there is
conflicting evidence that metabolic rate may also influet 13C of otoliths, which, until
resolved, sheds uncertainty on alfC interpretations. The effect of metaborate is further
complicated by its intricate relationship with factors such as temperature, body size, and
swimming activity. Because metdiwrate is difficult to measure in the natural environment
and also difficult to control in a laboratory, mastidence of a relationship betweer3C and
metabolic rate comes from indirect inferences. Here, we conducted a controlled experiment to
directly examine the influence of metabolic rate 6f*C of otoliths, while controlling for factors
that influencet 13C (diet and DIC) and factors thaflirence metabolic rate (temperature and
body size). In this study, we tested the hypothesis that higher nwiabate produces lower
113C of otoliths. We manipulated swimming activityAimerican eel elvers for 20 weeks to
induce a gradint of different metabolic rates, while controlling for diet and temperature, with
relatively constant 13Cof DIC in the water.
Materials and Methods

All work complied with Canadian Council on Animal Care (CCAC) guidelines and was

performed in accordanceei t h per mits i ssued by the Queen’s

Committee (UACC protocol #100593, Cassel-028, Renewal 1416).
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Capture of Eels

Glass eels were captured in the St. Croix River, New Brunswick, Canada, in late May 2014
and providedgratisbyBr unswi ck Aquacul ture Ltd. Upon arr.i
Biology Department Aquatic Facility in g$ton, Ontario, Canada, all eels were immersed in a
static formaldehyde bath to prevent infection of the protozoan ectoparasitehyophthirius
multifiliis, using procedures outlined in Chapter 2.
Pre-experiment holding period

Eels were held for 28 weekefore the experiment began. The purpose of the extended
hol ding period was (1) to allow eel sageo grow
through the 1 mm mesh screens necessary to maintain-tftmeugh current in swimming tanks
and (2) to oercome the elevated morality rates that generally occur in the first 15 weeks of
controlled rearing of eels (Chapter 2). Eels were divided intors89é. (51 x 25.5 x 31.5 cm)
flow-through rectangular tanks filled with 32 L of dechlorinated water, tighitigd with
siliconesealed plexiglass lids with feeding and cleaning hatches. The pH of the water was 8.0
and consistent during the experiment. @bxygen saturation was maintained between-80
100% using air stones. Black plastic pipes (6 cm diametem3éngth) were placed in each
tank to provide cover. Tanks were cleaned every second day using a small brush and gravity
siphon. Standpipe screemgere cleaned every 12 hours to remove buildup and prevent tank
overflows. Fluorescent ceiling lights wereveced with yellow filters to reduce light levels and
programmed on a 1-hour light/dark cycle. Tanks were covered with orange garbage bags (Glad

Eay-Tie) to further reduce light levels and also reduce motion disturbance by people. Tanks
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were inspected fodead eels every 12 hours, which were immediately removed. The mean
water temperature during holding was 24.89 £ 0.0Q 1based on 823,768 measuremt® from
continuously recording temperature loggeitSOBO UTHIO1 TidbiT v2 Temperature Data
Logger, Onseplaced at the bottom of each tankEels were acclimated to the holding
temperature at a rate of increase of@ every 48 hours. During holding,®elere fed the same
diet and feeding regime as during the experiment, described below.
Initial subsample and distribution into experiments

At the end of the holding period, there was high variance in body size within each holding
tank, making it necessatg amalgamate all seven tanks and then proportionally redistribute
eels into the experiment so that the sidestributions were the same across tanks. All eels were
first weighed to determine the overall size distribution, which was then used to creaémsev
size categories. Eels were then weighed a second time and separated by size category. Eels in
size categoes one and seven were not used for the subsequent experiment because they were
size outliers. The number of eels in each size category was diwydie total number of eels
to determine the proportion of eels represented by each category. Eels weredis¢ributed
into each experiment tank with a size distribution matching that of the overall experiment (n =
100 eels in each tank).

An additionaBO0 eels were proportionally subsampled using the same size distribution
and euthanized using 400 ppm trinaimethanesulfonate (M322, Aqua Life TMS Syndel) to
provide a record of baseline condition of eels entering the experiment. The mean body weight

of the initial subsample was 1.17 + 0.15 g (mean and 95% confidence interval) and total length
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was 94.6 £ 3. Fmm. Sagittal otoliths were removed under a dissecting microscope and cleaned
by dragging them across an 8@ft silicon carbide grinding papery@hler), then washing
them in 80% ethanol and distilled water. Otoliths were stored dry in microcentrifisdge VT he
otoliths of the 80 baseline eels contained the isotopic composition of their previous history,
including the time spent in a marine envimment before capture and the holding period.
Marking of Otoliths

To mark the start of the experiment ingtotolith, live eels were immersed in a solution
of 2 L of water containing 5% sodium chloride and 3% oxytetracycline hydrochloride (OTC,
LiquimycinLA200, Pfizer), using a procedure modified from Simon and Dorner (2005) and
Threaderet al. (2010). The imersion time was 15 minutes at 8, and 100 eels were treated
at a time.
Dual-purpose housing and swimming tanks

To reduce handling stress inishchronic swimming experiment, we designed swimming
chambers that also served as rearing chambers when forced swimming was not occurring
(Appendix G). Tanks contained two concentric plastic walls, forming a channel in between. The
outer layer consisted of clear Plelag with a diameter of 512 mm. The inside of the tank
contained a modified white fivgallon pail with a diameter of 284 mm. Four 8 x 2 cm holes on
the side of the pail covered with 1 mm mesh provided drainage and maintavaést levels.
The height of bdt plastic cylinders was 202 mm. The volume of the tank ranged from 14.3 to
16.4 L depending on how blocked the drainage filters became during the swimming period.

Each tank was tightly fitted with a circular plastic lid. Tavigle a dark area for cover,3 cm
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portion of the lid and underside of the tank was painted black. Two water jets were built into
the tanks on opposite sides and powered by an external varsiséed immersion pump;
current velocity of each tank was @ly controlled using ball valgeCurrent flow forced
constant swimming for 10 hours each day; the remaining 14 hours were a resting period (no
current). Swimming occurred during the light period.

Awater temperatureof 28°Cwas used in the experiment becausd is the optimum
temperature fo somatic growth oAmerican eeélvers, as determined in Chapter 2.
Temperature was maintained using digital mixing valves (Hass Manufacturing Intellifaucet
K250), that dispersed water into 62L5header tanks that gravifgd into tanks containing eels
at arate of 1.2 L/minute. Water dropped into each tank from above so as not to affect current
velocity during swimming periods. Mean water temperature during the experiment, as
measured by temperature loggers programmed to recevery minute, was 27.7, 27 .57.3,
27.7, 27.8, and 27°€, in tanks one to six respectively. The 95% CI for all six loggers was +
0.00C. Temperature was also recorded using a glass handheld thermometer every 12 hours
to ensure 28C was maintained.
Diet and feeding regime

Eels wee fedad libitum~8% of their body weight every 12 hours (~16% per day),
between 8 to 9:30 a.m. and 8 to 9:30 p.m. Food quantity was adjusted throughout the
experiment to maintairad libitumfeeding as eel biomass increas€wod consisted of equal
guantities of Otohime Larval Fish Food A2 and B1 (Marubeni Nisshin Feed Co., LTD), mixed with

frozenChironomids cut into £2 mm pieces (Hikari Bioure) to form a mixture with the
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consistency of hard dough. The ratig, Wwet weight was ~40:60 Otohinte Chironomids. The
dry weight ratio was 92:8. THE3C of the food mixturewas2 3. 6 % ( measured i n C
Measuring of Ucrit

The swimming speeds of each tank were determined based on the critical swimming
speed of theeels entering the experiment.ri@cal swinming speed (Ucrit) is an operational
term to describe swimming capacity that is confined to laboratory investigations. To measure
Ucrit, fish are subjected to stepwise increases in swimming speed until fatiguesptikerit is
calculated from he maximum peed achieved prior to fatigue (Beamjdi978). Fifty eels were
subsampled from the five swimming tanks based on the overall size distribution of the
experiment to ensure Ucrit was determined for a range of sigets were tested in groups of
ten and notfed during the 24 hours before testing. A Nikon D7000 camera was mounted above
each swimming tank and used to record swimming activity. Angled mirrors were affixed to the
sides of each tank to view any hidden ases eels could be visually tkeed continously. Eight
speeds were examined, and speed was increased by 50 mm/s for evaenngte time
increment (50 to 400 mm/s). The test was continuous, eels were not given the opportunity to
rest between intervals. Tfhmagnitude of the intervals (bmm/s) waschosen based on
preliminary swimming tests that indicated it was ~1/8 of the maximum sustained speed. Videos
were analyzed in 10 second segments using VLC Media Player and slowed down to 1/3 of the
normal speed foviewing. Fatigue is generatlgfined aghe point at which a fish can no longer
swim despite repeated efforts. Because the swimming tanks were a continuous circular

chamber (with no fallback screen), the criteria for fatigue in this study was defineithas (1)
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an eel that stoppedwimming aginst the current and formed ‘dJ’ body shape and drifted at
least 3 body lengths; (2) an eel that continuously attempted to swim against the current but
could not keep up antllost ground for at least one tankavolution; (3) an eel that actely

swam a@inst the current, then reversed direction and passively swam with the current. Each
Ucrit trial was deemed complete when 50% of the test fish consistently met the fatigue criteria.

Ucrit was determined using thequation from Breti(1964):

* * * Y
Y Y Y ~

where Ui is the highest velocity maintained during the time interval;
Uii is the predetermined velocity increase increment (50 mm/s);

Ti is the time elapsed at fatigue velocity, and

Tii is the predeermined length of each time interval (30 minutes).

The mean Ucrit of 50 eels was used to establish the swimming speeds used in the
experiment. We recognize that swimming speed is experienced individually relative to body
length; the mean Ucrit wasnly intended to provide a meaningful starting point for which to
assign treatment speeds that encompassed an ample swimming activity gradient for American
eels. Tank one had no current and served as a control. Tanks two to six had swimming speeds of
25, 3, 75, DO, and 125% Ucrit respectively. Actual current velocities were 55, 110, 166, 221,
and 276 mm/s, respectively. Given the mean body length of eels entering the experiment of
94.6 £+ 3.57 mm, the relative mean Ucrit was 2.3 BL/s. Water velocity wasisga floating

bead and stopwatch and recalibrated every two weeks.
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Daily routine during the 20-week experiment

Eels were fed every morning between 8 to 9:30 a.m. and then given two hours to digest.
Tanks and outflow screens were cleaned daily, whiak necssary to prevent blockage of
outflow screens in this flothrough system, particularly in the high velocity tanks. After
cleaning, water pumps were switched on to induce current flow and commence swimming. Eels
were forced to swim for 10 hours eaday, ater which pumps were turned off to begin a
resting period. Outflow screens were cleaned each evening, as they collected large amounts of
debris through the centrifuge motion of the current during swimming. Eels were then fed a
second time and lefio restfor 14 hours.
Mortality

Cumulative mortality across treatments was generally low because eels were held for 28
weeks before the experiment began, making them older, stronger, and trained to feed in a
laboratory environment. Mortality was 0, 4, 8, 2, and 5% in tanks one to six respectively.
Measurement of Oxygen Consumption as a Proxy for Metabolic Rate

In the last ten days of the experiment, an oxygen probe (FOXY-MFEPiber optic
oxygen probe, Ocean Optics) was used to recorthirute oxygen consmption profiles of 141
individual eels. Continuous measurements were recorded every 10 seconds. Profiles were
recorded after 10 hours of swimming and also after 24 hours of rest. Each eel was euthanized
after its oxygen consumption profile was ceded, ® that otoliths could be removed. The
oxygen probe was calibrated at the start of each day using gpivuat calibration curve.

Sodium siphite was used as a 0% dissolved oxygen point. The upper end of the calibration
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curve was formed using 1800 rat.waterthat had been bubbled with air overnight atZ8 A
Winkler titration kit was used to measure the oxygen concentration of the water (HI 3180
Dissolved Oxygen Test Kit, Hanna Instruments).

Respiration chambers consisted of nine mason jars of vesurangng from 34 to 1500 ml
fitted with rubber stoppers with holes drilled for attachment of water intake and output hoses
and to hold the oxygen probe. The size of the jar was selected based on the size of each eel
using a general rule of 3050x the wlume ofthe fish. Each jar was filled with Z8 water and
then placed in a flowhrough water bath at 28 to maintain temperature during oxygen
measurements. Water flowed through the chamber for 5 minutes to allow each eel to
acclimate, after which thehmamber was sealed to create a closed system. Once sealed, the
oxygen probe began recording. A control jar of water was analyzed in parallel with each eel.
Standard metabolic rate was calculated from the rate of decrease of oxygen concentration over

10 minues usirg the following equation:

00 ; . [€):: ¢
where MQ is the Q consumption rate (mg &kg/h);
[O2i] and[O21] are theconcentrations of oxygen in the water at the start and end of the
measurement period respectively (mg/D);
T is the time elapsed during the measurement period in hours;
WT is the weight of the eel in kg, and

V is the volume of the chambaen liters
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Termination of the Experiment

After 20 weeks, eels were euthanized, measused weighed, and otoliths were
removed using the same methods described for the initial subsample. Ten eels from each
treatment and the baseline subsample were subsampisidg a random number generator in
R for measurement af'80 andt 13C of otoliths. &ft and right otoliths were desiccated for 48
hours and weighed to the nearest 0.0001 mg several times to ensure consistency (Sartorius
MSAG6.6€000-DM Cubis Micro BalanceRight otoliths were used to measure isotopic
compositions and left otoliths were ad for growth measurements.
Stable Isotope Analysis

The stable isotope composition of otoliths was determined using a Thermo Sciéhtific
Delta"sXP Continuou&low (CFStable Isotope Ratio Mass Spectrometer (IRM#)e

Queen’ s Faci ésearcly (QFIR)n Kihgstont Qniare. I9Rtope ratios were expressed

in parts per thousand (%) aind reported using

Y Y
Y

where R is the ratio of the heavy isotope (é3)to the light isotope (e.g-°C).
Values ofl 180 were expressed relative to Vienna Standard Mean Ocean Water (VSM@W)
113C relative to Vienna Pee Dee Belemnite (VPDB).
Measurement of 630 and 8'3C of Otoliths

Otoliths were placed iborosilicate vials and flushed with helium to remove atmospheric
CQ. Each otolith was then dissolved in 100% anhydrous phosphori@aZi®C releasingcQ

gas, which was analyzed using a TheetentificM GasBench Il coupled to #iRMSor the
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ratios of 180 to %0 and®*C to!’C.Methods outlined in Chapter 2 for G@as concentration of
small samples were used to avoid pooling otdifrom multiple fish.

The 180 andt 13C of otoliths were calibrated to Vienna Standard Mean Ocean Water
(VSMOW) and Vienna Pee Dee Belemnite (VPDB) using international standards NBS 19
(accepted values:'®0=+ 2 8 . 8 5C%+ 1 . 9 5 %)NBS18 (aactepted values®O=+ 7 . 2 %o,
113C=-5 ., 0 1D®&).2, a secondary internal laboratory standard made from dolomite, was used
to test the calibration (accepted valuesfO=+ 2 2 . 2%+ 1 . 1R&Producibility foNBS
19was+ 023%o for 1 180 and + 009%. for 1 13C (n =19). Reproducibility foNBS 18vas +
0.09%o for 110 and+ 003 %dor 1 13C(n =3). Results foDOL2vere:1180=+226+ 028%., and
113C=+11+009%0 ( B), which compare well with its accepted valuéoliths were
analyzed whole, and not homogenized, which precluded datelianalyses of the same sample.
Otolith Volume Calculations

All eels used in this experiment were wild captured as glass eels and the otolith inevitably
contained previous growth. Following methods detailed in Chapter 2, proportional weighting of
individual otoliths by volume was used to correct th€C of the otdith to that resulting only
from growth under controlled conditions.

To measure volume, left otoliths were mounted on glass slides with cyanoacfiiazy
Glueg’™) using methods outlined by Stevenson and Campana (1992). Once mounted, whole
otoliths werelaterallymedially ground on one side using dry 400 grit Buehler silicon carbide
paper, then polished with dry 800 grit paper. Ground and polished otoliths were viewed at 40x,

100x, and 200x magnification (Olympus BREZCA) and photographedder ultravioét and
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transmitted light. ImageJ softwar®éasband, W.S., ImageJ, U. S. National Institutes of Health,
https://imagej.nih.gov/ij/, 19972017),coupled with a Wacom CTH470M Bamboo Capture Pen
Tablet, were used to digitally trace and measure width, heigh, and area of the whole

otolith and otolith up to the tetracycline label.

Volume of the whole otolith and otolith up to the tetracycline label was calculated using
equation 2.3.

Volume estimates were used to proportionally weight isotammpositions 6the whole
otolith and the otolith portion formed during the experiment usiagnass balance equation
(equation 2.4).

Percentage contribution of 6'3C from diet to otoliths

Equation3.1was used to estimate theelative contributions oft 13C from diet and DIC to
the 1 13C of the otolith(M).
Statistical Analysis

All statistical analyses were conducted in R (version 3R0evelopment Core Team,
2017 and SPSS StatistitBNl Corp. Released 2016. IBM SPSS Statistics for Windows, Version
24.0). Figures were generated using SigmaPlot 11.0.

Swimming speed of individual eels, reported in body lengths per second, was determ
by dividing the tank speed (mm/s) by body length (mm). Because there was high variability in
body size within eachank, each eel experienced a relative swimming speed, in relation to the
tank current velocity set at the start of the experiment. THere, treatments were combined,

and eels were treated as individuals for statistical analyses.
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Results
20 weeks of swimming at a gradient of speeds resulted in fish with a gradient of metabolic
rates

To test whether 20 weeks of forced swimming at fivigedent treatment speeds
produced differences in metabolic rate, oxygen consumption rate was measured after 10 hours
of swimming (n = 118) and after 24 hours of rest (n = 30) at the end of the expérimen

Metabolic rate MO;) measured directly after swiming, increased with higher treatment
swimming speed; induced swimming speed over 20 weeks and body weight statistically
predictedMO, measured after swimming (Multiple Regressiof=R.474p < 0.01, k7=
53.76, Figurd.1l). The moded 0 o o@vw w& Y | dTE Qi@ QQp goo ¢
i 0UQai NVREARQed to estimate postwimmingMO; of eels that did not undergo oxygen
consumption measurement (Tabk.1).

MO, measured after 24 hours of rest, reflected individual treatment swimmingdpe
demonstrating that the 2@veek experiment created a gradient of resting metabolic rates
across fish. Induced swimming speed and body weststistically predictedO, measured
after rest (Multiple Regression?R 0.310p < 0.01, kv = 6.16, Figurd.2). The moded 0
oco®c @@t | P& QOIMQAW B o i 0'Qai NREURed to estimate the
restingMQ; of eels that did not undergo oxygen consumption measurement (Téab)e
Swimming speed did not affect 6*3C of otoliths

Induced swimming sed experienced over 20 weeks showed no significant relationship

with 1 13C of otoliths (inear Regressiop,= 0.79,R = 0.001 F49 = 0.07, Figurd.3).
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Metabolic rate, measured after exercise, did not relate to 63C of otoliths

Pairedt 13C of otolithsand MO, showed no significant relationship when measured in 18
eels directly after 10 hours of swimmiliiginear Regressiop,= 0.616 R = 0.0167= 0.26,
Figure4 .4, closed circles). An ANCOVA confirmed that there was no significant difference
betweenthe slopes of measured O, andt **C and estimated10, and+ 13C (p = 0.360, F =
0.851, partial A= 0.013), which allowed for the data to be combin#¢hen postswimmirg
MO, was regressed against3C of the otoliths of all eelshere was no relationshig.inear
Regressionp = 0.937 R = 0.00,F9= 0.01, Figurd 4).
Metabolic rate, measured after rest, did not influence 6*3C of otoliths

After 20 weeks of forced daily swimmirtgere was no significant relationship between
113C of otoliths andVO, measured after 24 hours of rest (ker Regressiom = 0.83 R =
0.001,R9 = 0.05, Figurd.5).
Swimming did not influence the relative contribution of diet to the 6'3C of otoliths

A mixing model was used to estimate the proportion 8IC derived from diet (M) versus
DIC of the water @M) to the carbon isotope composition of thatolith. There was no
relationship between individual swimming speed experienced over 20 weeks and the
percentage contribution of diet (M) to'3C of otoliths (Linear Regressiqry 0.80,R = 0.001,
Fa9 = 0.07 Figure4.6).
Swimming activity influenced 630 of otoliths

There was a significant relationship between individual swimming speed‘&@dof

otoliths (Linear Regressiop,< 0.01,R = 0.270F9 = 18.07, Figurd.7). This significant
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relationship, hovever, was driven by the six fish with the highest swimming speeds. When
these six fish were removed from the analysis, the relationship was no longer sign(fireaar
Regressionp = 0.87,R = 0.00,F3= 0.03, Figurd.7).
Metabolic rate, measured after exercise, influenced 8§20 of otoliths

Pairedt 180 of otolithsand MO, showed a significant relationship when measured in 18
eels directly after 10 hours of swimmiliiginear Regressiop,= 0.016 R = 0.310F7= 7.33,
Figure4.8, closed circles). MINCOVA confirmed that there was no significant difference
between the slpes of measuret O, and+ 20 and estimated O, and measured: 180 (p =
0.862, F = 0.030, partiaft 8 0.00), which allowed for the data to be combin®¥¢hen the post
swimmingMQ; of al eels was regressed againdtO of otoliths there was aignificant
relationship Linear Regressiop,< 0.01,R = 0.416 9= 34.17, Figurd.8). Even when the six
fish with the highest metabolic rates were removed from the analysis, a signifietibnship
persisted between 180 of otoliths and posswimmingMO; (Linear Regressiop,= 0.004 R =
0.177,R3=9.06, Figurd.8).
Metabolic rate, measured after rest, influenced 6§20 of otoliths

After 20 weeks of forced daily swimmirtgere wasa significant relationship between
1180 of otoliths and estimateMO; after rest (Linear Regressigng 0.01,R = 0.412 9=
33.60, Figurd.9). This relationship, however, was driven by the six fish with the highest
metabolic rates. When these sixHigiere removed from the analysis, there was no significant
relationship betweenr 180 of otoliths and restiniylO; (Linear Regrssion,p = 0.07,R = 0.077,

Fa3=3.52, Figurd.9).
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Discussion

The influence of metabolic rate ar3C of otoliths has beenlatled to for decades, but
directly quantifying the relationship has proved challenging because metabolic rate*¥nd
are both influenced by multiple factors, many of which covary. Consequerittgllawas made
by several autha for a laboratory expament in which confounding variables (e.g.
temperature) are decoupled to isolate the direct effects of metabolic rate 8@ of otoliths
(Haie et al., 2003; Dufoutet al., 2007; Chungt al, 2019b). Answering this call, and using a
novel approach of manigating metabolic rate through swimming activity level, we found no
evidence of a relationship between metabolic rate aféC of otoliths.

Much of the existing evidence for a relationshigtlveen metabolic rate and*3C of
otoliths is limited to field masurements and correlations that do not isolate the influence of
any single variable. Earlier studies correlatéC of otoliths with general life history events (e.g.
sexual maturity, increses in body mass with age) that are thought to relate to changes
metabolic rate (Gauldiel996; Schwarcet al., 1998; Truemaret al., 2013). These life history
events, however, could also relate to changes in diet and habitat use (DIC and temperature).
While these studies provide an important foundation for suggegsthe influence of metabolic
rate ont 13C of otoliths, they take place in complex environments influenced by many different
factors. More recent studies have attempted to correlatéC of doliths with more
guantitative indicators of metabolic rate, such as fielstimated oxygen consumptiaates,
caudal fin morphometric estimates of swimming activity, and percentage contribution of diet

(M) using mixing models (Sherwood and R@§®3; Wuster and Pattersoj2003; Solomoret
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al., 2006; Dufouret al,, 2007; Kahilaineet al., 2014; Chungt al., 2019a). Yet, the variables
inputted into these models are commonly broad field estimates, generalized to single values for
entire species, deriveddm correlations, poorly controlled, and(or) even unknown. Therefore,
it is difficult to understand theontribution of any single variable because deriving estimates
based on estimates creates a risk of perpetuated errors.

Mixing model calculations ofgocentage contribution (M) of13C from diet and DIC are
presumed to be a proxy for metabolic rate, ibe percentagevarywidely across the
literature, making them difficult to compare. Although mixing models are an excellent tool for
determining the catribution of  13C from different components of diet in tissues that are
exclusively influenced by di¢t.g. muscle), these models are not as effective when applied to
otoliths because °C of otoliths results from*Genrichment from multiple sources. €routput
of a mixing model can only be accurate if the input variablé®C(of DIC and diet) are acate,
but many authors use estimates of DIC and diet, sometimes even as averages for entire species.
Furthermore, thet*Genrichment factors for DIC and de tico3ra§anNdedietarag Needed to
calculate M are poorly understood and remain a major sowfagncertainty. For DIC, many
a ut h o rusozarkys 27 fa synthetic aragonite from Romaretkal. (1992). Others use
var i ous froma Solomaet a. {2006, Rainbow trout otoliths), while stillotrea s s i gn €
as zero. This enrichment may bederestimated; Ce&resulting from metabolic processes and
released from tissues is typically depleted# because the heavier isotope remsin the
tissue. Correlations that involve M anéfC of otolitrs should therefore be interpreted with

caution because of the large uncertainfi nput variables (DIC, diet,
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Bioenergetics models provide a unique way to estinthgeoxygen consumption rate of
fish living in the natural environment and are commonly used to infer a relatipristween
metabolic rate and 13C of otoliths. To use oxygen consumption rate to describe metabolic rate,
it is critical to consider the bodsize and ambient temperature of a fish (Gilloetyal., 2001).
Bioenergetics models, however, are often appliedish living in complex environments where
input variables cannot be measured. Consequently, they incorporate a mixture of
measurements and/foestimates of input variables such as temperature, body size, energy
density, and diet, from other studies. Bers® metabolic rate depends on so many individually
experienced factors, it can be problematic to correlate these model outputsi#D of
individual otoliths. Some authors usé®0 of otoliths to estimate temperatures for
bioenergetics models (Dufoet al, 2007; Chungt al,, 2019a). Although this provides more
individualized temperatures, the accuracytdfO of otoliths as a thenometer reles on an
accuratel 180 of the water and the selection of an appropriate aragomitgter oxygerisotope
geothermometer. Bioenergetics models are useful in estimating the metabolic rate of
otherwise inaccessible fish in the field, but becausepernature isa major factor in these
models, the output leaves metabolic rate and temperature intertwined. Therefore, any
correlation between 3C of otoliths and oxygen consumption rate estimated by temperature
still does not allow isolation of a singlecfar to explain trends in*3C of otoliths.

Two main laboratorsbased studies have examine#C of otoliths and metabolic rate in
controlled experiments. The first study manipulated metabolic rate using temperature (Chung

et al, 201%), and the secondtsdy used temperature and food availability to induce different
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growth rates (Hie et al,, 2003). Chungt al. (201%) found1 13C of otoliths wa correlated with
oxygen consumption rate (by temperature)ziklet al. (2003) saw no effect of otolith growth
rate ont 3C, but they did find that otolith 13C was significantly different between their 6 and
10°C treatments, which they attributed to metabc rate differences induced by temperature.
These two studies allow us to narrow down the factors affectit@ of otoliths in controlled
laboratory conditions to two (cearying) factors: metabolic rate and temperature.

Accordingly, we resolved to ilsde metabolic rate as a single factor and test if the
inferences made in other studies would hold true in atcolfed environment. After 20 weeks
of forcdng eelsto swimat a constant temperature, we found no significant relationship between
113C of otolithsand swimming speed ranging 624 BL/s. Based on oxygen consumption rate
measurements, we confirmed that the range of swimming speeds produced a gradient of
metabolic rates (after exercise: 23392 mgQ/kg/h, after rest: 254532 mgQ/kg/h). Yet there
wasno significant relationship between3C of otoliths and induced swimming speed, and no
relationship between 13C and metabolic rate measured immediately after exercise or after
rest. Although this finding is contrary to other studiessithe first invatigation that introduces
changes in metabolic rate by manipulating swimming activity, instead of temperature. We
conclude that swimming activity level, or oxygen consumption rate, does not influéACeof
otoliths. We suggest that othestudies may havedetected differences in'C of otoliths
induced by temperature variation rather than differences in metabolic rate.

Increases in temperature are associated with decrease$ of fish otoliths, suggesting

more °C (or les$3C) is amilable to theotolith at higher temperatures (Kalish991b; Thorrold
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et al, 1997; Martinoet al,, 2019; Chapter 2). Otoliths use carbon from two sources: external
carbon from DIC in ambient water and endogenous carbon from metabolic processes. The ratio
of contribution from these two sources of carbon depends on the physiological state of the fish.
In larger bodies of wateB)IC typically has a much highéfC than otoliths (e.g. marine water:
~0%0; fresh water 2.2¢0+H35% ( b & ¢ gl.%O0)and is celatively
constant, leading us to speculate that endogenous 8@e*“sourc€ of 1Genriched carbon
with increased temperature.
Endbgenous C@is generally enriched iC relative to DIC because of two main
processes: (1) depletion &fC during production of G@vithin tissues, and (2) discrimination
against*C by enzymatic reaction in the blood during transpbtost soft tissuessuch as
muscle, are enriched #FC byl-2 % r el ati ve to an ani mMans, s di et
Darnaudet al.,2004), suggesting thatC concentrates in tissues, and that:C€eased into the
blood as a byproduct is depleted ofC relative to tisues. Solomoet al.(2006) provide
evidence that thel 13C of Rainbow trout blood may be as much-4s6 . 9 % | owe¥C t han t
of diet and DICThis'3Gdepleted CQis then transported in three different forms in the blood
and then excreted at the gill¥he most common form dfansport accounts for 9805% of the
total CQ in the blood (Eddy1974) and involves hydration of €@ HCQG within red blood
cells in the presence of carbonic anhydrase. k8@hen transported into the plasma in
exchange foCl (Perry, 1986). At tle gills, HC®is dehydroxylated within red blood cells in the
presence of carbonic anhydrase to produce(hich easily diffuses out of the gills.

McConnaughey (1989) suggestat the enzymes involved in hydration and dehydroxgia

116



processes within bblod discriminate against moféGrich CQ. Less common forms of transport
include binding C&xo hemoglobin in red blood cells (carbaminohemoglobin) or allowingt€O
remain dissolved in the blood. These two alternate forms afigport do not involve ezymes,
and thus do not discriminate against £&driched in'3C. Overall, the C@erived from

metabolic processes provides a plausible sourcé®@énriched carbon to the otolith that could
vary with temperature.

The exact pathwgfor incorporation of IC into fish blood is somewhat unclear, but it is
evident that DIC is a major contributing source 8 to otoliths The ratio of C@and HC® in
water is dictated by pH, but generally <1% of DIC is in the form o\NG€3t DIC eters the fish
in the form of HC® and thus is likely not modified by enzymatacilitated dehydroxylation in
the blood before entering the endolympiwo mechanismf DIC uptake have been
proposed: (1) exchange across the gills, and (2) ingestioatef\and uptake across the
intestines (Solomowet al.,, 2006). In freshwater fish, respiration relies on an outward
concentration gradient if©Q across the gills, but #re is likely a simple diffusion that allows
for inwardHC@ movement during the masge influx of water into the gills, despite a net
outward carbon flux (low concentration 6fCQ@;, but a large volume of water). To maintain
osmotic homeostasis, mostCQ is immediately exchanged back into the water at the gill
surface to facilitate the ptake of Clfrom the water. TheHCQ that is not immediately
exchanged back into water remains in the circulating blood. In marine fish, a similar influx of

water containingHCQ likely occurs, but in the stomach through drinking of seawater instead
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of at the gill surface. Regardless of the exact pathway, DIC in water provides a large portion of
the carbon utilized by otoliths, thus contributing to theé#*C signature

The carbon isotope composition of an otolith is dependent on the isotopic composition
the carbon species in the endolymphatic fluid surrounding the otolith. Endolymph contains
HCQ from the two aforementioned sources: metabalierivedHCQ (*3G-depleted) and DIC
derivedHCQ@ (**Genriched). Therefore, the otolith*C is dependentmthe contribution from
each source (Romanek and Gauldi®96). Most studies find that more Dd#erivedHCQ@ ends
up in the endolymph and deposited into the otbli(Kalish1991a; Hhie et al., 2003; Dufouret
al., 2007; Chungt al.,, 2019b), which likgl relates to the sequence of blood circulation through
a fish. DI&lerivedHCQ enters blood through the gills and the (oxygenated) blood then travels
to tissues, whereas deoxygenated blood contairtt@Q that originated from metabolic GO
then travelsto the heart where it is transported back to the gills to be excreted. Yet,cdbase
arteriakvenous Cexdifferences, only around £35% of blood C£s excreted during a single
passage through the gill (Perd986). This means that metabolierivedHCQ is only made
available to the otolith during the subsequent circulation ofdzldhrough the fish. So, while
DICGderivedHC@ continuously enters the blood at the gills upstream from the endolymph, the
majority of metaboliederived HC® enters the bloa downstream from the endolymph. Only a
small portion ofmetabolicderived HC® remains in the blood upstream of the endolymph as
residual C@that was not excreted at the gills. Therefore, more O&CivedHCG (*3G
enriched) and less metabolierivedHCG (*3Gdepleted) isbroughtinto the endolymphoy

blood and made available to the otolith.
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Temperature can have a direct effect on the rate o €xzretion, which can alter the
ratio of metaboliederived to DI&lerivedcarbonin the blood, with atteant consequences for
otolith 1 13C. Randall and Cameron 7B suggest that because £€lubility decreases as
temperature increases, arterial blood plasma pH decreases with increased temperature. They
found thatHCQ@ represents ~92% of the blood plastwdal CQ at 0°C and 96% at 2C. Perry
(1986) suggests thahe rate-determining process in G@xcretion is HC®entry into the red
blood cells in exchange for intracellular, Buggesting the effect of temperature on biochemical
reaction rate and enzye activity influences how much metabetierived CQis exreted at
the gills In other words, if C&cannot be excreted at the gills, it remains in the blood and
lowers the pH of the arterial blood during the next circulation through the fish. Thisasera
“residual CQ would allow for more metaboliderived C@-which is'*Gdepleted relative to
DIGderived C@-to enter arterial blood and become available to the otolith. In Chaptet3;
of otoliths was used to demonstrate empirically that imean contribution of C&derivedfrom
diet to otoliths increased with temperature from 31% at@x051% at 34C in fish fed the
same diets and reared at a constant DIC. Though the combined!ijiisignal from diet and
DIC remains constant, the output3C signal in the form of G@xcreted at the gills, can change
with temperature. In short, the 13Cdata show that the contribution of metabotderived CQ
to otolith formation is larger at higher temperatures.

In contrast, if the effect of oxygen camsption rate at a constant temperature is
considered, such as in the present study, there is no irseréa thet 3C signal originating from

diet in the otoliths as metabolic rate increases. Due to the high solubility pinG&ater and
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the efficiency ottountercurrent exchange at the gills, the excretion of2@®ough diffusion
allows internal C@leves to remain relatively constant despite continual metabolic production
of CQin tissues (Pern1986). Fish very seldom experience a buildup of(@¥percapnia) even
under hyperaerobic metabolism. If anything, slight hypocapnia could occur via
hyperveriilation at the gill surface. Temperature would have a greater effect one€etion
by influencing the biochemical reaction rate during the hydratiod dehydroxylation of CO
within red blood cells in the presence of carbonic anhydrase, and to a lestnt by affecting
the solubility of C@into water. Therefore, changes in metabolic rate induced by swimming
activity (oxygen consumption rate) do niofluence thet 13C of otoliths.

We also examined the effects of swimming activity and metabolicoat@corporation
of oxygen isotopes into otoliths. The fractionation of oxygen isotopes between water and
calcium carbonate has been webtablished as temperature depdent and can be used to
reconstruct ambient temperature (Epste@tal,1 951 ; Ki ml199%h Kinetl, 2067). |
Although rare, some species, can precipitate carbonate out of isotopic equilibrium with
ambient water, referred to asital effects(McConnaugheyl1989; Kalish1991b; Radtket al.,
1996). Authors have dé#tawith this issue by emphasizing the use of spesjescific aragonite
water oxygersotope geothermometers (Kalish991b; Thorroldet al,, 1997; Haie et al., 2004;
StormSukeet al.,, 2007). We found evidence of an increase 1O of otoliths with an inrease
in metabolic rate, which could help explain why oxygen isotope fractionation between otoliths
and water can sometimes slightly deviate from that of inorganically precipitatagbaite. In

our study, the significant relationship betweétfO of otolths and metabolic rate was mainly
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driven by six fish with the highest metabolic rates induced by high swimming speeds. This
observation may suggest that: (1) metabolic rate mainfijuencest 180 of otoliths at very high
oxygen consumption rates, or (23t swimming at high speeds use anaerobic metabolism to
supplement aerobic metabolism, which influences tR80 of otoliths.

With higher oxygen consumption rates, there is likelyeater intake of ambient KO
containing dissolved £20 meet oxygen demands. At high water intake rates, the oxygen in the
HCQ in the blood may not have time to fully isotopically equilibrate with the oxygen in t& H
before it reaches the endolymph. iBlwould only apply to the proportionally smalleafition of
metabolicderived HC®, because DHderived HC®@ is isotopically equilibrated with the
ambient water before it enters the fish. The enzymes involved in the dehydroxylation process
discriminateagainst®0 (McConnaughey 989). This means thatetabolicderived HC®
,containing a greater proportion 3fO, would be preferentially converted to €& the gills
and excreted. The metabolierived HC®that remains in the blood would contain motO.
Consequently, if som&0-enriched HC®remairs in the blood and does not fully isotopically
equilibrate with HO, it would enter the endolymph, thus causing an increaséd of the
otolith at higher oxygen consumption rates. This influence of metabolic raté&hof otoliths,
although minor, cold explain why there are slight differences in the temperatdependent
aragonitewater fractionation of oxygen isotopes amofigh species (Kalisth991a; Thorrolaet
al., 1997; Hpie et al,, 2004; StormSukeet al,, 2007; Godikseet al., 2010).

The fish that swam at the highest speeds may have engaged in anaerobic metabolism in

addition to aerobic metabolism to meet overaletabolic demand, which may have affected
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the 1 180 of their otoliths. In general, anaerobic metabolism is indumgeither environmental
hypoxia or physiological hypoxia. If oxygen demand exceeds oxygen supply, a fish begins to rely
on ATP generated anaerobically, such as through anaerobic glycBlysisg aerobic
metabolism, oxygen consumption rate is proportiot@bwimming activity level. Once
anaerobic metabolism is employed, oxygen consumption rate no longer increases with
swimming activity level, meaning less of the otoliffO is controlledby oxygen isotope
fractionation with water. Rather, anaerobic metism uses endogenous energy sources, such
as glycogen, which contalfO-enriched oxygen relative to water. Therefore, fish swimming at
high speeds that require anaerobic metabolic comgats would show an increase A0 of
otoliths relative to those rlying only on aerobic metabolism.

The effect of anaerobic metabolism offO of otoliths has never been studied before.
Our results suggest that the®O of otoliths for fish engaging in anaerobic metabolism can
potentially be misinterpreted. In the natur@nvironment, swimming activity with high oxygen
demand or encountering hypoxic water could lead to greater reliance on anaerobic
metabolism, whereas increases in temperature alone can seldom induce anaerobic metabolis
Whether a fish is engaging in puaerobic or a combination of aerobic and anaerobic
metabolism will determine if their metabolic rate influences théO of their otoliths.
Anaerobic metabolism causes a highéfO of otoliths than expected for a given temperature.
Using thet 180 of an oblith produced in part during anaerobic metabolism as a
geothermometer could lead to an underestimate of the tempara experienced by the fish.

Further research is needed to test this hypothesis. An experiment that induces anaerobic
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metabolism using exhestive exercise or exposure to a hypoxic environment could serve such a
purpose.

This study is based on a singlesjes. Commonly, metabolic rate differs more among
species than within species (Kali4891b), and hence it is possible that this sirgpecies
experiment did not produce large enough differences in metabolic rate to demonstrate its
effect ont 3C of otoliths. Future work should focus on similar experiments using multiple fish
species and on understanding the specific mechanisms and biocakpaithways that
determine the stable carbon and oxygen isotope compositions of otoliths. The relatonsh
between metabolic rate antl'*C of otoliths (or lack thereof) needs to be well established using
controlled laboratory experiments before it can bpplied to field studies. Although the
incorporation oft 13C andt 18O from ambient water into inorganiaagonite, and even shell
secreting invertebrates, is walinderstood, the fractionation of these isotopes during the
complex physiological processeswii n a fi sh’s bl oodstream requi
of the present study are not necessarilynt@dictory with previous literature. However, they
do help to resolve a longtanding debate on the influence of metabolic ratetdAC and 2O
of fish otoliths by showing that swimming activity and oxygen consumption rate have no

influence ont 13C of otoliths, and only a limited influence o#O.
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speeds. Closed circles indicate eels for which Mi& measured through oxygen consumption.
Open circles indicate M@hat was estimated using the relationship between measuredeMO
and swimming speagand body weilgt of 118 eels.
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Figure 4.5. Relationship between'*C of eel otolitls and MQ (mgQ/kg/hour) measured 610
minutes after a 24 hour period of restafter 20 weeks of daily forced swimming. Swimming
speed differed for individuals based on body length.2M@s estimated using the relationship
measured M@and swimming speed and body weight of 30 eels.
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Table 4.1. Summary of individual**C  (\VW®DB) and'®0 (, V&MOW) of otolitk, rearing
conditions, body size, and M@easured after swimming and resting paitgo MQ with
asterisks are estimated; all other values were measured.

Swimming MOz postswim MOz postrest  Otolith  Otolith Body Body Water
Tank Speed (BL/s (mgQ/kg/h) (mgQlkg/h) 113C 1180  Length (mm) Weight (g) Temperature(°C)
2 0.470 338.32* 334.36* -10.0 +22.4 117.6 2.16 27.6
2 0.302 332.14 285.97* -10.1 +22.4 183.0 8.15 27.6
2 0.580 379.68* 457.62 -8.2 +23.2 95.3 0.98 27.6
2 0.526 362.93* 351.75* 9.1 +235 105.1 1.33 27.6
2 0.520 355.65* 324.67 -8.0 +23.1 106.4 1.56 27.6
2 0.306 233.80 290.44& -9.1 +22.8 181.0 7.05 27.6
2 0.530 355.80* 346.86* 9.2 +23.6 104.3 1.58 27.6
2 0.502 355.83* 346.67* -85 +23.0 110.2 1.51 27.6
2 0.457 476.80 333.89* -9.2 +23.1 121.1 2.14 27.6
2 0.225 231.32 257.09* -89 +23.0 246.0 18.78 27.6
3 1.113 419.55* 395.23* -10.8 +23.4 99.3 0.90 27.3
3 0.453 312.36 267.25* -8.9 +22.6 244.0 20.27 27.3
3 0.591 287.22* 303.14 9.4 +22.6 187.0 8.61 27.3
3 0.745 395.27 327.58* 93 +22.8 148.3 4.51 27.3
3 1.323 449.74* 417.63* 9.0 +235 83.6 0.62 27.3
3 0.704 339.49 321.23* -8.8 +23.0 157.0 5.18 27.3
3 0.708 304.74 319.01* -85 +23.0 156.0 5.63 27.3
3 0.519 303.54 284.54* 9.3 +22.7 213.0 12.75 27.3
3 0.947 371.53* 360.88* -8.2 +23.3 116.7 2.12 27.3
3 1.200 426.38* 400.60* -8.8 +23.2 92.1 0.88 27.3
4 1.593 457.42 406.67* -8.6 +23.7 104.1 1.48 27.7
4 1.425 399.75* 383.96* -9.0 +23.2 116.4 2.34 27.7
4 1.293 378.47* 368.29* -10.0 +22.5 128.2 3.12 27.7
4 1.249 377.14* 367.04* 90 +225 132.8 3.00 27.7
4 1.212 372.64* 363.65* 93 +224 136.9 3.14 27.7
4 1.250 376.78* 366.80* -84 +22.8 132.7 3.03 27.7
4 1.438 406.31* 388.58* -8.7 +23.1 115.3 2.05 27.7
4 2.380 537.31* 486.03* 9.1 +24.2 69.7 0.43 27.7
4 1.259 335.98 370.04* -8.6 +23.1 131.7 2.76 27.7
4 1.352 392.15* 378.17* -9.0 +23.2 122.6 2.49 27.7
5 2.453 517.80* 473.14* 9.7 +24.3 90.1 0.76 27.8
5 2.080 580.47 433.55* -9.3 +23.2 106.3 1.46 27.8
5 2.024 456.47* 427.60* 7.5 +22.8 109.2 1.61 27.8
5 1.707 411.69* 394.34* -8.9 +23.1 129.5 2.77 27.8
5 1.561 392.86* 380.25* 95 +22.8 141.6 3.41 27.8
5 1.760 287.80 404.54* -9.1 +22.8 125.6 2.16 27.8
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Chapter 5

Stable isotope ecology of stocked American eels in a measured natural
environment

Abstract

American ee(Anguilla rostratd elverstypically undergo extensive migrations, making
their ecology difficult to studySocking of eels in the upper St. Lawrence Rprewidedelvers
of known age and growth history in a singémplified naturaknvironment for a study of their
stable isotope ecolog¥Examining 13C and 20 of otolithscollected from eels between 2008
to 2013allowed us to distinguish eels living in the St. Lawrence River from those living in a
creek tributary and demonstrated that stable isotopes can reflect general geographical habitat
use.Eds living in the St. Lawrence River experienced lower water teatpess and fewer
degree days but grew to a larger siaeage than eels living insidbe creek tributary Thet 180
of otoliths was used to estimate water temperatungthin ~0.2C of the ernironment, on
average Thet 13C of otoliths improve estimates ofambienttemperature by providing a record
of dominant habitatuse that more accurately refleet the totality of1 18O of water
experienced byach eel, compared to capture locatidviost ees showed either 100% habitat
fidelity (44%) or only amall degree of mulihabitat use (43%pand13% of eels underwent a
definitive switch in primary habitat us&elsthat changed habitat were mainly age 3 and 4
years and ~308100 mm in body lengththis ontogenetic shiftwas consistent with other
anguilid species and is possibly related to changes in dietary requirements (prey type) for

somaticgrowth or reproductivedevelopmentat a specific life stage in eels. This study provided
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an important precurer to stable isotope ecology studies of wild eelsusing a simplified
environment to validate theiseof 1 180 and 13Cof eel otoliths to make inferences about

thermal and ecological associations

Introduction

The complexity of the American eel life leyand remarkably wide specidsstributional
range makes it difficult to elucidate what may be causing their decline. Like many species, when
eels are captured in the natural environment, much of their life history is a black box. Capture
location can inttate recent habitat use, bubf longlived migratory species that use multiple
habitats across a broad geographic range, muc
the environment during its lifetime largely remains a mystery. Filling in thisimgsecord of
habitat use havecome particularly important with climate change and the loss of critical
habitat across all life stages. Radio and acoustic telemetry tagging studies have provided some
success on larger eels in later life stages (Aarestgh.,2010; Ovidieet al.,2013; BégueiPon
et al.,2015). However, studying eels in early life stages presents two major obstacles: (1) young
eels such as leptocephali, glass eels, and elvers <140 mm are too small to affix physical tags
(Muelleret al,, 2019), and (2) spawning hasver been observed in the natural environment; as
such, we do not know the precise location to capture eel larvae in the Sargasso Sea. Stable
carbon and oxygen i sotope compositiadmusg adf t@atgd
for studying fish lhat are too small to affix physical tags or tracking devices, have an unknown
history, or for species with complex life cycles, such as the endangered American eel. Natural

geochemical tags provide the unique advantage thadrg individual that is captuckat any life
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stage from anywhere in the species range is already tagged, eliminating any concerns of low
recapture rates. Stable isotope compositions of otoliths can help provide the missing link to the
environment by provithg a continuous log of the thmal conditions, food web use, and
isotope geochemistry of the water in which a fish is living.

Otoliths are tiny calcium carbonate accretions of the inner ear of all fishes. They are
mainly composed of the calcium carboagiolymorpharagonite although, small vaterite
inclusions have been recorded in American eel otoliths in the laboratory (Chapter 2) and in the
natural environment (Jessagt al.,2008), with a higher prevalence at low temperatures, high
latitudes, and dung stress. Growth is continus through annual, and even daily, addition of
new layers of calcium carbonate, protein, and trace elements (Campana, 1999). Annual addition
of layers in the otolith creates growth increments separated by annuli (year markig)y can
be used to estimat¢éhe age of fishes (Casselman, 1987). The elements used to build otolith
aragonite are largely derived from the environment. Different isotopes of the same element
have subtle differences in mass and thermodynamic properti@shvcause preferential
incorparation of the heavy (or light) isotope into the otolith. Fractionation of isotopes occurs
through precise equilibrium or kinetic processes that allow for an otolith to reconstruct
information about the environment from whichwas formed (Weidman and Migm, 2000;
Hoie et al.,2004; Weidekt al.,2007).

The oxygen isotope composition of calcium carbonate is acquired through-a well
documented relationship with temperature and®0 of the ambient water (Epsteét al.,1951;

Devereaux, 1967; Pattersat al.,1993; Thorrolcet al.,1997).Thus, the! 180 ofan otolith and
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the 1 180 of the water can be used to calculate the temperature at which the otolith was

formed, providing an individual record of mean lifetime environmetegaiperature, directly

from the fish. In contrast, conventionalethods of estimatig a f i sh’ s t her mal hi
continuous temperature loggers or lostigrm surface temperature datasets) rely on three

major assumptions: 1) capture location reflectswiera f i sh was | i ving, 2)
does not extend beyond where the wateemperature was measured, and 3) the thermal
environment is relatively homogenous. Stationary measurements cannot account for the small
thermal differences that a fish mancounter at different depths, with microhabitat use and

cover, or exposure to wat currents. Temperature reconstructions usingO of otoliths reflect
individual experience and are critical for studying fish with complex thermal histories, such as
migratory species and older fish. This approach has been used in a number of previous
investigations of teleost otoliths, with emphasis on the need for spespesific fractionation

equations to predict water temperature because of metabolic differences arspegies

(Kalish1991; Thorrolcet al.,1997; Hie et al.,2004; StormSukeet al., 2007). In Chapter 2ye

developed an otolithwater 1 80 fractionation equation for American eels through av@2ek

controlled temperature rearing experiment. When tested on American eel otoliths from other
controlled rearing experiments, the eel eqiat predicted tank water temperature withif.49

+ 0.66C. When six fractionation equations for other species were applied to the same eel

otoliths, the average predictive error increased to°4range=1 to +&C), confirming that a

speciesspecific egation produces the most accurate temperature estimatasAmerican eels.
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The stable carbon isotope compositions of otoliths are influenced by several factors,
including diet (Radtket al.,1996; Elsdomt al.,2010; McMahoret al.,2011), abundance and
isotopic composition of dissolved inorganic carbon [[WZeidman and Milner, 2000; Guiguer
et al.,2003; Hvie et al.,2003; Solomoetal.,2 006 ; Tohse and Mugiya,
preferred living water depth (Sherwood and Rose, 2003), and temperatahsl{K1991b;
Thorroldet al.,1997; Martinoet al.,2019). Some studies have also proposed metabolic rate
(Kalish, 1991b; #ie et al.,2003; Chunet al.,2019b) and swimming activity (Sherwood and
Rose, 2003; Dufowet al.,2007) as factors that influence carbon isotope compositions of
otoliths. In Chapter yowever,we found that metabolic rate differences had no effect orC
of otoliths of American ds subjected to longerm induced swimming. In Chapter\8e used
controlled feeding experiments to determine that diet contributes-40% of the total 13Cof
otoliths, with the remaining **Ccontributed by DIC. Since metabolic rate is not a contributing
factor,1 13C of otoliths is entirely influenced by factors relating to the environment AT@ of
prey items (food web) and DIC in the water are bothdihko geographic location, which allows
stable carbon isotopes to serve as an environmental tracer.

The American eel uses many different habitats through its lifetime; they spawn in the
Sargasso Sea and ldikie larvae, called leptocephali, then driftaéigeanic currents until they
metamorphose into transparent glass eels and actively migrate to frasvhabitats ranging
from the northern part of South America to the upper St. Lawrence River and Great Lakes
region (Casselmaet al.,2013). Once they entdreshwater and commence feeding, their skin

develops pigmentation and they are considered young elvers. Elvers then migrate inland to
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freshwater maturing grounds and grow into yellow eels, and then silver eels, before migrating
backto the Sargasso Sea spawn and die. The American eel is a native catadromous fish that
was once abundant in the upper St. Lawrence River and Lake Ontario region until populations
began declining in the mii980s and continued to decline steadily uniétlate 1990s, when
juvenile recruitment was recorded as nearly nonexistent (Casselman, 2003; Marcogliese and
Casselman, 2009). Consequently, the American eel was classified as endangered on the [IUCN
Red List in 2014 (Jacoétyal.,2017). Recruitment deidles are currently mdsapparent and
severe at the extremities of the range, particularly in the St. Lawrence River and Great Lakes
region (Castonguagt al.,1994a; Casselman, 2003; Casselnedaml.,2013).

American eel elvers typically undergo extensigrations through canging
environments, making it difficult to validate the accuracy of isotope inferences within a single
environment. Experimental stocking of American eels in the upper St. Lawrence River provided
individuals of known age and growtlistory in a single webdefined environment for a study of
their stable isotope ecologyrhe Ministry of Natural Resources and Forestry and Ontario Power
Generation conducted experimental conservation stocking of 4.2 million glass eels in the upper
St. Lawence River and Laken@rio from 2006 (OMNR, 2007) to 2010 (OMNR, 2011). Glass eels
collected in Nova Scotia and New Brunswick, Canada, were transported to stocking locations,
which circumvented their lengthy migration up the St. Lawrence River and pistgd an
environmen where conditions could be measured to study young eels in the natural
environment. This experimental stocking program provided a unique opportunity to refine the

use of stable isotopes to study a complex and enigmatic fish. Tieatdtiapplication of stble
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isotopes in fish ecology will be to uncover the life histories of the most complex and
inaccessible species. In chapters two, three, and feenised controlled laboratory rearing of
American eels to isolate and measure the @astthat influence 13C and 180 of otoliths.We
also developed a method for diadromous fish otoliths to isolate the otolith material formed in
fresh water.This study of stocked eels represents a necessary intermediate step of testing
these laboratory fidings in a simplifiedatural environment before stable isotopes can be used
to study wild eels.

The general purpose of this study was to use the stable isotope compositions of otoliths
as a biological tool to elucidate the thermal and ecological assongmbf American eel eérs
after stocking. This study had three objectives to determine: (1@ andt 13C of otoliths can
be used to determine geographical habitat use and dispersal after stocking} {&) ibf
otoliths can be used to estimate water temperature of eels living in the natural environment;
and (3) if habitat use is influenced bgea year clss, body size (growth rate), prey availability,

and temperature.

Materials and Methods

Collection of Stocked Eels

Stocked eels were captured in the upper St. Lawrence River near Mallorytown Landing,
Ontario, using an electrofishing boat (mettsodutlined n Casselman and Marcogliese, 2009).
Eels were collected from shoreline transects during both day and night from the St. Lawrence
River (n = 216 eels) and from Jones Creek (n = 238), a tributary and major stocking location, in
September and Octmer of 2008 May and October of 2009, April, June, and October of 2010,
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and May and June of 2011, 2012, and 2013. The creek was sampled at two main locations
(upper creek and mouth) and the St. Lawrence River was sampled at 16 locations that were 0.1
to 11 km upstreanof Jones Creek and one location that was 2.5 km downstream of Jones Creek
(Figures.1A and5.1B). Although locations appear as discrete points in Figureover 1000 m

of shoreline was electrofished inside Jones Creek, and many of thd Istzationsn the St.

Lawrence River were fished around their entire perimeter. Electrofished eels wereetignl

and placed in a holding tank. Individual fresh body length (nearest mm) and mass (nearest 0.1
g) were recorded. Fish were then frozen utitidy could ke thoroughly necropsied. During
necropsy, the stomach contents of all eels were examined, of which 271 contained prey items.
Stomach contents were identified down to th®vest possible taxon (order) and weighedo

the nearest 0.01 @y wet-weight.
Water Temperature Measurements

Temperaturdoggers(HOBO UTEIO1 TidbiT v2 Temperature Data Logger, Onset)
recorded temperature every 15 seconds and were placed at three locations from 2011 to 2013:
(1) inside the mouth of Jones Creek, (2) at akdadhe St. Lawrence River acrossrirRaleigh
Idand, and (3) on the south side of Renny Island in the main channel of the St. Lawrence River

(Figureb.1).

Water temperatures from 2006 to 2010, before the temperature loggers were deployed
in 2011, wereestimated. Mean daily water temperaterdata from 2006 to 2010 were obtained
from the Invista plant at Maitland, Ontaridata were archived and made available by John

Casselman). These data were collected from the Sawrence River 23 km downstream from
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Jones Creek. Detailed analysis of Invista-temgn datases and continuously recording
temperature loggers placed at the three sampling sites in subsequent years+{2013) were
used to determine a relationship beeen each site and Invista temperatures and create an
estimated temperature profile for each siteom 2006 to 2010. To estimate habitat
temperature as it relates to otolith growth, the start of the growing season was marked by
either the stocking date ifite fish was in its first growing season, or the day at which the water
temperatures rose above 2Q if the fish was older. This temp&see was chosen as the
threshold temperature because otolith growth of small Japanese @glgulla japonicajs
thoughtto commence at 18C (Fukudat al.,2009).Cieri and McCleave (2001) found that glass
phase Amecan eel otoliths still deposited dgilncrements below 1Z, butwe found very

little growth in American eel otoliths reared at®® (Chapter 2). A thresholdmperature of

10°C for American eels was also used by Jessop (2010). Becausegedysceasactive
movement and feeding below teperatures of 10C, otolith growth above 1 reflects the
conditions that are metabolically relevant and contribute togth.

Collection of Water Samples

Water samples were collected from five locations inside J&@regk and five locations in
the St. Lavrence River between October 2010 and July 2013 (Figije Samples were

collected in 25mL brown bottles andinsed three times at the sampling site before collection.

Stable Carbon and Oxygen Isotope Analysis of otoliths and water

All analyses were ptormedat t he Queen’ s Facility for | sot

Ontario. The stableisotopeat i os wer e expressed in parts per
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() relative to Vienna Standard Mean Ocean Water (VSMOW) for oxygen and Vienna Pee Dee

Belemnite VPDB for carbon:

Y
whereR is the ratio of the heavy to the light isotope (eXQ/1°0,3C/2C).

Otoliths were analyzed in suites of 60 vials with 10 interspersed vials containing certified
reference materials and two empty vials as blanks. The otolith samples and standaeds we
placed in 12mL roundbottom borosilicate vialsnd fushed with helium to remove
atmosphericCQ. Each otolith was then dissolved in 100% anhydrous phosphoric acié@Gt 72
releasingCQ gas, which was then analyzed for its stable carbon and oxygen isotope
compositions using a Thermo ScientifiGasBench (GB) coupled in continuodkw mode

(CF) to @eltd"sXP Stable Isotope Ratio Mass Spectrometer (IRMS)).

Thet 180 andt 13C of obliths were calibrated to Vienna Standard Mean Ocean Water

(VSMOW) and Vienna Pee Dee Belemnite (VPDB) using internatemmadrd NBS 19 (accepted

values1®0 = +283C65%+1. 95%) and DOL2, a secondary
made from dolomite (accepted values®0 = + 22C 2%, +1. 1 %) . Reproduci l
19 was =+ 180 2an% frordCInds %2 4 or Reproducibility fo

forit80and =+ 0 . 1PG(e I3 r
The oxygen isotope compositions of water samples from Jones Creek and the St.
Lawrence River were determined by placiqpgpeoximately 2mL of water from each sample in

12-mL flatbottom borosilicate vials, which were thdlushed with a mixture of 3% G@nd
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helium to remove atmospheri€CQ. Vials were left to equilibrate at 26 for three days. Once
equilibrated, the Ce@was extracted and analyzed by -GBIRMS, as descrideabove for the
otoliths.

Proportional Weighting to Factor out the Marine Portion of the Otolith in a Catadromous Fish

All eels that were stocked in the upper St. Lawrence River weresailcced, meaning
they were captured near the Gulf of the St. Lamge and then translocatetb stocking
locations. Consequently, their otoliths contained a previous history formed in a marine
environment during the leptocephalus and glass eel phase. As otoliths grew larger, the marine
portion of the otolith became propdionally smaller. On avege, for age one eels, the glass eel
phase represented ~12.2% of the total otolith mass. In older-eatges 2, 3, 4, 5, and-&he
glass eel phase represented ~3.4, 2.6, 1.5, 1.0, and 0.7 % of the otolith by mass. Using methods
outlined in Chapter 2, pymortional weighting of otoliths by volume was usedctwrrect the
isotopic composition of the otolith to that arising only from growth in fresh water after

stocking.

Otolith Preparation and Age Interpretation

Left and right sagiial otoliths were removedrom each eel and cleaned in distilled
water and 80% ethanol. Both otoliths were desiccated for 48 hours and weighed to the nearest
0.0001 mg several times to ensure consistency, then submersed in 60% glycerol and
photographed undr fibre optic, transmittel, and ultraviolet light. Otoliths were then washed
with distilled water and 80% ethanol to remove the glycerol. All eels utilized in this study were

determined to be stocked fish by viewing their otoliths under ultraviolet ltghtonfirm the
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presence of tetracycline stocking label. Right otoliths were analyzed ¥ andt 13C, and
left otoliths were used for age and growth interpretation.

Age interpretation was conducted on the transverse thin cigesstion of the left otolith
viewed in transmittedand ultraviolet light using methods described by Casselman {2008
this study, age is referred to in terms of
nearly completed years of life. All fish were collected either at the start of the graseagon
before new otolith growth had commenced, or at the endlté growing season when otolith
growth had ceasedr virtually ceased. This terminology was used to standardize the
measurement of age and growth, since a fish otolith growing season does not follow a standard
January to December calendar year (Casselman, 1987).

Estimated Temperature Profiles Using 630 of Otoliths

The following equation was used to calculate water temperature using*i@ of otoliths

of individual eels (Chapter 2):
p i PO ™M"Y p @b

where T is the wagr temperature inkelvin (K), and aragonitewater iS the individual fractionation

factor calculated using the measure¢fO of otoliths and water, as follows:

17 0 PTTT
1 0 PTTT

The mean measured®O of the vater sampled closest to where each eel was living was used to

cakul ate a.
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Statistical Analysis

Statistical analyses were performed using SPSS and figures were generated using
SigmaPlot and R.

We conducted a discriminant function analysis (DFA) using SRi&ESinguish eels among
19 capture locations and six biogeochemical regions usii@and *20 of otoliths.The
classification function, using*C and: 0, yielded a correct classificatioate (%) for each
location. A correct classification occurrethen an eel was correctly matched to its capture
location based on'3C andt 180 of its otoliths. The accuracy of assignments was tested using
the jackknife method of sequential removal of indwal data points.

We applied a hierarchical cluster anaky$o group (cluster) otoliths of similaf3C,
regardless of capture locatioMVe set the number of clusters at threa, priori,so thatt 13C of
otoliths would be clustered into three groups corresponding to two isotopically distinct
environments (creek ahriver) and also a group that was intermediate to the creek and river.

We used the betweergroups linkage method of clustering and squakadtlidian distances.

Results

Temperature profile and 640 of Jones Creek

The seasonal water temperature profile ddnes Creek (TL1) from 2006 to 2013 ranged
from 10.0 to 27.4C (Figuré.2A). Growing degreday (GDDSC-day), which is the timategral
of mean daily temperatures at or above a threshold ofQ,(for each year were 2006:1658,
2007:1667, 2008: 1737, 2001608, 2010:1804, 2011:1780, 2012: 1949, 2013:1671. The
average length of a growing season (temperatud€°C) in Jones Creek w87 days. The
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meani 8O of the watewas-8 . 4 +* 0. 7 0 % a10d to+7a rBghe ca cfrrosm al |

seasons (Tablg.1).

Temperature profile and 60 of the St. Lawrence River

The St. Lawrence River (TL2) was slightlecdloan Jones CredRL1) and ranged from
10.0 to 24.6C seasonally (Figube2B). GDD at or above a threshold temperature SiClLbr
each year were 2006:1286, 2007:1403, 2008: 1395, 2009:1219, 2010:1432, 2011:1355, 2012:
1618, 2013:1394C-day). On avage, GDD in the StWweence River was 346(-day) lower
than Jones Creek per year. The average length of a growing season in the St. Lawrence River
was 177 days. The meatfO of the St. Lawrence Riveas—7 . 2 * 0. 55 % anrd it

78t0-6. 7% acr oss saohd(Tapl®ldr s and sea
Temperature profile and 630 of the area outside of the mouth of Jones Creek

The temperature logger placed outside of the mouth afekCreek (TL3) had a similar
temperature profile to the St. Lawrence River (TL2) and ranged Ifathto 25.0C seasonally
(Figure5.2C). GDD at or above a threshold temperature 6Clfdr each year was 2006:1340,
2007:1423, 2008: 1442, 2009:1276, 20829, 2011:1428, 2012: 1633, 2013:1482¢ay). The
average length of a growing season was 173 dalge mean 0 of the area where Jones
Creek merged into the St. Lawrence Rwes—7 . 5 * 0. 58 % apr8#torGd. "% nged

across all years and seasons (Td&ll¢.
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Does 630 and 6*3C of otoliths reflect capture location?

Eels were captured from 19 locatioimslicated in Figur®.1. Thel 80 andi 13C of eel
otoliths generally increased across capture locations arranged in order from inside Jones Creek
to those in the St. Lawrence River (Figls&A and 3B). However, thefftirences int 180 and
113C of otolitrs were not enough to discriminate among the 19 locations (discriminant function
analysis, Tablg.2). Overall, 34.8% of eels were correctly classified into locations that matched
their capture location using'®0 andt 13C of otoliths. Classification sucsesas lowest among

locations in the St. Lawrence River (Tah®).

The 19 capture locations were then grouped into six nearshore habitat categories, based
on biogeochemical gradients in the St. Lawrence Rneay Cornwall, described by Barth and
Veizerl999. The six categories (regions) usedunstudy were: (1) inland creek, (2) mouth of
creek, (3) area directly outside creek where mixing occurs with the St. Lawrence River, (4) bay,
(5) St. Lawrence Riveearshore to mainland and downstream to creakd (6) main channel
of St. Lawrence River nearshore to islands and upstream to creek¥handi 13C of otoliths
of eels from these six regions are shown in Figbréa and5.4B. These biogeochemidahsed
groupings provided higher classification sess than capture location for eels from 18 of the 19
capture groups (DFA usingfO andt 13C of otoliths, Tabl&.2). Classification success increased,
on average, by 30% among capture groups when biogeocheremgians were used instead of
precise captue location (Tabl®.2). Overall, DFA using®O andt 13C of otoliths correctly
classified 54.2% of eels into their predicted biogeochemical region. The highest degree of

overlap in eels predicted to biogeochemicegions occurred either within the two ke
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regions or among the four regions in the St. Lawrence River. There were also 21 eels captured
in creek regions that were classified into river regions, and 4 eels captured in river regions that
were classifid to creek regions (Tab2). Additionally22 eels captured in river regions away
from the creek mouth were predicted to the region where the creek mixes with St. Lawrence
River (Tabl®.2), which suggested they had lived in, or near, the creek at gmmg during

their lives.

Since there was aitge degree of overlap infO andt 13C of otoliths among the six
biogeochemical regions, eels were categorized into two broad groups: eels captured inside
Jones Creek and eels captured in the St. Lawrence. Rivere was a statistically significant
difference int 20 andt 13C of otoliths betveen eels captured inside Jones Creek and eels
captured in the St. Lawrence River (oxygen: independent samyjdss, t =—30.9, df = 452p <
0.01, Figuré 5A; carbon: idependent samplestest, t =—43.6, df = 452p < 0.01, Figur&.5B).
Whent 180 was plotted versus 13C of otoliths, the two main data clusters generally matched
capture location (creek and river, Figlsg® ) . Evi dently, the “treek” a
were distinct enough to produce isotopidférences in eel otoliths. Despiteithoverall
separation, there were a number of eel otoliths witHO andt 13C that was intermediate to

the “creek” or river” c| us tedeels bad beerrlidngths and

the opposite envonment of where they were capturediffare5.6).
Differences in size-at-age of eels living in the creek and river

Generally, eels captured in the St. Lawrence River had grown to a larger body size at age

than eels living in Jones Creek (Figtré). Thee was a significant difference in bptength
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(mm) within each age group of eels captured inside Jones Creek and eels captured in the St.
Lawrence River (Welckést, p < 0.01 for comparisons within ages otwo, three, four, and

five, Figureb.7). Samfe sizes were too small for comparisohage 6 and 7 eels.
Differences in thermal growth in the creek and river

Eels living in the St. Lawrence River grew to a larger size despite receiving fewer thermal
unitsfor growth than eels in Jones Creek (Figbi®. There was a significant relationship
between final body size (mm) and GDD determined using temperaturern®gieapture
location (inear regressions Jones Creelp < 0.01,R = 0.61,F= 360, and St haence Riverp
< 0.01R=0.59F= 323, Hure5.8A). The slope was higher in the linear relation for the St.
Lawrence River (TL = 27.64 + 0.079GDD) cadparJones Creek (TL = 82.91 + 0.039GDD).
When GDD was determined using temperatures estimated*#0 of otoliths there was a
significant elationship between final body size (mm) and Gx2&r regressions Jones Creek:
p<0.01R=0.47F= 175, and St Lawrence Rivek 0.01,R = 0.35, Figur&.8B). The slope
was higher in the linear relatn for the St. Lawrence River (TL = 186:1T6041GDD) compared

to Jones Creek (TL =121.75 + 0.029GDD).

Stomach contents

The five most important prey orders for eels living in Jones Creek, by frequency of
occurrence, were Odonata (34%), Decapoda (18#ota (14%), Amphipoda (11%), and
Trichoptea (6%) (Figur.9). For eels living in the St Lawrence River, Decapoda (30%),
Gobiformes (14%), Odonata (11%), Trichoptera (10%), and Ephemeroptera (10%) had the

highest frequency of occurrence (Figiw8).
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Somach contents r ep rcensdetnhlutdanotreflectahe sfdtime ” o f r
contribution oft 13C from diet to tle 1 13C of the whole otolith. Therefordsigure5.10 is only
meant to provide a visual comparisonidfC of otoliths of eels that hacbnsumedvarious diet
items in Jones Creek and the St. Lawrence River. There appear to be greatendé$ in 13C
of otoliths between location than among eels consuming different prey items within a single
location.Within a location, the differences i *3C of otoliths of eels that fed from different
trophic levels (e.g. Amphipoda and Decapoda in ddbreek) were muchrsller than the
differences among eels that consumed Amphipoda and Decapoda in the St. Lawrence River.
Therefore 13C of otoliths maily reflected the base!3Cof the creek and river food webs
(which relate to the *Cof DIC of watéyrather than diffeent prey items within each food
web. This suggested that3C of otoliths reflected geographic location, regardless of the prey
type a trophic level from which an eel was feeding.

613C of otoliths as an indicator of habitat use

Eel otdiths of intermediatet 13C were either (1) eels that had lived in the area where the
mout h of the creek mixes wit hendirdnment;dr @)eels t o pr
that had migrated between the creek and river during their lifetimdchiresilted int 13C that

was intermedi at e” t%¥Candh% of eels werdhcalbcodedaby s . Wh e n
capture location, the otoliths of eels capturé@m the area just outside the mouth of Jones
Creek (locations 3, 4, 5, 6; Figi#) hadt 1’3Cand+1®0t hat was more simil ar |

suggesting (2) was the more likely explanation (Figut&A).
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Here,we employed a new method of assigning elhabitat based on 13C of their
otoliths, allowing each eel to indicate where it had lived, rather using its capture location.
Hierarchical cluster analysis usingC of otoliths was used to classify eels into thrétC
clusters (Figur&.11B). Tlesel 13C clusters corrgponded to 3 types of habitat use: (1) exclusive
to Jones Creek (cluster 1, 1263 eels), (2) exclusive to the St Lawrence River (cluster 2, n = 222
eels), and (3) equal use of both the creek and river habitats (cluster 3, n 4s29Bssed on
this cluger analysis, 60 eels were reassigned to a habitat that was different thandhgiure

location (points that changed color between FigbrgélA and B).

Thet 13C of otoliths was then used to determine the proportion that each lfigdd in the
creek or iver. The Euclidean distance betweerC of each otolith to the mean'3C of cluster
1 and cluster 2 (Figu®11B) was used to calculate the proportion otkabtolith that relates
to a creek and river3C (Figuré.12). Of the 48 eels in this study, 256 eels indicated some
degree of duahabitat use based on'3C of their otoliths (FigurB.12). There was a geger
incidence of duahabitat use in eels capted inside Jones Creek (Figbt&2A) than in the St.

Lawrence River (Rige 5.12B andb.12C).
680 of otoliths as a predictor of water temperature

To accurately predict water temperature usinO of otoliths, it is necessary to have a
representative stimate of thet 20 of the water in which the fish was livinge tested the
following three methods of 10 assignment and then compared ototistimated
temperatures from each method to temperature loggers from each habitat: €0 of the

water assigad by capture location, (280 of the water assigned through hierarcHichuster
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analysis using*3C of otoliths to classify eels into three clust¢hat correspond to three
locations, and (3) 180 of the water estimated individually based on propantb habitat use of
creek and river, indicated By*3C of otoliths. For méinds 1 and 2, the averagé®O of the

water for Jones Creekd . 4 + tDe are8 deiside the mouth of Jones Creek.b +

0 . 5 8deg the St. Lawrence Rivef7(. 2 * (Dablé&i)%spre combined with the otolith
water oxygen isotope geothermometeClapter 2) to predict water temperature experienced
by each eel. Otolitipredicted water temperature was then compared to the measured habitat
temperature recorded by temperature lggrs at the same three locations (Figbr2). For
method 3, the mean 80 of the water and the temperature logger profile of Jones Creéq(
of 8 . 4 %o Thlhahd the St. Lawrence RivefQof -7 . 2 %o TB2hveere proportionally

weighted to reflect the degree of creek and river habitat use indicated'#y of each otalh.
Comparison of the three 680 assignment methods for all eels

Thet 180 of the otoliths of all 454 eels predicted water temperature within05+ 2.43C
of the temperature loggers using method 1 (FigbrE3A), within0.48+ 2.0°C using method 2
(Figue 5.13B), and withir0.39+ 2.03C using method 3 (FiguEel3C, Tabl®.3). Visual
inspection of histograms and normat@plots among methods showed that the data became
slightly more normally distributed when methods 2 and 3 were used, particulatheat
extremes.The normal @Q plots display the observed percentiles lre tdistribution on the y
axis versus the percentiles of a theoretical normal distribution on thgis. If the observed
distribution matches the shape of the normal distribution, hletted points should follow an

isometric relationshipThe differencesicross methods were diluted when all 454 eels were
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compared because of the large number of eels that showed 100% habitat fidelity and thus did
not change when different methods were @led. In the following sections, eels with 100%
habitat fidelity are renoved andwe focus on eels that were reclassified into a different habitat

than their capture location.

Comparison of the three 680 assignment methods for eels classified to a different habitat

than their capture location based on §*>C of otoliths

Thet 0 of otoliths of reclassified eels predicted water temperature witHirB7 +
3.98C of the temperaturdoggers using method 1 (Figusel4A), within2.04+ 1.63C using
method 2 (Figur®.14B), and withirl.01+ 1.7PC using method 3 (Figu&l4C, Tabl&.3). The
percentage of otoliths that predicted habitat temperature with#°C to 2C increased from
67% (method 1) to 93% and 95% (methods 2 and 3, respectively, 3.apl&/hen method 3
was used, 67% of otoliths @dicted habitat temperature withir2°C to 2C, compared to 47%
(method 2) and 37% (method 1) (Tabl8). When eels were assigned to habitaised on
capture location (method 1, FiguBel4A), theotolith geothermometemredictive error values
were spreacdver the widest range. When eels were assigned to three general habitat groups
based on 3C of otoliths (method 2, Figufe14B), theotolith geothermometerpredictive error
values were more narrowly distributed around the mean, indicating the otqlitdicted
temperatures more closely matched habitat temperatures. When eels were assigned individual
habitat estimates using*3C of otoliths todetermine proportional use of creek and river
habitats (method 3, Figurg.14C), theotolith geothermometerpredictive error values were

also more narrowly distributed (compared to method 1) and center around a mean that is

155



closest to zero. Visual inspé&m of normal QQ plots suggested that method 3 most closely

follows a normal distribution.

Comparison of the three 680 assignment methods for eels that were classified as

intermediate to the creek and river habitat based on 6*3C of otoliths

For eels classified as intermediate to the creek and rive) of otoliths predicted water
temperature within—2.55+ 3.29Cof the temperature loggers using method 1 (FigGrEsA),
within 2.16+ 1.73C using method 2 (Figukel5B), and withird.04+ 1.5PC using method 3
(Figure5.15C, Tabl®.3). The percentagef otoliths that predicted habitat temperature within
—4°C to 2C increased from 69% (method 1) to 90% and 97% when methods 2 and 3 were used.
When method 3 was used, 79% of otoliths predicted habitat temperature wi#i@ to 2C,
compared to 38% (method) and 10% (method 1). When eels were assigned to habitadbase
on capture location (method 1, Figubel5A), theotolith geothermometermpredictive error
values were spread out over the widest range. When eels were assigned to three general
habitat groups based on'3C of otoliths (method 2, Figu&15B), theotolith geothermometer
predictive error values were more narrowly distributed anal the mean, indicating the otolith
predicted temperatures more closely match habitat temperatures. When eels were assigned
individual habitat estimates using>C of otoliths to étermine proportional use of creek and
river habitats (method 3, Figuie15C), theotolith geothermometerpredictive error values
were also more narrowly distributed (compared to method 1) and center around a mean that is
closest to zero. Visual inspeatiof normal QQ plots indicated that method 3 most closely

followed a normadistribution.
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How do habitat switches relate to age, body size, and year class?

Thet 13C of otoliths of 60 eels in this study indicated that they had lived in a habitat that
was different from their capture location. Compared to the overall populatiba,60 eels that
changed habitat were mainly age 3 and 4 yeard 306400 mm in lody length (Figur&.16,
panels AD). Eels from all year classes, other than 2010, appeared to change habitat (Figure
5.16, panels E and F). The overall distributiogesr classes of the eels that changed habitat
generally matched that of the overall polation, although more eels from the 2008 year class

changed habitat compared to the overall population.

Discussion

Objective 1: Can 630 and 63C of otoliths be used to determine geographical habitat use and

dispersal after stocking?

Could 630 and 6'3C of otoliths be used to distinguish eels from different capture locations?

Examining °C and 10 of otoliths allowe us to distinguish eels lij in the St.
Lawrence River from those living in a creek tributary and demonstrated that stable isotopes can
refl ect general geographical habitat wuse. Eel
1180 andt 13C ofotoliths could not provide epugh resolution to separate eels from the 19
specific capture locations, or broader groupings of six nearshore habitat categories, particularly
among sites in the St. Lawrence River. However, this level of resolution was lhecensistent
with the stabé carbon and oxygen isotope compositions of DIC and water in the region.

The St. Lawrence River has relatively small variation¥@of DIC along its entire length,

even with seasonal variation, because of its large volume and flow that is fed byahel@kes
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(Heélie et al.,2002; Weiler and Nriagu, 1973). Tributaries, like creeks, have small volumes and
more localized watershedsnd have the potential for the!3C of DIC to vary considerably with
season. Creeks are generally depleted®6frelativeto open water systems because of their
high turnover of organic material and seasonal influx of isotopically negative groundwater
(Barth and Veizerl999). By comparison, fluctuations due to processes like bacterial respiration
and photosynthesis in thet3_ awrence River are generally masked by the large volume and
l ong residence time of i sot opkesadsihgthetiverud f er ed
oscillate in approximate equilibrium with atmosphericZ I this study, otoliths of eels living in
Jones Creek were depleted €, on average, by ~7.3% relative
Lawrence River. The uniformity of tl&. Lawrence River and proximity of the study site to the
Great Lakes meant there wdikely very little variation in*3C of DIC of the water among sites
in the St. Lawrence River, which resulted in the overlap améi) of otoliths of eels captured
in the St. Lawrence River.
Similarly the 1 80 of the St.LawrenceRiverhasa narrowrangeof —-8.4to -6 . 1(Yanget
al., 1996;BarthandVeizer 1999;Roseet al., 2016),whereastributarieshavea broaderrange
of -15.4t0 8 . 5(Yanget al., 1996;Rosaet al., 2016)becausdhey are influencedby input
from localprecipitation (averageannualcomposition—9 . 1ni@asuredl999-2019at Point
Petre,Picton,ON,unpublisheddata, F.J.Longstaffe)and groundwater(-11.8to -9 . 8 @Gane
1996),particularlyduring peakrunoff periods.In this study, the 20 of the water in Jones
Creek{8 . 4 %) was, on average, 1.2%7l @%s t%0Mman t he

eel otoliths captured in Jones Creek (+22. 2 %)
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of eels captured in the St. Lawrence Riv&¥ B+. 4 %) . Jones Creek had a hi
variationit®0 t han the St . L awr en c eespedtivelg) whichwasnge of
reflected by a higher variation in®0 of otoliths in Jones Creek compared to eels captured in

the St. Lawrence RiveFigure5.5A). The area just outside of the mouth of Jones Creek, where

water mixes with the St. Lawrence Rivegsancluded as a study site because it was predicted

to be of intermediate 0 to the river and creek tributary. However, its measuré¥D of—

7.5% was quite similarf. 2%)t hlei ISel.y Lasvce 2incse Rh ¢
flow of the St. Bwrence River overwhelmingly diluted any water flowing from the creek.

Furthermore, the otoliths of eels captured in the area outside of theisth@f Jones Creek were

not of intermediatet 120 andt 13C, but appeared to match otoliths of fish living in tier

(Figure5.11A). The measured water samples, broad groupings of eel otoliths, and predicted DIC

for this region, all suggested the existence of two isotopically different environsrarthis

study: creek and river. Yet, some eel otoliths had interratedi 180 andt 13C. Sinceve did not

find any evidence of an isotopically intermediate environment, these otoliths of intermediate

1180 andt 13C likely resulted from eels migrating betwethe creek and river.

Mismatch between capture location and location indicated by 680 and 63C of otoliths
Thet 80 andt 13C of the 60 eel otoliths that did not match the geochemistry of their
capture location were likely because those eels had neindes/ing where they were captured,
not because the isotopes were ereous. Capture location is commonly assumed to represent
where a fish was I|iving, but it is only a *“sn

was captured. The mismatch betweeapture location and true environment is greatest for
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migratory speas, fish with large home ranges, and older fish that have experienced multiple
growing seasons. In this study, stable isotopes of otoliths revealed that 13% of eels had been
living for the majority of their life in a completely different environment thaheve they were
captured, and 56% of eels had undergone some degree of habitat change after stocking.
Without the isotopic data, this migration outside of stocking locations would haea be
undetected because all eels were marked with the same tetracystoeking label and then
stocked in both the river and creek. For example, based on traditional methods of assessing
post-stocking dispersal, an eel captured in the St. Lawrence Rivddwawue otherwise been
assumed to have also been stocked in the riltfgorporating stable isotopes of otoliths into
post-stocking monitoring provides important insight into fish that use, and possibly require,
multiple types of habitat to be connectdd their stocking site.

613C of otoliths as an indicator of habitat use (percentage creek or river)

A new method was developed in this study that usé#C of otoliths to determine a
percentage of creek and river residency for each eel. Previous controlled rearing experiments
establishedi 13C as an ideal habitatacer because eel otoliths derivé*C exclusively from
factors that reflectt 1°C of the environment (50% from diet and 50% from DIC in the water,
Chapter 3), with no influence of metabolic rate (Chapter 4).{Tf@ of afood web is derived
from the 1 13C d primary producers at the base of the food web, which ultimately derive
from DIC of the water. Enrichment per trophic
is commonly negligible (Vander Zanden and Ress®n 2001). As such, an eel feediand

living in the same environment will essentially receive the same b&gefrom all carbon
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sources (diet and DIC). This concept was demonstrated, quite generally, by greater differences
between1 1°C of otoliths ofels captured in the creek and rivlran among eels consuming a
range of prey types within the creek or river (Figbr&0). Distinct differences in basé3C

among environments are necessary f3#C tracing studies. Previous studies that exclusively
usel 12C of otoliths (Schwaret al.,1998; McMahoret al.,2011), muscle (Fugit al.,2011), and

even whale baleen (Truemaat al.,2019) to trace habitat use and migration are conducted in
regions that have large variation in basg€C, such as estuariespastal wetlands, mangroves,
seagras beds, and continental shelves. Our method of uslf@ of otoliths to calculate precise
habitat use worked well because of large differences!C of DIC of the river and creek

tributary that produced two isotopidly distinct environments. The avega difference in 13C

of ~8% between otoliths of eels captured in t
each eel to be examined relative to the mediC of otoliths from each location to determine

the percentage of theit 13C that came from the creek and river. This allowsdo distinguish

the eels that used both habitats from those that showed 100% habitat fidelity. Evidehity,
revealed the diersity in habitat use strategies among eels, evethiwieach age group, which
emphasized the need to consider habitat use on an individual basis (Big@)e

Objective 2: Can the 630 of otoliths be used to estimate water temperature of eels living in

the natural environment?

Eel otoliths estimated wat temperature within ~0.%8C of the environment, on average,
demonstrating that theotolith-water oxygen isotope fractionation equation developed for

American eels in the laboratory (Chaptem®)rked wedl when applied to eels in the natural
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environment. kbwever, this field study revealed the susceptibility of this approach to
inaccurate estimates df*®0 for the water where a fish was living, particularly for fish that
move through different environments'emperatures calculated using oxygen isotope
compositions of otoliths and captwiecation water for eels that had not been living for a
substantialperiod of time at their capture location, as indicated{dyC of their otoliths, did not
match measuredvater temperature at the site of capture (Figurg44A ands.15A). Accurate
estimates oft 120 of the environment experienced by individual fish reguiomprehensive
data for thet 80 of water bodies in the environment, particularly foeshwater tributaries, as
well as knowledge of exactly where a fish was living and for how long.
613C of otoliths can improve the accuracy of temperature predictions based on 620

Thet 13C of otoliths offers a way to improve field estimates of temperatoy providing a
record of habitat use that more accurately reflects the totality §1O of water experienced by
an individual fish. When proportional habitat useastbred into estimates of20O of water,
instead of capture location, the percentageatbliths that predict temperature within 2 of
the environment increases by 30% for eels that used multiple environments, and 69% for eels
that equally used two envimmments (Tablé.3). When this method was applied to the otoliths
of all 454 eels, onlyhke temperature estimates that required correction because of multi
habitat use were modified and those of eels that reflected 100% habitat fidelity to either the
creekor river were left unaltered (Figure13). This assessment implies that this correction
method can be broadly applied to temperature estimates of all fish in a study and only those

that require the correction will be modified.
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Objective 3: Is habitat use influenced by age, year class, body size (growth rate), prey

availability, and temperature requirements?

Patterns of habitat use varied among individuals; while most eels showed either 100%
habitat fidelity (44%) or only a small degree of mbhbitat ue (43%), 13% of eels underwent
a definitive switch in primary habitat use. Despite theitensive migrations (up to 6000 km) at
the beginning and end of their lives, freshwater eels are surprisingly sedentary once they reach
their maturing grounds. Tagdirstudies of naturally recruited American eels classified >70% of
eels as sedentary bease they were either recaptured <1 km from their tagging area (mean TL
457 mm, Morrison and Secd003) or consistently detected at the acoustic array closest to
their release location (TL > 580 mm, BégRenet al.,2015). Japanese eels also have short
home ranges of ~0.085 Knimean TL 555 mm, Itakusd al.,2018), and a European eel tagging
study recaptured 90% of eels at their tagging site up to 7 years latem(ifle®13 mm, Laffaille
et al.,2005).Wefound tha this sedentary lifestyle was also present in stocked eels that
circumvented their upstream migration. Stable carbon isotopes of otoliths indicated very little
movement of eels, especially in the first twears after stocking.

One major habitat use pattn thatwe observed was that eels that changed habitat were
mainly age 3 and 4 years and 3@00 mm in body length. The carbon isotope compositions of
otoliths indicated that eels mainly remained at onedhting location (creek or river) until they
grew fo a certain age or body size. A significant (and often single) habitat change around age 3
4 years and 3068100 mm has also been observed in the European eel (Latadle, 2003),

Japanese eeQuoet al., 2011), New Zealand longfin and shortfin eelb{@et al.,1998), and
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the American eel (Benchetrt al.,2017). It is remarkable that this habitat change occurs at
precisely the same size and age among multiple anguillid species living in a watye ofari
ecosystems. This habitat shift has maindeb documented as a movement across salinity
gradients, or migration between fresh water, brackish, and marine environments, using trace
elements present in otoliths (Glow al.,1998;Guoet al.,2011; Bnchetritet al.,2017;

Daveratet al.,2006). Ths study of stocked eels, however, shows that this same habitat change
pattern also occurs within an exclusively freshwater environment. A change in habitat within a
narrow range of age and size classedaarty an important part of the eel life cycle, tatis not
driven by salinity.

Diet and prey availability

Possibly changes in habitat use are related to changes in dietary requirements for somatic
or reproductive growth at a specific life stage in el found a higher occurrence of small
invertebraes in the stomachs of eels living in Jones Cretlereasstomachs of eels in the St.
Lawrence River contained more hitipid prey items such as fish. Stomach content profiles
revealed differences in pyetype and availability between the creek and rierevious studies
of eel diet have found that smaller eels (<300 mm) predominantly feed on benthic
invertebrates such as Amphipoda, Ephemeroptera, Trichoptera, and Megaloptera, but when
eels reach body fegths of >308400 mm, they begin regularly feeding fish and crustaceans
(Ogden 1970; Michel and Oberdorfi995). Bile acids play an important role in digesting
higherlipid prey items such as fish. Recent studies have shown that American eel bile acid

concentrations vary across life stages and suggest that bile acid production may relate to size,
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age, sex, osexual maturity (Huertast al.,2008; Schmuckest al.,2020). Bile acids have also

been suggested to play a role in chemical communicatiorlimeproduction (Huertast al.,

2008). Perhaps reaching a threshold body size triggers an increase indvieaatuction. Or,

after reaching a certain body size, eels seek out environments that contain more fish (or prey at
higher trophic levels) to meeheir growth needs, which causes increased bile acid production

and triggers the release of reproductive haones for sexual maturation.

Sexual maturation and migration

High growth rates resulting in early sexual maturation and migration to spawningdso
could explain why some stocked eels shifted between creek and river environments. dessop
al. (2010) faund that when annual growth rate increased from 46.2 to 85.9 mm/year in female
American eels, the mean age at migration decreased from 22.6 tpeau8. When annual
growth rate increased from 19.1 to 52.1 mm/year in males, mean age at migration decreased
from 15.4 to 5.3 years. Stocked eels in this study had an average growth rate of 110 mm/year,
which was much higher than the typical range of @88 mm/year recorded in naturally
recruited North American eels (summarized in Verreathl.,2009). Stockd eels attain these
higher growth rates because their upstream migration up the St. Lawrence River is
circumvented, which allows them to redireitte energy usually spent on swimming into
growth. American eels in the St. Lawrence River system usuallg speand two decades
maturing in fresh water to sizes of 745 to 1200 mm before migrating back to spawning grounds
(Jessopet al.,2010). Yet, eayl studies of this stocking program recorded stocked female silver

eels outmigrating at the St. Lawrence Estyas early as 4 years after being stocked and at
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lengths of 531 to 771 mm (Verreaseit al.,2010; Stacegt al.,2014). Althougtwe performed
visual inspections of gonad tissue (when present) during necropsy, many of the smaller eels
were too undevelopedo differentiate, and detailed observations on sex and gonad
development would have required histological examinations that were beyond the stdpes
study. However, the high overall growth rates observed in this study suggested that these
stocked eed would also approach sexual maturation at a fast@mn-normal rate. In addition,
stocked eels living in the St. Lawrence River had higher sognativth rates than eels living in
Jones Creek (118 + 28 and 99 + 28 mm/year, respectively). So, eitherghenvironment

produced fastergrowing eels, or eels moved into the river because they were fagt@wing.

Temperature and growth differences in creek and river

Eels living in the St. Lawrence River experienced lower water temperatures and fewer
degreedays but grew to a larger ska-age than eels living inside Jones Creek (Fig@and
Table5.4), suggesting temperature was not a main fadtw driving growth. The higher
temperatures in Jones Creek did not provide the increased somatic growticfeddy the
temperaturegrowth curves developed in Chapter 2 (TabK). Even when eels from both
locations were exposed to a similar numbemgobwing degreadays, eels living in the St.
Lawrence River were typically larger. Possibly temperature bectgassmportant when fish
are living in environments that are well below their optimum temperature for somatic growth
(28°C, Chapter 2). At loweemperatures, other factors, such as diet and prey availability, may

provide fish with greater growth benefithan temperature.
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Conclusions

This study showed that otoliths can reflect the difference betweE and 20 of the
St. Lawrence River verssimall upstream tributaries. Systematic sampling of tributaries along a
geographic gradient from the sourcetbie St. Lawrence River to where it becomes an estuary
could match wild eels to specific tributaries. In a system where animals can freely migrate
between habitats, it is necessary to use the carbon isotope compositions of otoliths to indicate
where fish hae been living, rather than capture location. The carbon isotope compositions
revealed that over half of the eels in this study underwent someaekegf relocation between
a river and creek environment. Although there was high variance in habitat usemateaong
individualswe identified an ontogenetic shift in habitat use at a body length of ~300 that
was consistent with other anguillid spies. By providing individual habitat use information, the
differences in carbon isotope compositions couldused to improve estimates of water
temperature based on the oxygen isotope fractionation between otolith carbonate and

dominant habitat water.
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Table 5.1. Description of water samples collected for measurement'8®. Water sample

location numbers correspond to locations indicated in Fidgute Locations 1 to 5 were used to
calculate an averaget®O of the water inside Jones Creek, locations 5we8: casidered the

area where the creek meets the river, and locations 9 and 10 were considered part of the main
channel of the St. Lawrence River.

Water sample Water1 80

location % VS MC Date Season
Creek 1 -10.4 20101031  Fall
1 —7.8 20111017  Fall
1 -9.1 20130515 Spring
1 -8.2 20130723 Summer
2 -8.5 20130515 Spring
2 -8.0 20130723 Summer
3 —7.8 20110624 Spring
3 -8.5 20130515 Spring
3 -8.0 20130723 Summer
4 8.6 20130515 Spring
4 -8.1 20130723 Summer
5 -8.4 20130515 Spring
5 8.1 20130723 Summer
River, 6 —7.8 20130515 Spring
outside 6 —7.4 20130723 Summer
creek
7 —7.2 20110624 Spring
7 —7.7 20130515 Spring
7 —7.3 20130723 Summer
8 -6.7 20110919  Fall
8 —6.7 20111018 Fall
River, 9 —6.7 20101031  Fall
main
channel 10 —7.8 20130515 Spring
10 —7.2 20130723 Sumer
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Table 5.2. Classification success of a discriminant fiorcanalysis of 120 andt 13C of eel otoliths from 19 locations in the upper St.

Lawrence River. Capture location is the place where eels were collected using an electrobshimelgion represents six groupings
of capture locations based on geochemical similaritibe. fumber of eels predicted to each region are listed by capture location.

Classification success is the percentage of eels from each capture location thatonrertly classified to their true capture location

or biogeochemical region. Numbers highligtitin bold font indicate the regiotinat each capture location fallsithin.

Number of eels predicted to each biogeochemical regiol Classificatiorsuccess, %
Capture Creek, Creek, River, River, River, River, Capture Biogeochemical
location inland mouth outside bay nearshore nearshore location region
creek mainland island

1 13 3 0 0 0 0 81 81
2 86 109 10 10 0 1 47 51
3 1 1 1 0 0 3 17 17
4 0 0 0 1 0 0 100 0

5 0 1 2 0 0 11 0 14
6 0 0 2 1 0 0 33 67
7 0 0 7 24 8 5 11 55
8 0 0 0 4 20 5 52 69
9 0 0 0 0 0 2 0 100
10 0 0 3 1 1 11 19 69
11 0 0 3 2 0 4 11 44
12 0 0 2 1 1 1 0 20
13 0 0 1 3 0 8 17 67
14 0 0 0 0 0 4 50 100
15 0 0 0 0 1 5 17 83
16 0 0 2 2 3 5 0 42
17 0 0 3 4 1 18 8 75
18 0 1 1 0 9 13 33 54
19 0 0 0 2 2 7 9 64
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Table 5.3. Comparison of otolith geothermometer predictive error usthgee methods for classifying eels into habitat locations

Approach Variables used to  Percentage of eels that predic Percentage of eels that predic  Mean otolith Meanhabitat P-value
classify temperature wihin—4 to £C  temperature within-2 to 2C 1180 temperature temperature
All eels in study, n = 454
1 Capture location 93% 65% 18.6 £ 2.29 18.7£0.98 0.00
2 113C cluster 97% 67% 19.0+1.91 18.6 + 1.00 0.00
3 Proportional habitat 96% 66% 18.9 + 208 18.5+0.94 0.00
use indicated by 13C
Eels that were reclassified to a new habitat, n = 60
1 Capture Location 67% 37% 16.8 + 3.53 18.7 £ 0.64 0.00
2 113C cluster 93% 47% 20.0 £ 1.67 18.0+0.48 0.00
3 Proportional habitat 95% 67% 19.1+£1.66 18.1 £0.53 0.00
use indicated by *3C
9Sfta (KIO KIR,nNEPIOSNYSRAFGS
1 Capture Location 69% 10% 16.4 £2.72 19.0+0.71 0.00
2 113C cluster 90% 38% 204 +1.78 18.2+0.21 0.00
3 Proportional habitat 97% 79% 18.5+1.55 18.5+0.26 0.90

use indicated by 13C
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Table 5.4. Comparison of final body size (mm) and growing degiage (C-day) by age between eels living in Jones Creek and the St.
Lawrence River. The difference predicted by tmperaturegrowth relaionship in Chapter 2 was calculated based on an initial
stocking size of 60.8 mm and the predicted specific growth rate in body length (% change/d) at theifelitd temperature for

the number of days above 20 between stockig and capture.

Age GDD{C-day) GDD difference Body length Length difference Difference (mm) predictec
(yeas) (creek—river) (mm) (creek—river) by temp-growth
relationship in Chapter 2

Creek River Creek River (creek—river)

1 1387 1221 +166 129 177 —48 +1

2 3418 2789 +629 222 252 -30 +13

3 5185 4623 +562 277 336 -59 +20

4 6642 6529 +113 321 459 -138 +4

5 8028 7535 +493 392 577 -185 +44

6 7432 8861 -1429 578 691 -113 47

7 10795 - - 429 - - -
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Figure 5.1. Capturelocations in the upper St Lawrence River and Jones Creek tributary where
stocked eels were collected by boat electrofishing of shoreline transects. Eels were collected
from 2008 to 2013. Map 18hows the entire study site. Map 1B shows locations inside the
mouth of Jones Creek and the area just outside of the mouth, where the creek meets the St.
Lawrence River. Capture locations of eels are indicated with black circles, locations of
temperature bggers are indicated with red diamonds, and water sample iocatare indicated

with blue triangles.
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Figure 5.2. Mean daily surface water temperature profile of (A) Jones Creek, (By8tence

River main channel, and (C) St. Lawrence River outsedmouth of Jones Creek, 2006 to 2013.
The dashed line indicates the temperature of commencement and cessation of otolith growth
during the eel growing season (10).
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the St. Lawrence River (openates).
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Figure 5.13. Distribution of otolith geothermometer predictive error for all eels in study
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general capture locations (method 1); (B) eels are assigned a ni#éarof the water and
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estimated individually using'*C of otoliths to determine proportional use of creek and river

habitats (method 3).
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habitats (method 3).
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Chapter 6
General Discussion

Recommendations for fish otolith geothermometers

Theoxygen isotopageothermometer developed in this thesis for American eel otoliths
accurately estimated lifetime ambient water temperature when tested on eels living in
laboratoryconditions (predictive error 0%, Chapter 2) and in the natural environment (within
0.4°Cof habitat, Chapter 5). Wheoxygen isotopaeothermometersdevelopedother fish
species (Pattersoet al., 1993; Thorroleet al., 1997; Hie et al., 2004; StorrSike et al., 2007;
Geffen, 2012) werapplied toeel otoliths, temperature estimates arbitrdyivaried among
equations, and predictive error was higher, confirming that a spespesific geothermometer
produced the most accurate temperature estimates fetse The eespecific oxygen isotope
geothermometer developed and validated in this thesib undoubtedly enhance future eel
studies. However, it is impractical to develop a geothermometer for every single fish species as
they are exceptionally resour@nd timeconsuming to create. Development of the eel
geothermometer required eight months oéaring eels at controlled temperatures and then
several additional months to measure the isotopic compositions of the otoliths. Rather than
investing time develoipg specific geothermometers for every species, an important direction
for future work is tofocus on understanding what factors cause differences among species
specificoxygen isotopgeothermometers.

My thesis begins to address the factors contributioglifferences in geothermometers

among species. The findings of chapter 4 suggest thaetbdéierences are not caused by
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variation in metabolic ratel.found that metabolic rate only had an effect o0 of otoliths

whenoxygen consumption ratesere extremely high In this case, this effect was only

observed on eels that wer@vimming at speeds that exceeded their critical swimming speed

(Ucrit) for prolonged periods of timavhich may have exceeded their aerobic metabolic

maximum This prolonged higlevel of activity is rare, although possible, in the natural

environment. Ulimately, it is unlikely that the individual fish used to build the various

geothermometers for each species experienced high enough levels of oxygen consumption to

influencet®0 of their ot ol it loygeaisotbpajestheranantetert he speci
Indusions of vaterite, which is a different CaQalymorph in typically aragonite

otoliths, mayprovide a more feasible explanation for why geothermometers differ among

speces (Chapter 2). Although the occurrence of vaterite in otoliths has beerdaelinented

in several fish species (Gauldie, 1986; Sweaetdira)., 2004; Tzengt al., 2007; Jessogt al.,

2008) the influence of vaterite inclusions on the isotopic compasitibotoliths has not yet

been studied. Inorganicalyrecipitated vaterite, however, idepleted of'®Orelative to

aragoniteprecipitated under the same conditiorfgimet al., 2007;Kluge and John, 2015). As

such, future work should focus on understamglihow thet O fractionationassociated with

vaterite might influencehe overallisotopiccompositionof a fish otolith. This would require

extensive XRD analysis of otoliths to seek out those with large vaterite inclusions. Large

numbers of otoliths cotining vaterite could be generated through a laboratory experiment

that rears a species known to haaéhigh prevalence of vaterite inclusions in parallel with a

species with a low prevalence of vaterite across a broad range of temperatures.
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Metabolic rate and its (lack of) influence on isotopes

Arguably, the most novel contribution of this thesis wagfinding of no relationship
between metabolic rate antl'*Cof otoliths. Forced swimming across a range of speeds
induced a total range of metabolic rate as a function of oxygen consumption)(@60.24
mgQy/kg/h (i.e.,a 2.6fold difference). Aarger range of M@could have been generated if
temperature rad been used to manipulate metabolic rate. For example, the rate of many
physiological processes typically doubles or triples in response téGactange in temperature
(Quo). However, using excise to induce different metabolic rates allowed for theatelnship
betweenmetabolic rate and *3Cto be isolated without any potential confounding effects of
temperature. Separating the effect of metabolic rate from the effect of temperature is
excedalingly difficult because they are intricately intertwindd chapter 4] suggest that
temperaturemay alternatively explain the apparent connection between metabolic rate and
113C of otoliths, thouglthe physiologicamechanism that proposeis largely speculative
Further work is needed to understartie mechanical underpinnings bbw carbon isotops
are influenced by temperature in biogenic carbonate (fish otoliths), buimtorganic
carbonate Whilel did not measure théMO; of eels in the controlled temperature experiment
(Chapter 2), anecdotal evidence from that experiment suggests ke24°C temperature
range produced a larger rangelit®Cof otoliths than thet *3Cdifference of eels with the
lowest and highest M@in chapter 4 £11.3%0 to —6.3%0 and—9.4%. to —8.9%o, respectively.)
These findings serve as an important first step in shifting a paradigm that has cast uncertainty

on interpretations oft 13Cof otoliths for decades, but it requires more experimental work to
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validate. If metabolic rate could be ruled out, it would sirfypihterpretations oft 13Cto two
main external variables: diet and dissolved inorganic carbon (DIC) (Chagtati8e work
should focus on verifying the absence of a relationship between &M@1 13Cof otoliths across
species by examining metabolic eah such a way that does not involve manipulating
temperature, such as different levels of exercise, or by gamsons among species with
different basal metabolic rates.
Contributions to methods for small otoliths

Otolith size is a major limitation for isotope ratio mass spectrometry methods. Otolith
size and morphology differ considerably among fish spet#®5% of species have very small
otoliths (otolith length0.01-0.99% of body length) ar®6.3% have small oliths (1-2.99% of
body length) (Paxton, 2000), but in many cases only medium, large, and very large oteliths (3
12% of body length) consistently meainimum sample size requirements. Freshwater eel
species fall into the very small and small otolith categs. In my laboratory experiments on an
early eel life stage, the smallest otolith weighed 0.0087 mg and the largest weighed 0.7636 mg.
For eels cajured in the St. Lawrence River, otolith weight ranged from 0.1286 mg to 4.1502 mg
(mean, 1.0868 mg).

Pooling both otoliths from a single fish doubles the sample weight,domtmonlyit is
still not enough to produce an adequate amount of2@@s for arisotope ratio mass
spectrometer (IRMS). Otoliths of multiple fish can also be pooled for analysis, but the
individual resolution is lost. In chapter 2 of my thetisseda method for analyzing otoliths

that weigh less than 0.05 mg in which a cryo tpsed to freeze and concentrate the £fas
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released from otoliths aderredrioghe IRMS$.dhes metpod!| s e”

reduces the minimum otolith size that can be analyzed] hasmportant implications for
species with very small diiths, or for analyzing early larval stages.
Applying laboratory findings in the natural environment

Thegovernment eel stocking program inadvertently created a rare eel study system by
placing an otherwise elusive migratory life stage within a singlesoradle environment. Even
though these stocked eels were withurced, otolith proportional weighting metias
developed in chapter 2 provided a way to remove their previous marine history prior to
stocking, allowing a unique opportunity to isolate and stuahly the otolith growth resulting
from the stocking environment. Thaxygen isotopaeothermometer devealped in the
laboratory worked well when applied to otoliths of eels living in the natural environment, with
ambient temperature estimated within € of temperature loggers placed in the St. Lawrence
River.Sincel ruled out the influence of metabolic rate ri*C of otolithsin chapter 4} 13C
interpretations could be confined to diet and DIC. For this population of eels living in this
particular setion of the St. Lawrence Rivdiassumedhat individuals were living and feeding
within the same environments suchy **Ccould be used as an environmental tracer. For a
migrating eel, however, this assumption becomes more complicated and would require
knowledge of the 3Cof DIC along the entire length of the St. Lawrence River, either through
systematic watesampling or from existing online databases (e.g., Global Network of Isotopes
in Rivers, International Atomic Energy Agency). In the contaxiydield study, which occurred

in an exclusively freshwater environment, variation ##Cof DIC was large engh toserve as
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anenvironmental tracer. Consequently, inferences of habitat use providedablecarbon
isotopes improved the temperature reconstructions made from oxygen isotopes by providing
better individual estimates df*tO of the water where eachet¢was living.

The key ecological findings inferred throutte stableisotopedatawere as follows.
Eels at the northern extremity of the species range are living at an average temperaturéCof 19
(Chapter 5), which is well below their optimum for somarowth of 28C Chapter 2).
Therefore, the direct temperaturgrowth effects of climate change do not appear to be a
factor involved in their decline. River temperature could, in theory, increase40 Béfore eel
growth is negatively impacted, and td-37°Cbefore survival is impacte(f only the direct
effects of temperature are consideredyloreover, stable carbon and oxygen isotopes of
otoliths very clearly separated eels into those living in a creek versus a river environment
(Chapter 5). Eels Ihg inthe creek environment were slowgrowing than eels living in the
river environment, which may have been related to differences in prey types within each
environment. Furthermore, the results of chapter 5 showed that eels stayed within a single
environmentafter stocking, particularly during the first year. If they changed environments, it
was mainly after they reached a threshold age -6t $ears or a body length of 36800 mm.
These midife changes in environment could only be inferred using igiastoneasurements
revealing that capture location alone is likely to be a poor indicator of where a fish has lived.

Are stable carbon and oxygen isotopes of otoliths a good tool for

understanding the eel decline?
The work presented in this thesis des@®and validates a unique set of tools for

isolating and interpreting the enormous amount of information contained within fish otoliths,
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and has important implications for gaining insight into the reasons behindesllgopulation
declines. In addition tthe inferences provided by thisotopic resultgliscussed in this thesis,
otoliths also contain the age, growth history, and year class of each fish. The American eel
consists of one genetic reproductive populati@ganmixia), so a decline in one parttbé
species range indicates a decline for the entire species. Currently, recruitment declines are
most apparent and severe at the extremities of the range, such e St. Lawrence River and
Great Lakes region. éardingly, eels from this region are k@yunderstanding the speciés
decline. Longerm routine collection of eel otoliths, such as from the eel ladder at the Moses
Saunders Hydroelectratam in Cornwall, Ontario, provide a historical archive of eeitbwl
spanning from before the speciegecline to present day. Stable carbon and oxygen isotope
compositionssealed within these archived otoliths contain individual records of lifetime
ambient water temperature (within 02€), location and type of habitased, and indicators of
food web accesfbasel 13 C)within the St. LawrencRiver.

The toolbox developed here will enhance ongoing research into understatiting
ecological history of eels from archived samples and elucidating the factors contributing to their
decline.Thesefactors include barrier®d upstream migration, habitat loss, climate and oceanic
change, loss of preferred prey, contaminants, and inéectvith a swim bladder parasite
(Castonguagt al.,1994a; Casselman, 2003; Knights, 2003; MacGetgar, 2008).As an
envirormental trace, temporal records of 13C of otoliths could reveal if barriers to upstream
migration have caused eels to stop using habitat in the upper reaches of the St. Lawrence River,

above damsSimilarly, records af*3C of otoliths could be used to examine habitat loss by
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comparing hiwrical habitat use to preserday. Temporal differences in'*C of otoliths would
indicatea shift to a different habitat with a different*C of DICClimate and ocean change

could be examined using®O of otolithsto determine the precise ambient tengpatures
experienced by eels over time. Loss of preferred prey could also be reflect&iCinf otoliths,
especially if eelseek outnew habitats to access different food wel@@ontaminants could be
examined in otoliths using trace elements, rather theotopes. Swim bladder parasitespede

an eel ' seffisianilyohringmigrationsuch that 80 andt 3C isotopesouldreflect,

for example, greater time spent in estuaries, or a slower migration involving prolonged habitat
use along the length dhe river. Overall thisthesis presents aignificant contribution in
understanding Americaeel ecologyby refining the use of1*C and 2O of otoliths and

providing insight into the interactions between stocked eels and their environment. The rest of

the eel story awaits within the otoliths efild eels.
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Appendices

Appendix A

OTOHIME B1/B2 OTOHIME C1/C2

MOISTURE 63% MOISTU 63%
CRUDE PROTEIN 56.3% CRUDE PROTEIN 58.3%
CRUDE FAT 15.9% CRUDE FAT 129%
CRUDE FIBER 26% CRUDE FIBER 1.6%
CRUDE ASH 13.5% CRUDE ASH 15.0%
CALCIUM 25% CALCIUM 27%
PHOSPHORUS 23% PHOSPHORUS 25%
VITAMIN A 10,0001U/kg  VITAMIN A 10,000 1U/kg
VITAMIN D3 2,0001U/kg  VITAMIN D3 2,000 U/kg
VITAMIN E VITAMIN E

(a-tocopherol) 1,250mg/kg  (a-tocopherol) 1,250 mg/kg
Cu 7.0 mg/kg Cu 7.0 mg/kg
Mn 31.8mg/kg Mn 31.8 mg/kg

DIOXIN TOTALCOUNT < 1pgTEQ/Q

FISH MEAL >20% FISH MEAL >20%
KRILL MEAL >35% KRILL MEAL >35%
SQUID MEAL >15% SQUID MEAL >10%
WHEAT FLOUR <5% WHEAT FLOUR <5%

POTATO STARCH <5% POTATO STARCH <5%

FISH OIL <5% FISH OIL <5%

BREWER'S YEAST <5% BREWER'S YEAST <5%

VITAMIN AND VITAMIN AND

MINERAL PREMIX <5% MINERAL PREMIX <5%

INORGANIC INORGANIC

CALCIUM PHOSPHATE  <5% CALCIUM PHOSPHATE <5 %

PLANT GUM PLANT GUM

(SOY LECITHIN) <5% (SOY LECITHIN) <5%

GUAR GUM <5% GUAR GUM <5%

BETAINE <5% BETAINE <5%

PARACOCCUS PARACOCCUS

BACTERIAL BACTERIAL

CELL POWDER <5% CELL POWDER <5%

CALCIUM CARBONATE < 5% CALCIUM CARBONATE  <5%

Appendix A. Ingredients and composition of Otohime langal fiood.
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Appendix B
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Appendix BWeight frequency of eels after 32 weeks of rearing at controlled temperatures.
Each temperture treatment contains 30 eels, except for the°84treatment which contains 17
eels.
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Appendix C
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Appendix C. Length frequency of eels after 32 weeks of reatiogntrolled temperatures.
Each temperature treatment contains 30 eels, except for thit€C3eatment which contains 17
eels.
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Appendix D
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Appendix D. Relationship of otolith and body weight at the end of the 32 week experiment.
Data are combined across temperature treatments. Dashed lines represent the 95% confidence
interval of the linear egression.
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Appendix E
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Appendix E. Relationshijetween otolith specific growth rate by weight and body specific
growth rate by weight according to water temperature. Eels were reared at controlled
temperatures for 32 weeks. Each temperature treatments contains 30 eels, except for the
34°C treatment whth contains 17 eels.
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Appendix F

£
'S

A
N

Ly
o

OTOLITH §°C (%o, VPDB)
&

0 i | i | 1 | L | L | L | 1 | 1 |
28 27 26 25 24 23 22 21 20

OTOLITH 50 (%0, VSMOW)

Appendix FRelationship between'*Cand+ 80 measured in American eel otoliths grown for
32 weeks in controlled temperature conditions. Data are combined across experiment
treatments, which ranged in temperature from 10 to°84 Dashed lines represent the 95%
confidence interval of théinear regresion.
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APPENDIX G

Drainage to maintain water level

Drain

Swimming channel

Water current inflow from variable-speed
immersion pump below (not pictured)

Ball valve to adjust current velocity

Appendix G. Setup of swimming tank used in chapter
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