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Abstract

Many northern fishes display plasticity ifelihistory and trophic ecologiatcan
influenceproductivity of fisheries andioaccumulation of contaminantuch as mercuryisco
(Coregonus arteqlj Lake Whitefish Coregonus alpeaformi$, and Northern Pike5sox luciuy
are important subsistence food fishes to Aboriginal communities on the west coast of Hudson
Bay, and our understanding of the life history of these fishes is incomiplétes study |
investigated life histgrandtrophic ecology ofCisco LakeWhitefish, and Northern Re from
three rivers of the Hudson Bay Lowlan#sshof each speciesere classified asithernon
migratoryor migratoryusing otolith microchemistry profilesind results indicated clear usfe
marine habitats by Cisco and Lake Whitefish. Whereas useaokishwater habitats is well
documented for Northern Pilke the Baltic Seal present the first data indicating possible use of
brackish habitats by Northern Pike in North Ameritlae magrity of Cisco 99 %) and Lake
Whitefish ©2 % were classified as migratoryreaghe majority of Northern Pik&70 %)
were classified as nemigratory.A mixing model(MixSIAR) applied to stable isotope ratios of
sulphur( ¥S) wasused to determinerpportionaldietarycontribution ofprey frommarine and
freshwaterderivedsources for each fish species in each rivhe majority of the diet of
migratory Ciscd76 to 85%) and Lake Whitefisl{59to 75 %) was composed aharinederived
nutrients/preyBoth migratory and nemigratory Northern Pikevere reliant @ marinederived
nutrients/prey. | estimated thap to 40% of non-migratoryNorthern Pikediets were derived
from marine sourceghis isevidence that nemigratory Northern Pike were feeding marine
derived resources (possildypadromous Ciscand Lake Whitefish Results of this study will
enable bettepredicions ofchangesn speciesspecific life historydue toclimateinducedshifts

in temperature and/qroductivityin northern rives and ocean#n combination with



contaminant datamy results can be used to better understand how fish life histtwgnces

contaminant bioaccumulatidsoth now and in the future
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CHAPTER ONE - INTRODUCTION

1.1 Organism Life History

Life historycomprisesheevent s i n an or gesurvevahdnd | i fe t hat

reproduction fitnesg. Understanding life history helps mesce managers and scientigtsdict
habitat use by an organism at differkfe stages/times aheyear, and provides information
necessary for population conservation and management. Important aspects of life history are
reviewed byStearns (1976and include number and size of young, age of maturégieoffs
between maturityanchor t al i ty, and variation in these
Life history theory can based tcexplainwhy particular life historyraits may have evolved in a
species or population of interest. Life histtngits often display a large degreepbsticity, as a
result of interactionbetweergenetics and environmental conditiqiMetcalfe, 1993)
Variations in life history exist both amongawithin specieand populationswithin a
population, some individuals may display an alternative life histvatey that resultsn
differences in reproductiviactics(e.g.,territorial or opportunistic matinigehaviourin males,
migration, and/odevelopmental timingMetcalfe, 1993)Migrations, sah as those observed in
fish and birds, are important aspects of life history that can affect size and age of naatdrity,
thereforetiming of reproductior{Roff, 1988) Migrations can also affect the number and size of
offspring produced (e.gKinnison et al., 2001; Loewen, Gillis, & Tallman, 2010)
1.2 Fish migrations

Migrations are a directed movement of animals from one habitat to anothereguithrr
returns to the first Hatat (Northcote, 198). Migratorymovemers are ofterdisplayed by the
majority of individuals in a populatigrand fishmigrate to feed, spawn, avoid environments
unsuitable for yearound habitation, increase reproductive success, and to inarsgses c i € S 0

range(Northcote, 1978)

t
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There are many different types oftfimigratiors. Diadromous migrationgvolve the

general movement of fish between freshwater and marine environments. Anadromous,
catadromous, and amphidromous migrations are all types of diadromaasionig}
Anadromous migrationsvolve the movement fron natal freshwater habitats to marine habitats
for feeding, with a return to freshwater habitats for spaw(ihgers, 1949) Catadromous
migrationsinvolve the movement from natal marine habitats to freshwater habitats for feeding,
and a return to marine habitats for spawr(Mgers, 1949) Amphidromous mitationsarethe
migration of fish between freshwater and marine waters at a specific life stage for purposes other
than reproductiofMyers, 1949) It hasbeen postulated that diadromaugrations are an
evolutionay resultof/response to differences in food availability between marine and freshwater
environmentsand thadiadromy evolvd to allow fishto gain accesto regions of higher
productivity (Gross, 1987)Recent evidence, however, indicathat this theory may not be
supported by data for all fish species (e.g., many species ofdbeClupeiformes), and that
other factorssuch as predatiompmpetition temperature tolerancea]ocation of energy,
environmental conditiongind invasia of fish into freshwaters after the Pleistocene icenagge
haveinfluencel theevolution of diadromydifferencesn productivitymayin factexplain
anadromy in only a small portion of anadromous spebdlesigville and Rasmussen, 2003;
Olsson et al. 206; McDowall, 2008 Bloom & Lovejoy, 2014) Diadromy has also been
propo®d to have evolved from the fithess advanigajeed bymarine fishes when eggs are laid
and incubated in relatively safer freshwater environm@nuslson, Laroche, & Lecomte, 2009)

Fish migrations are compleand fishes may not fit perfectly into onéthe abovelefined

categories; a continuum of migratmtyategiess often displayed among speci@écDowall,



1987; see Quinn & Leggett, 198As a result, | will herein refer tmigration®as a general
term to describe movements of fish between freshwater and dagickishenvironments.

Migrations to sea have both costs anddiénfor individual fitness, and fish will only
migrate if there ignet benefit tandividualfitness (Gross, 1987; Jonsson & Jonsson 1993).
Benefits of migrating to sea include increased growth and reproduction via access to habitats
with higher produtivity (Gross, 1987)and decreased paradmeads(Bouillon & Dempson,
1989) However, nigrations are energetically expens{@ross, 1987)fish that migrate to sea
must either osmoregulate or osmetale. In addition, migrating fish expend extra swimming
energy when migratinfGross, 1987)especially when the two habitats between which a fish is
migrating are geographically distant. Migrating fish may also face increased risks of disease and
predation in a new environmeft@ross, 1987)
1.2.1 Anadromy

Anadromy is the downstream migratiof fish from freshwaters to marine waters for

feeding, and subsequent upstream migration to freshwaters for spgiicingwall, 1987) At
northern latitudes, an anadromous life histsinategyis thought to confer a fithess advantage
because freshwaters tend torblativelyunproductive compared to marine environmg@soss,
1987; Gross, Coleman, & McDowall, 1988nadromous life histories are morenamon in
temperate and northern regions, whereas catadromous life histories are more common in tropical
regions.Previous researchers have statedtthiatgeographic difference in prevalenisely
reflects relatively high productivity in northern marinaters (compared to freshwater) and
tropical freshwaters (compared to marindcDowall, 1987; Gross, Coleman, & McDowall,
1988) There are, bwever, a number of othéactors that majead toanadromous behavigur

such agpredation, compéion, temperature tolerancemjergy allocation differences, and



environmental conditions (Morinville and Rasmussen, 2003; Olsson et al. 2006; McDowall,
2008 Bloom & Lovejoy, 2014)

Some fisies,such as Chum Salmo®corhynchuketg Walbaum, 179p are obligatory
anadromougRounsefell, 1958)and therefore mat make migrations to complete their life cycle
Otherfish species are facultatively anadromous, and migrations are not essential. Populations of
facultatively anadromous fishes may display partial migration, where only some individuals
migrate(Gross, 1987; Hicks, Closs, & Swearer, 20H)r example, some individual Brown
Trout (Salmo truttaLinnaeus 175Bare anadromous, while others remain in freshwaters
(Jonsson, 1985)

Partial migratior(partial anadromy is one example of partial migratisrthought to be a
conditional life history strategwhere differences among individuals in life history tactics are
not strictly genetically controlled, butfatted by an interaction between the sfatg., size) of
the individual(Gross & Repka, 199&ndthe conditions of the environmefg.g., Jonsson &
Jonsson, 1993)n at least some species of partially anadromous fishes, females, regardless of
whether they are anadromous or freshwater residents, are able to grothfoeshwater
residentandanadromous progeny (e.gimmerman & Reeves, 2000; Courter et al., 2013)

The proportion of anadromous individuals within a partially anadromous populatidec
influenced by environmental conditions such as food availaiilioydeng, 1983; B@son et al.,
2006) sex(see Jonsson & Jonsson, 1998)d the relative productivity of freshwater natal
habitats compared to accessible marine hal{iGatsss et al., 1988ith higher nutrient
availability in northern marine waters relative to freshwaters, anadromoustéstyrow more
quickly, havehigher fecundity, ad havelarger sizeat-age(Gross, 1987)han freshwater

residens of the same species (e.Bikardsen et al., 2000)



Anadronous fishes use marine environments to varyirgreks The term&emianadromy
is used to describe fishes that migratenarine environmentdutthat o not mgrate to full
strength seawatemstead semtanadromous fishasigrate to brackish waterer waters with
salinity higher than freshwatdout lower than that of seawat@eist & ChangKue, 1997)
Migrations may be limited to brackish waters becaudenifs in the physiological ability to
tolerate higher salinityseeKissinger et al., 20165ize-related salinity toleranog@.g., Conte &
Wagner, 1965; McCormick & Naiman, Robert, 1984addition to timeof first feeding(e.qg.,
Metcalfe & Thorpe, 1992 growth and feeding ratés.g., Forseth et al., 199@ndclimate
conditions throughout early fish developméng., Josnsson, Jonsson, & Hansen, 20858)
affect size and age of first migration for migratory fist&iace larger organisms may be subject
to lower rates of mortality as a result of salinity sti@ssrthcote, 1978)some populations of
freshwatethatching fish, such as a group of Coho Salmon in Alaska, remain in freshwater to
increase body size before beginning marine migrations Rrigcker, 1972)McCormick (1994)

repors on sizerelatedsalinity tolerance in a numbef salmonid species

1.3 Techniques for Studying Fish Migration

Fish migrations can be investigated with a variety of techniques, including teledietdy,
observationmarkrecapture, otolith microchemistry, and stable ipetanalysis; laof these
methods have associated advantages and disadvantages. Fish telemetry is a relatively direct but
invasive method for studying fish migratioff®lemetry studiesequiresurgery to insert tags
into the body of the fish (sdaicas & Baras, 2000 hese tags transmit or store data, el
indicate when fish are in close proximityaaeceiver, allowindish location to be mappear

can store fislposition information that can be mapped after tag retrigeslucas & Baras,



2000) Tags used in temeetry studies are expensive, can be shed from the organism, have a
limited battery life, and data quality is influenced by type and quantity of receivers as well as
several environmental factors (daecas & Baras, 2000However, telemetry data can be of
very high temporal and spatial resolution (kaeas & Baras, 2000)

Fish observationrad markrecapture studies are advantageous as fish are disturbed and
manipulated less than in telemetry studies, but these methods are limited by the ability to
recapture fish that were originally tagged or observed in the studi(sae & Baras, 2000)
Observational and mantecapture methods are only effective when fish are actively examined,;
information onfish movemenbefore and after sampling periods is not availalolgirect
methodsf determining fish migration historguch as stable isotope analysis of fish tissue and
otolith microchemical analysis, often allow inference of fish movements over a longer period of
time than direct observational methodiowever otolith microchemistry analysis requires
sacrificing the fish, andffectivenes®f the methoatan be influencetly many environmental
factors. Qolith microchemistry and stable isotope analysis are discussed in more detail below.
1.31 Otolith Microchemistry

Thetermb ot ol i t h mi crochemi st r yraceelesentals ed t o de s
concentrations in otolithdanfili et al., 2002)Analyzing the elemental composition of fish
otoliths can lend insight into fish life histofanfili et al., 2002)Otoliths are bones of thenar
ear in teleost fisheshich are involved in hearing and balan&@ampana, 1999Dtolithshave
an annular growth structutannuli) much like tree ring@anfili et al., 2002)and are not
resorbed. These bones are composed mainly dtinalkkarbonate, however, trace elements from
the environment can be incorporated inte mhatrix of the otolith andsedastracersof habitat

use(Panfili et al., 2002)Otoliths can thus provide a record of the conditions to which a fish was



exposed throughout its entire lifigee Campana & Neilson, 198385 a fish is exposed to
different elenentsin the water, these elements taken up over the gills or through the
intestines into the blood plasma, where they are transported to the endolymphatic fluid
surrounding the otoliths, and incorporated into the ot¢#impana, 1999 he contribution of
elements in diet and water to the concentration of elesmermtoliths differs among specidsijt
it is generally accepted that watethe main source of elements taken up into oto{elts,
Walther & Thorrold, 2006Webb, Woodcock, & Gillanders, 201Roubleday et al., 20}3The
authors of ae study howeverreportedthatup to70 % of otolith Srin Atlantic Salmorwas
from dietary source¢Kennedy et al., 2000)

Calcium (Ca) andtsontium (Sr) have the same valence amdilar atomic radii, and as a
result, Sr can be incorporated in otoliths in place offzadtke et al., 1996; Kennedy et al.,
2000; Doubleday et al., 20148ecause Sr:Ca ratios increase with salinity, fish that migrate to
seaexperiencéigher salinitiesandhave higher Sr:Ca ratios in their otoliths compared to fish
that remainn low salinity waterge.g., Macdonald & Crook, 2010)

The elationshippetweerelementatoncentratioain water ancelementatoncentratioain
otolithsvariesamong species, anslinfluenced by many factors (reviewedSturrock et al.,
2012 seeCampana (199%or details on elemental discrimination at iféees along the route of
uptake). An important assumption of otolith microchemistry is that there is a positive
relationship betweethe elemenal concentration water andhe elementatoncentration in
otoliths. While a positive relationshifpetween Sconcentrations (or Sr:Ca) in water and Sr
concentrations (or Sr:Ca) in otoliths Haeen examined and determined for a number of species
(e.g, Zimmerman, 2005Walther & Thorrold, 2006Bath et al. 200; Engstedt, Koctschmidt,

& Larsson, D12, it has not been validated for every species on which otolith microchemistry is



conductedHowever, t is generallyassumed that this positive relationshgiween otolith
elemental concentration and elemental concentrations in isagplicable toother fish species.
When lab trials have been performed on the species of interest, otolith Sr concentrations and
Sr:Ca ratios can allow for differentiation between use of freshwater, brackish, and marine
environmentgZimmerman, 2005)

There are several methods for determining concentrations of elements in otolitio$.tiéne
most commonly employed techniques, and the one used in this thesis, is laser-ablation
inductively coupled plasma mass spectrometry-(CR-MS) (Ludsin, Fryer, & Gagnon, 2006)
Laser ablatiohCP-MS is a relatively fast and effective technique for analyzing a large number
of elements and otolith®racheil et al., 2014 ransverse sections of otoliths are prepared to
expose annuliand a laser is used to ablate material from the exposed surface. The ablated
material is then delivered to an IQRPS, where the concentrations betelements in the otolith
can be determined. Material can be sampled along a continuous transect from the otolith core to
the outer edge, at specific points within the otolith, or only within the otolith core, depending on
the time periodn the life of afish that isof interest.

1.32 Stable kotopes

Anadromous and freshwategsident life history forms of fish caniten be differentiatetly
examining stable isotopatios infish tissue; stable u | p AS),c a f b &@),andiitiogen
( TN) isotope ratios are oftarigherin anadromous fish relative to freshwatesidenfish (e.g,
Doucett, Hooper, & Power, 1999; Swanson & Kidd, 2088ble isotope ratios can provide
information regarding fish feeding habits over a periodetfveen four to eight monthsp to
approximately one yeae(g.,Hesslein, Hallard, & Ramlal,993 Buchheister and Latour, 2010;

Franssen et al. 20LFreshwater and marine food sources are especially well differentiated with



the use of st abl €S ratosdrdigheris madne ensioimertsthanin a s

freshwater environmen{®eterson & Fry, 987), and sulphufractionates little witltrophic

transfer (see McCutchaet al. 2003)Carbon isotopes fractionate minimally through dietary

assimilation(Rounick & Winterbourn1986; Peterson & Fry, 1987gnd are most often used to

differentiate between nearshore (benthic) and offshore (pelagic) carbon sources in freshwater

environmentgFrance, 1995) R a t ¥®hawve aldo ben shown toltigher(less negativen

anadromous fish than in resident fish (e.g., Doucett, Hooper, & Power 1999), and thus can be

useful in studies of life history and migration. Nitrogen isotopes fractionate with eabfctrop

transfer, and are most often used to determine relative trophic pdMilmagawa & Wada,

1984) S mi | &%, Nipatios are oftehigherin anadromous fish than in resident fish, and

can be useful in studies of fish life history and migration (e.g., Doutetiper, & Power 999).

Since isotope ratioat the bottom of the food chadan differamong sitesprevious authors have

recognized the importance of accountingdifferencesn >N and*S at the bottom of the

food chain(Rounick & Winterbourn, 1986; Cabana & Rasmussen, 1996; Swanson et al., 2011)
If migrating fish are feeding in isopically distinct habitats table isotope ratios can be used

to estimate pportional contributions of different prey sources taigratingconsumewvith

mixing modelge.qg, Phillips & Gregg, 2001)Linear mixing models, such &oError hillips,

Newsome, & Greg@005)can be applied to isotope data and used to estimate proportional

cortributions of different food sources (dietagdmembers) to consumer didtsiear models

do notaccount foithe large amount of uncertainty that is often observed in endmember isotope

ratios or fractionation factors, however. Bayesian mixing modelsegpfstable isotopeata

are amorerecent advance that allow incorporation of prior information (such as results of gut

content analysis) ral/or estimates ofincertainty in isotope ratios of sources (endmembers), the

u



mixture consumey), and isotope framnation(Moore & Semmens, 2008; see Phillips et al.,

2014)

1.4 Study Area: The Hudson Bayi James Bay Region of Canada
1.4.1 Geography of the Hudson Bay James Bay Region

Hudsonand James &y are located in northern central Canada, and are connected to the
Arctic Ocean through Foxe Basin and the Arctic Archipelago. Hudson Bay swasace area of
more than 1 000 000 Knfingram & Prinseberg, 1998and James Bay has a surface area of 67
000 kn¥ (EI-Sabh & Koutitonsky, 1977Water circulation in Hudson and James Bay is driven
by temperaturand salinitydriven density differences between incoming water from the Arctic
Ocean and freshwaters entering the bays, as well as by(wgrdm & Prinseberg, 1998)Vater
from the Arctic Ocean travels through Foxe Basin and enters Hudson Bay, where it t
circulates around the Bay in a counter clockwise direction. Some of this water travels into and
counter clockwise around James Balge water then renters Hudson Bay before exiting into
Hudson Strai{ingram & Prinseberg, 1998]he estimated watergielence time in Hudson and
James Bay combined is between one and two ybagsam & Prinseberg, 1998andis 10
months in James Bg¥l-Sabh & Koutitonsky, 1977 here are 35 large rivers that drain into
Hudson ad James Bay, and of these, there are 12 mansrin the Hudson Bay Lowlands.
These are, in order of decreasing discharge: the Nelson, La Grande, Moose, Eastmain, Albany,
Rupert, Severn, Churchill, Winisk, Atteapiskat, Harricana, and Ekwamers(Déry et al.,
2005) Discharge of the abovaamed rivers rangdrom 94.24 kniyear! in the Nelson Rivera
2.76 kntyear! in the Ekwan Rive(Déry et al., 208). Many of these rivers have associated

coastal First Nations communities. The large freshwater imgpukese and other rivers leads
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the waters of Hudson and James Bay halomager salinitythan the nearby Arctic Ocean
(discussed in detail below).

The Hudson Bay Lowlands (HBL) comprise an area of approximately 474 0horktne
west side of Hudson and James Bay. The lowlands are located in the Far North of Ontario and
Manitoba, extend from 51°N to 65°N latitu(lRouse, 1991)and are banded on the east at
approximately 78°W and on the west at approximately 96°W. The Lowlands are named as such
because elevation is less than 200 m above seaRyate, 1991)Isostatic depression of the
Hudson Bay area by the Laurentide &eeet allowed the Tyrell Sea to advance thepresent
day Hudson Bay Lowlandsetween/000 to 8000 years agbee, 1960) The Tyrell Sea covered
the region with marineediments of low permeability, leading to a poorly drained landscape with
a low topographic gradiefitanging from 0.65 to 1 m-k®) (Riley, 2011) Poor drainage and low
topographic gradiertielp maintairwet conditionsand facilitated the development of extensive
peatland deposits that cover the surface of the Lowlands. Peat has accumulated so that it is now
approximately 2 m thick over much of timerior (Riley, 2011) The landscape is largely
composed of peatlands in the form of bogs and fens, with many pools and ponds throughout
(McCrea & Fischer,1986) The Hudson Bay Lowlands -is the wc
continuous wetland and peatland after the Siberian Lowl@aiham, 1991Glooschenko et
al., 1994. These peatlands are globally significant stores of carbon, and this large pool of
organic matter is effective at sequestering atmospherdalppsited nutrients as well as
pollutants(Rydberg et al., 2010; Stewart & Lockhart, 2005)

The temperature of the HBL region has historically been moderated spyns¢iace
covering the bay.ce used to remain into the summer months, producing a cooling effect on the

surrounding landgRouse 1991)and making the HBL region cooler than other regions at the
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same latitude. In the miti99Gs, the surface air temperature of the Hudson Bay area began to
significantly increas¢Hochheim & Barber, 2010and the extent of ice cexage on the Bay has
significantlydecreasednodifying regonal climate(Hochheim & Barber, 2010)
1.4.2 Salinity of Hudson and James Bay

As a result of the large freshwater inputs from inflowing rivers, the salinity of Hudson and
James Bay do not reach the full salinity of seawater, which is ~33pgar85per thousand
Surface salinityf Hudson Bg during the summenanges from approximately 23 to Barts per
thousandPrinsenberg, 1978Yhe salinity of Hudson and James Bay ihBigin winter than in
summer, as salt is eliminated frammter sea icgIngram & Prinseberg, 1998)arge freshwater
riverine inputs in James Bay result in lower salinity compared to Hudso{irgagm &
Prinseberg, 1998jhe surface salinity of James Banges from 20 to 3parts per thousand
winter and from 10 to 3parts per thousand summer(Prinsenberg, 1978; Ingram &
Prinseberg, 1998As a result of the counter clockwise water circulation pattern and large
freshwater riverine inputs, eastern James Bay is less saline than western James Bay. The same is
true for Hudson Bay; salinity in eastermdison Bay ranges from 24 to @8rts per thousand
whereas salinity in western Hudson Bay ranges from 28 pa@8 per thousandapoussiere et

al., 2009)

1.4.3 Fish Life History in the Hudson Bayi James Bay Region

A number of anadromous afr@shwateiresident subsistence food fishes are present in the
HBL, including Brook Trout $alvelinus fontinaligMitchill, 1818), Lake Whitefish Coregonus
clupeaformisMitchill 1818), Cisco Coregonus artei, Leseur, 1818), Longnose Sucker

(Catostomusatostomuskorster, 1773)Arctic Char Salvelinus alpinud,innaeus, 1758),
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Walleye Sander vitreusMitchill, 1818), Northern PikeEsox luciusLinnaeus, 1758), Lake
Sturgeon Acipenser fulvescenRafinesque, 181)7White SuckerCatostomus commersonii
Lacépéde, 1803), and Burbdabfa lota,Linnaeus, 1758Berkes et al., 1994; Stewart &
Lockhart, 2004) The characteristics and life history of Cisco, Lake Whitefish, and Northern Pike
are explored more fully below, as these are some of the species targeted Ngttors fishers
in coastal rivers of the HBL, and are the species included in this study.
1.4.3.1 Cisco

Cisco has several other common names, including lake herring, lakiearisallibee(Scott
& Crossman, 1973)Cisco can be found in lakes throughout much ofa@anfrom Alberta and
the Northwest Territories through to Quebec, as well as in north central and eastern United States
(Scott & Crossman, 19733and in loth lakes and coastal riveasound Hudson and James Bay,
where it can toleta the coastal salt watéRRyder, Scott, & Crossman, 1973cott & Crossman,
1973) Riverine Cisco aremaller in size than lacustrine Cisco from the same region (e.g.
Blackie, Vecsei, & Cott, 2012 isco are pelagic planktivor€Scott & Crossman, 1978)at in
freshwater feed mainly on zooplankton and insect lafs@e Scott & Crossman, 1973; Milne,
Shuter, & Sprules, 2005Anadromous Cisco eat small marine fishes, krill, and amphipods,
depending on the time of ye@@reendale & Hunter, 1978)

Cisco of coastal rivemnigrate annually to marine watersthe summer months after thoe
has broken up, and retutmrivers in the fall. Rsearchers workingpieastern James Bay have
previously described migratory behaviour in anadromous ¢Moan, Dodson, & Power,
1981) Adult Cisco have been obsed in James Bay at least 15 to 20 km north of the mouth of
the river in which they overwint¢Dodson, Lambert, and Bernatchez, 1988)Northern

Ontario, most Cisco migrate upriver and spawthafall (~Septembe(Dymond, 1943; Ryder
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Scorr, & Crossmanl973) although some populations have been observed to migrate
Septembebut delay spawning until Novemb@odson et al., 1985)n more southern regions
such as the Great Lakes, Cisco spawn as late as Decemi®cgtie® Crossman, 197.3)

Allopatric populations of spring and fall spawning Cisco have also been identified in a Quebec
drainage systerfHenault & Fortin, 1989; Pariseau, Dumont, & Migneault, 1998)ere
morphometric and genetic differences existed between these two @rmnasilt & Fortin,

1989; Turgeon & Bernatchez, 2000)isco are iteroparous and therefore spawn multiple times
throughout their lives, however, Cisco do not necessarily spawn each year once they have
reached sexual maturitg.g, Morin, Dodson, & Power, 1982)

Detailed data are not available for western James and Hudson Bay, however, in eastern
James and Hudson Bay, Cisco hatch early in the spring (May), whentesaiperatures are
relatively cool (< 8C) (Ochman & Dodson, 1982Riverine larvalCisco are then passively
transported downstream shortly after ice breakQghman & Dodson, 1982%imilar
transportation of larvae shortly aftestch by water currents hbsen documented in Lake
Superior byOyadomari & Auer (2008)Larval Cisco appear to be tolerant of a wide range of
salinities, and have been observed at salinitiespairs per thousamat less(Ochman &

Dodson, 1982)andup to 15parts per thousand Hudson BayPonton, Gagne, & Fortier,
1993)

Cisco aramportant to the subsistence fishery of the Hudson and James Bay Lowlands
region. Many pedp do not differentiate between Cisco and Lake Whitefish, as they look very
similar, and in some communities, Cisco is referred to as the small or little whifedisioal
communication, Bill Kler, Laurentian University, Sudbury, QNAs a result, Cisz are often

consumed interchangeably with Lake Whitefish.
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1.4.3.2 Lake Whitefish

Lake Whitefish has several other names, including common whitefish and Great Lakes
whitefish (Scott & Crossman, 1973)ake Whitefish is distributed in lakes and coastal rivers
throughoutamost all of Canada and Alaskand has an approximate northern limit of
Cambridge BayScott & Crossman, 1973Jhis species is found in coastal rivers and-rtud
largesized lakes of the Hudson Bay Lowlands gfeyder et al., 1973) ake Whitefish are
primarily benthivorous, although they also feed on plankton, insect larvae, fish eggs, molluscs,
and fish, depending on the time of yéareendale & Hunter, 1978eeScott & Crossman,
1973)

Lake Whitefish of coastal rivers in the Northwest Territories, UngayeaBd Hudson Bay
regions are known to be anadrom@8sott & Crossman, 1973pomecoastal populations in the
Hudson Bay region are composed of anadromous and freshwesitdent individuals (Michael
Power, University of Waterlgaunpublished dajaAnadromoud.ake Whiefishmigrate to
marine waters each summer after the ice has broken up andtcetivers in the fall.
Researchrs workingn eastern James BayvJedescribed this migratory behaviaiMorin,
Dodson, and Power, 1988nd, smilar to Cisco, Lake Whitefish have been found in sumimer
James Bawt locations 1820 km north of the mouth of the river in which they overwinter
(Dodson, Lambert, & Bernatchez, 198b)the Hudson Bay Lowlands regidrake Whitefish
migrate upstream to spawn in rivers between late AlandSeptembe(Ryder et al., 1973
Dodson et al., 1985but spawning can occur later in more southerly reg{@ng, Hart, 1931)
Lake Whitefish in eastern James and Hudson Bay hatch in rivers early in the spring (May), when
water temperates are still relatively cool (8 °C) (Ochman & Dodsn, 1982) Similar to Cisco,

riverine larval Lake Whitefish are passively transported downstream within two weeks of ice
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break up{Ochman & Dodson, 1982TheEuropean WhitefisiCoregonus lavaretysinnaeus,
1758)was shown in the laboratory bave the potential to move ~80 km within a day this way
(Lindroth, 1957) Larval LakeWhitefish have been observedia¢ surface of thevaterat
salinities of 4parts per thousamat less(Ochman & Dodson, 1982but at salinities up to 15
parts per thousand Hudson BayPonton et al., 1993)
1.4.3.3 Northern Pike

Northern Pike is a cool watéCasselman & Lewis, 1996piscivorous fish species that is
widely distributed throughout freshwaters of North America and Euf8siatt & Crossman,
1973) In northern North America, Northern Pike are found from Alaska to Labradothend
species6 distribution extends sout KHScott&t o much
Crossman, 1973 his wide distribution encompasses a large latitudinal gradient, indicating that
NorthernPike canexist ina range of environmental conditiQrespié being classified as a cool
water specietseelnskip, 1982) NorthernPike preferentially inhabit calm water over fast
moving water, and prefer shallow, vegetated arBaet{ & Crossman, 1973 the spring, fish
move to locations with shallow, sheltered, flooded vegetation to spaw@#ésselman & Lewis,
1996) Adult Pke are generalist, opportunisteedersconsuming a variety of pragcluding
fish, frogs, crayfish, and small mammé®cott & Crossman, 1973)orthernPike spawn in
spring, after ice melt, aneygs generally hatch within ~121d days(Scott & Crossman, 1973)
YoungNorthernPike remain in the spawrgriocation for ~6 td.0 days after hatch (see Scott

and Crossman, 1973).

Northern Pikehave classically beetonsidered a fehwater fish specigbat displays large
range inpatterns of fish mvementWithin freshwaters obDenmark, researchers showed that

while some individuals were sedentary, others moved up to ~2 km within a six hour time period
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(Jepsen et al., 2001Recentresearchhas identified that enolecular precursassociated with
osmoregulation, and therefore anadromy, developed in teleost fisheomleweiopment of
Salmonidae (Dalziel et al. 20148s Northern Pike is emember of the Esociformes family,
which has been proposed to be a sister group of Salmonidae (Ramsden et alh2683), t
molecular findings indicate that it may pessiblefor Northern Piketo toleratehighersalinity
environmentsDalziel et al. 2014 despite being primarily classified as a freshwater fish species.
Northern Pikeare generally thought to be able to survive salinities up to 18 parts per
thousandDahl, 1961(in Danish) referenced ibacobsen et al., 200 Northern Pikenave
commonly been observed in saline waters with salinities@®fo 12 parts per thousafelg.,
Westin & Limburg, 2002Engstedt et al., 2010; Jacobsen et al., 20kd) it is not uncommon
for them to be found in waters with salinities of up to ~ 15 parts per tho(Sehldmpberger,
1966(in Russian) referenced dacobsen et al., 2003eelnskip, 1982 Muller & Berg, 1982 see
Engstedt et al., 2014%0me evidence suggests tindrthernPike havesvenbeen observed in
areas withsalinitiesthat may be as high &% parts per thousandeeEngstedt et al., 20}4
JuvenileNorthernPike are also abléo tolerate saline waters; studies have shown that fry can
survive direct transfer from freshwater to brackish waters giatts pethousandand gradually
increasing salinity up to 132arts per thousantiowever salinity tolerance decreases with
increasing water temperatui&gacobsen et al., 200Fargensen et al., 2010orthernPike do not
have theability to osmoregulate when exposed to waters of salinity higher than that of the
organi smés bl ood, and(Oikah,437®f ore must osmotol e
Northern Pike can exhibit natal homing in both freshwater and marine waters, as observed in
the BalticSea, the Gulf of Bosnia, ardriver in FinlandMduller & Berg, 1982; Vehanen et al.,

2006;Engstedt, Engkvist, & Larsson, 2014J)thoughsomeNorthern Pike liveand spawrin
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brackish waters of the Baltic Sea, some Northern Pike spawn in nearby fresliaagstedt et
al., 2010; Muller, 1986; Muller & Berg, 198ZFhepopulationthusexhibitsbreeding partial
migration(Chapman et al., 2012)ith sympatric populations ahadromousndbrackish
wate-resident individuals overwinterg togetherin brackish waterbutbreedng in freshwater
and brackisthabitats respectivelf(Engstedt et al., 2010AnadromoudNorthern Pikeequire
freshwater to spawnyhereasmarine/brackish residents spawn at salinities between 6.5 and 11
parts per thousan@Vestin & Limburg, 2002; Jacobsen et al., 2014f) estimated 456 to 82%
of NorthernPike in the Baltic Seare thought to originate in freshwatedepending on the
geographic locatiofEngstedt et al., 2010; Rohtla et al., 20012)e progeny of anadromous
Northern Pike in the Baltic Sea region migrate to sea afiending between one and several
months in the freshwater environment in which they hat¢Badstedt et al., 2010; Nilsson,
Engstedt, & Larsson, 2014igratory behaviour of Northern Pike, to my knowledge, has not

beenstudied in North America.

1.5 Study Rationale

The Hudson Bay Lowlands regionakeady experiencingnanyof the effects of climate
change, including decreased sea ice extent, increased precipitation, decreased pewtaadyost
and increased surface m@ng, and these will only amplify in the futu(@agnon & Gough,
2005a, 2005b)Climate change may also impact aquatic primary productivity, fish growth, and
anadromous migrations in figh.g.,Reist et al., 2006; Wrona dt,&2006; Stern et al., 2012)

Since anadromous fishes rely on freshwater, estuarine, and mabimats ér growth,
reproduction, and migratigmheyare particularly susceptible &ffectsof climate warmingas

they maybe influenced bghange iranyof theseseparatéut connectegnvironmentgGross,
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1987, see Reist et al., 2006) productivity of freshwater environmenincreases as a resoft
climate warmingsee Reist et al., 2008/rona et al., 2006 anadromous fishesayremain in
freshwater instead of migrating to g&xoss, 1987hecausé¢he incentive to migrate for greater
access to resources in the more productive marine environment rdewyibished(Reist et al.,
2006) As freshwater residesihave been shown to have higher mercury concentrations than
anadromous individuals of the same species (see Swanson and Kidd, 2010), changes in
anadromy in this region couttlereforehave implications foexposure of humans to mercury

through fish consumption.

1.6 Study Objectives

Given the importance of understanding anadromy in terms of fish ecology, management, and
contaminant exposuind accumulatiarthe overall objective of mihesis researcivasto
develop a better understanding of the life history and extent of anadromy in three subsistence
fish species in ttee rivergSevern, Winisk, and Attawapiskgthat drainthe Hudson and James
Bay Lowlandsand flow into Hudson and Ja® baysUsing a combination of otolith
microchemistry(otolith strontium concentratiorgr]) to trace use of marine wieshwater
habitat)and stable isotope analy$isiS to traceeliance ormarine or freshwater prey
resources)my specific objectivesind hypothesesereas follows:
Objective 1: To more fully describaspects of théfe history(e.g., age at first migration
proportion of migratory individua)of Cisco and Lak&Vhitefishin each of the three study
riversin the Hudson Bay Lowlands

Based on research conducted on rivers in Eastern Jamelshiypgihesizd thatthe

majority of Cisco and Lake Whitefish from rivers that flow into western James and Hudson Bay
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would be migratory, and that they woutdgrate within heir first year of life | further
hypothesized that prevalence of migratory individuals would be different among asexs,
result of the salinity patterns and water currentsiwibudson and James Bay, and the
differences in productivitetween fresh and marine wat#ratdiffer among rivers
Objective 2: To investigatevhether North Americahorthern Pike access marine/brackish
environmentsand iffound to doso, to describe their life history (e.g., age at first migration,
proportion of migratory individualsY o investigate this possible use of marine/brackish habitats,
| used the Hudson Bay Lowlands as a model system where Northern Pike have access to
marine/brackish waters.

| hypothesized thatomeNorthern Pikevould migrate to marinkrackishwaters in the
Hudsa Bay Lowlands, based on documented anadromous behaviour in the Baltic Sea.
hypothesized that the prevalence of anadromous individadléife history of anadromous
individualswould bedifferent from that previously observed in the Baltic Sea, andusedhe
salinity of Hudson and James Bay can exceed known salinity tolerances of Northern Pike, |
predicted prevalence of anadromy todser in the Hudson Bay Lowlands than in the Baltic
Sea | further predicted that, unlike the Baltic Sea, there woalddoevidence dfrackish water
resident individuals in the Hudsora Lowlands, as a result of higher salinity than in the Baltic
Sea.
Objective 3: To examine the reliance of Cisco, Lake Whitefish, and Northern Pike on marine
derived nutrients

| hypathesizel thatin each of the three study species, isotope régseciallyd®*S) would
differ between individuals classified as migratory and-nogratory (based on otolith

microchemistry results) reflectirdifferentuse of marine and freshwater hatstd also
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hypothesized thahere would be differences in habitat use (as traced by isotopes) among
speciesdue to differences in salinity tolerances among speGe®n that isotope ratios are in
general higher in marine environments than in freshwatg@redicted that, within each species,
migratory individuals would have significantly higher isotope ratios tharmgratory
individuals.Based onhe higher sahity of Hudson and James bays comparetheBaltic Sea
and the higher salinity toleraes of Cisco and Lake Whitefish compared to Northern Pike, |
further predicted that migratory Cisco and Lake Whitefish would have hifgratios than
Northern Pikel hypothesized that proportional contribution of mafitegived nutrients/prey to
fish tissue would differ among species, dmqtedicted that stable isotope mixing models would
indicate that migratory Cisco and Lake Whiteftedgreater proportional contributions of
marinederived nutrientpreyto dies than migratory Northern Pike. | algredicted that
individualsof all specielassified as nomigratory, if presentwould have diets composed of

entirely freshwatederived nutrients/prey.

1.7 Expected Significance

My aimwasto better understand fidife history in the HBL regionClimate change has the
potential to increase freshwater productivity, which could reduce fitness benefits gained from
migrating to seaandresult in fewer anadromous migraticarsdbr fewer anadromous
individuals within partially migratory populatiorfReist et al., 2006 Warmng waterscould
also change interspecific interactions (e.g., competition, predation, parasmidrapnsequently
life historyof northern fishes via a northweshift in the distribition of more southerfish
speciegseeReist et al., 2006 Diadromous species of fish are particularly susceptible to
disturbances as they require two connected habitats for survival and reprof@odiesy 1987)

Understanding the use of multiglabitats by anadromous fishes will allow the creation and
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implementation of conservation plans to ensure prppeection of all habitats used by

migratory organismsaultimately protecting migratory species thatke use of multiple habitats.

In addition,in combination with contaminant data, and the knowledge that life history influences
contaminant bioaccumulation, this work vk usedy researcherdopcal fishersand policy

makers tdnterpret variability in fish mercury concentrations @amsure si@ fish consumption
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CHAPTER TWO - METHODS

2.1 Study Location

The Hudson Bay Lowlands (HBL$ an area of approximately 474 000 %am the west side
of Hudson and James Bay. The lowlands are located in the Far North of Ontario and Manitoba,
extend fromb1°N to 65°N latitude (Rouse, 1991), and are bounded on the east at approximately
78°W and on the west at approximately 96°Mie landscape of the Lowlands is largely
composed of peatlands in the form of bogs and fens, with many pools and ponds throughout
(McCrea & Fischer, 1986)

The rivers included in this study are thes&m, Winisk, and Attawapiskaivers the mouths
of which are located on ¢étwedern coast of Hudson and Jameydy in the Hudson and James
Bay LowlandgFigurel). These rivers were selected for study because they all have coastal First
Nations communities arassociatedubsistence fisherieshe Severn, Winisk, and Attawapatk
rivers are a subset of 35ajor rives that drain into Hudson and James Bay, and have drainage
basinsizes of approximately 102808730Q and 50500 k%) and anual dischargeof 21.20,
14.69 and 11.08 krhyear?, respectivelfEnergy Mines and Resources Canada, 1D&8y et

al., 2005.

2.2 Sample Collection
2.2.1 Fish Colletion and Processing

Specieschoserfor this studyrepresent aaluableresourceo subsistence fishers of the
HBL, andthe included species amdorthern Pike, Lake Whitefish, and Ciséar each river,he
target sample size wa$ fish of each specie$ imterest from waters above tidal influence and
20 fishof each speciefsom within the zone of tidal influenc&his samplingstrategy was

employed ® maximize the probability of capturing batbn-migratoryandmigratorylife history
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types ofeach speeis in each river (if presgnCollection of samples occurred via gristing
government, First Nationand industry sampling prograntash were captured through angling
and gill netting. Multimesh benthic gill net®28-127 mm mesh size, 0.9 m high,.24n long;
large mesh River Index Netting gillnetkynes & Yunker, 2010yere used to capture fish fial
(September/Octobe011, 2013, 2014, and 201Somefish from the Winisk River wre
captured indJune 0f2011.Angling also occurred ifall 2015 to supplement sample sizes
particularly for Northern Pikelablel outlines the sample sizes of each species ottistwere
collected ananalysed footolith microchemistry and stable isotomtios Sampling locations
are shown in Figure 2.

Upon capture, length (mm), weight (g), sex, and maturity were recorded for each fish.
Stomach contents were also recorded, although, due to field sammtsigints, only coarse
estimates of stomach contents wpossible(i.e. fish, invertebrates, etc.$kinless, dorsal
muscle tissue was collected from each fish for stable isotope analysis, and stored-ipaW/hirl
bags. Ageing structures (both sagittal otoliths, as well as cleithra for Northerm@ilee)
collected from each fistOtoliths were cleaned in deionized water, dried, and stored in
centrifuge tubes in advance of otolith microchemical and agaiatyses. Flesh was removed
from cleithra using a cloth and warm water, and the structures were dried and stored in paper

envelgesprior toageing analysis.
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Figure 1. Map of the Severn, Winisk, and Attawapiskiaers in the Hudson and James Bay
Lowlands of the Far North of Ontario that are the sites of fish collection in this §Greylit:

Angela Graham).
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Table 1. Sanple sizes of fish collected and analyzed from above or within the zone of tidal
influence of the Attawapiskat, Severn, and Wimskrs. The aim was to capture both

freshwater resident and migratory individuals of each species, from each river, if present

Cisco Lake Whitefish Northern Pike
River Upstream . Upstream . Upstream :
oftide 19l Tochige  Mdal oiige  Tdal
Attawapiskat 8 25 16 31 20 21
Severn 20 26 22 20 35 3
Winisk 28 20 24 19 20 19

2.2.2 Baseline Organism Collection

To facilitate isotop baseline correctiofPog, 2002) dams (Unionidae and Sphaeriidae)
and snailfLymnaeidae, Planoribae, and Physidaeje collected from each river, when
possible. Marinenussels Nytilidae) werenot ubiquitously available, and wetellected
opportunisticallfrom nearshore narine watersorthwest of thenouth of the Severn River.
Logisticalconstraints prevented sampling of additional marine organisms for baseline analysis.
2.2.3 Water Sample Collection and Analysis

For otolith microchemistry to provide meaningful informeatregarding marine migrations,
water chemistry must differ between freshwater and marine environridéstis: sarples were
gathered from each rivéo determine background Sa ratios in the water, aatios in water
influence ratios inotoliths (Kraus & Secor, 2004andSr:Ca ratios and Sr concentraton
salmonid and Northern Pike otoliths correlate positively with sal{@itypmerman, 2005;

Engstedt, Kockschmidt, & Larson, 2012)Water samples were collected in 2014 and 2015
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from each riveat sitesabove tidal influence, and in marine waters near the mowthabf of the

Attawapiskat, Severn, and Winigkers (Figure 2)
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Figure 2. Locations of fish and water sammq in the Seern, Winisk, and Attawapiskaitvers.
Water sampling locations are numbered, corresponding to numbers listed in Traisigt3)

(Credit: Angela Graham).

Freshwater samples were collected via surface grab, filtered with a 0.45 um fdter, an
refrigeratedor kept on iceprior to analysisAnalyses for Sr and Ceoncentratioawere
conducted at the Ontario Ministry Bhvironment and Climate Chan{@MOECC) Dorset
Environmental Science Centre followittte OMOECC MET347rotocolfor metals aalysis

Marine water samples wecellectedvia surface grain 1 L bottlesandkeptcool on ice.
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Samples were filtered with a 0.45 um filter into a 250 mL HDPE bottle, acidified with 3 mL of
HNOs and sent téA\LS Environmentafor analysis of SandCa bylCP-MS. Strontium to
calcium(Sr:Ca)molar ratios (mmol) were calculated for eachtey sampling location and
comparedetween freshwater and marine waters.
2.3 Otolith Analysis

Otolith microchemical analyses wertenducted on otoliths of each fish incldda this
study to examine fish life history and use of marine and freshwater habitats.
2.3.1 Otolith Preparation

One of each pair of cleaned and dried otoliths from eattectedfish was prepared for
analyses of otolith microchemistry using methodslainto that ofSwanson et a(2010)
Otoliths that appeared crystalline were not selected for microchemical analysis, as vaterite
inclusions in otoliths affect the concentration of elemé@euldie, 1996)Clean, dry otoliths
were embedded in Buehler EpoThin epoxy réBuehkr, Lake Bluff, lllinois, USA) with the
sulcus side facing up. Curing was facilitated by usifi®°C drying oven for 48 hrs. Embedded
otoliths were then examined, with the sulcus side down, under a dissecting microscope with
reflected light. A transverse line was drawn through the core of the otolith to the outer edges to
indicate where the otdh should be cut. In some cases, where otoliths had large abnormalities,
particularly with otoliths of Northern Pike, these limesreangled significantly so that the line
went through the longest axis of the otolith and all annuli would be included neghlting cut
section.

Otoliths were sectioned transversely using a Buehler Isomet low speed saw, with a saw
speed of ~100 rpm. Sections were then mounted cut side down onlatiekpaper within a 2.5

cm Lucite ring. These rings were backfilled wBuehler EpoThin epoxy resin and allowed to

28



cure in a 50C drying oven for 48 hrs. Rings were wet sanded with distilled wat80 um, 9
pm, and 6 pnpolishing paper, and finally on a Buehler MetaServ 250 Single Gripolkesher
polishing wheel with 0.05im alumina slurry at 35@00 rpm. Each otolith was imaged with a
Leica M80 dissection microscope (Leica Microsystems, Wetzlar, Germany) with reflected light.
Rings were then ultrasonically cleaned for 15 minutes in distilled water before being dried and
stored in clean KimWipes.
2.3.2 Otolith Microchemistry

Laser ablation inductively coupled plasma mass spectrgifieA-ICP-MS) was conducted
atone of two laboratories, depending on laboratory availability. The first laboratory was located
at the Departmertdf Geological Sciences at the University of Manitolvaerea Therme
Finnigan Element 2 inductively coupled plasma mass spectrometeM8}Thermo Fisher
Scientific, Waltham, Massachusetts, USA) coupled to a Nd:YAG laser (Merchantek LUV 213,
New Wave Rsearch/Merchantek, Fremont, California, USA) was used. At the second
laboratory, the W.M. Keck Collaboratory for Plasma Spectrometry at Oregon State University, a
Thermo XSeries Il Quadrupole IGRIS (Thermo Fisher Scientific, Waltham, Massachusetts,
USA) coupled to a Photon Machines Analyte G2 (Photon Machines, Bozeman, Montana, USA)
193 nm laser was used.

Laser and ICRMS conditions as well as data acquisition settings were recadddre
reported in Tabl@. A 50 second warm up period before analysi each otolith allowed
acquisition of background concentrations and correction for instrument drift throughout a run.
Calcium was used as an internal standard, and a glass standard, NIST 610 (National Institute of

Standards and Technology) was usednasxaernal standard to calculate elemental
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concentrations within the otolitmheNIST 610standardvas analyzed at the start and end of

every ring of otoliths (8 otoliths; approximately 1 hour of instrument time).

Table 2. Laser ablation, ICRMS, and @ta acquisition settings for otolith microchemical analysis

at both the Winnipeg and Oregon laser systems.

Laser conditions Sector field Quadrupole
ICP-MS with ICP-MS with
Nd:YAG laser  Excimerlaser
(Winnipeg) (Oregon)
Spot size 30 um 30 um
Repetition ate 10 Hz 7-10 Hz
Laser scanning speed 2-5 pm-sec* 3-5 pm-sect*
Energy density on ~7-8 mJ-cn¥ 5.2 mJ-cnt
sample
Incident pulse energy ~0.01 mJ
ICP-MS conditions
Plasma power 1280 W 1380 W
Cooling gas flow 14.4 L-min? 13.0 L-min?
Auxiliary gas flow 1.0 L-min? 0.80 L-min?
Sample gas (Ar) 1.1 L-min? 0.99 L-min?
Make-up gas (He) 0.67L-min? 0.2 L-mint

Data acquisition
Protocol
Scanning mode
Detector mode

Magnet settling time

Time resolved
BScan and
EScan
Analog and
counting
1-300 psec

Time resolved
Sector only

Counting

N/A

*Typically a scanning speed of 3 um-dasas used, but 5 pm-séevas used with very large

Northern Pike otoliths, and 2 pm-sewas used for ventral transectsNirthern Fke otoliths to

increase spatial selution.

2.3.3 Reduction of Mass Spectrometry Data

Laser ablation mass spectrometry data were reduced using the trace elements data reduction

scheme within lolite v. 2.3 (The University of Melborne), an application addition to Igor Pro v.
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6.3.7.2 (WaveMtrics Inc., Portland, Oregon, USA). After data reducti8n], (ppm) were

plotted against distance from the otolith core (calculated as ablation time (sec) x ablation speed
(um/sec)) for each otolith using R Studio v. 3.3.1. Raw data were atsatlsaa inR Studio

using a 10 pointoving average (similar to smoothing doneHsyedrich & Halden, 2010)

After sample ablation, images of the otoliths, including the laser ablation line, were captured
using reflected light on a Leica M80 microscope with a Leica IC80 camera attachment (Leica
Microsystems, Wetzlar, Germany). Plotssst oncentration (ppm) througl
(measured as distance from otolith core (um)) were overlain onto thalgasbn images
captured from each otolith.
2.3.4Determination of Fish Age

Fishages were determined theNorthwest Fisheries Ageg Lab Ontario Ministry of
Natural Resources and Forestry (OMNRF) in Dryden, Ontario. Ages determined by the OMNRF
are traditionally read from 6cracked and burn
Whitefish and Ciscaandfrom whole cleithror Northern Pike. Some of ti@@isco and Lake
Whitefishfish in this study, howevehad ages readom the disks (thick sections) that were
prepared for otolith microchemistry.g&s of asubset ofCisco and Lake Whitefisivere
determinecht the same lalvatoryusing either cracked and burned or polished thin section
methods as well as the thick section metliesiimates of fish age froeracked and burned or
polished thin sections of otoliths yielded similar results to those generated using thick seéctions
otoliths in leucite rings. The mean difference between thin and thick section methods + standard
error was 0.347 + 0.0901 years{A49), and the mean difference between crack and burn and

thick section methods +* standard error was 0.692 + 0.161 (yeai®9).
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Annuli of otoliths prepared for analysis with thentsection method were counted under a
microscope with transmitted light; the opaque zone appeared dark, and the translucent zone
appeared bright under this lighting ($&anfili et al., 2002)one year of growth was counted as a
translucent zone followed by an opaque zdweuli of otoliths prepared for otolith
microchemistry(thick sections) or witlthe crack anddrn method were counted under a
microscope with reflected light, where the opaque zone appeared bright, and the translucent zone
appeared darfsee Panfili et al., 2002pre year of growth was counted as an opaque zone

followed by a translucent zonEach fish wasssumed to be born Januéirgt of each year.

2.4 Stable Isotope Analysis
Analyses of ablecarbon, nitrogen, armslilphurisotoperatios in fish tissue wereonducted
to examine the importance of marine and freshwater nutrients/prey resources to the diets of each

fish included in this study.

2.4.1 Sample Preparation and Analysis

Snails (Lymnaeidae, Planoribae, and Physidae), cl8ptsageriidae@nd Unionidae), rad
marine mussels (Mytilidae) were removed from their shEtiot muscle was dissected from the
main body of both clams and marine mussels for analysis whereas whole bodies were analyzed
for fingernail clams and snails. Alish muscle tissyenvertebra¢ foot muscle tissue, and
invertebrate whole viscera westored in WhirdPak bags and frozen &0°C, until samples
were freezalried for 48 hours on a Labconco Freezone 2.5 Liter Freeze Dry Syste4f@t
and 10 mTorr (Labconco, Kansas City, MissoUiSA). Freezedriedtissue washomogenized
using a mortar and pestle or a ball mill. These samples were stored in new, clean, 20 mL
borosilicate scintillation vials. Samples were weighed into tin cups on a Méttkedo

Analytical Microbalance (model XP@&R) (MettlerToledo, Greifensee, Switzerland) for
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analy®s of stable isotope ratios arbon (C), mtrogen (N), andulphur (S) (e.g., Swanson et al.

(2010)). Target sample weights were-0.32 mg for C and N, and 121 mg for S.
Stablecarbon(**C/*2C) and ritrogen(**N/**N) isotope analyses for fish caught in 2011 and

2013 were completed at the Stable Isotopes in Nature Lab at the University of New Brunswick,

Fredericton, New Brunswick using a Finnigan Mat Delta Plus continuowsdtiiope ratio mas

spectrometefCHIR-MS) coupled to a Thermoquest NC2500 elemental anal@aenples from

fish captured in 2014 and 20%%ere analyzedbr stable C and N isotopéy the Environmental

Isotope Laboratory at the University of Waterloo with an 1108 Eleméntab | y zer ( Fi s on s

| nst r upswech, Usited Kingdom) coupled to a Delta XL (Thermo Fisher Scientific,

Waltham, Massachusetts, USA) continuous flow isotapie mass spectrometekll sulphur

isotope ratiq**SF?S) analyses were completed at the Unsity of Waterloo Environmental

Isotope Laboratory using an elemental analyzer, Costech CNSO 4010 (Costech Analytical

Technologies, Valencia, California, USA) coupled with an Isochrom continuous flow isotope

ratio mass spectrometer (CFIRMS) (GV Instruméuds (Micromass Ltd.), Wythenshave,

Mancheter, UK). A subset of samples £n116) were analyzed for C and N stable isotope ratios

at both the University of Waterloo lab and the University of New Brunswick lab. The mean

percent (%4 i f f e r ®®\hbetweer imstruinents + standard e(®E)was 6.58 + 2.37 %

¢

(mean absolute differeneeSE = 0.747% 0 . 2 8),2and&he meapercend i f f er 8nce i n
between instruments ZEwas 3.76 = 1.73 Ymean absolute differenaeSE= 1.02+ 0.0219

& ). Duplicate samples were run every"i<amplefrom the University of Waterloo laboratory

and every 2) sample from the SINLABand no less than 2@ of a run was made up of

standard or reference materials.

ol |

(7]
o3}
(7]
—

The equation for calculation of stableis ope r ati os ( a)
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Equation 1: 1O —— p pTm
X = element of interest
R = ratio of heavy to light isotopes of element %~ ; where j is the heavy isotope, and i is the

light isotope of element X.
Reference materials we¥denna Pee Dee Belemniter C, Atmospheric Air for N, and
Vienna Canyon Diablo Triolite meteorite (VCDT) fo{Sonfiantini, Stichler, & Rozanski,
1995) Standard delta (U) notati oinpevasmiulsedal) o e
relative to a standar@Equation 1) International reference materials (i.e. IABA + N2, IAEA-
CH3 + CH6, USGSI0+ 41, IAEA-SO-5, IAEA-SO-6, NBS127, NBS123, IAEA-S1 t6S3
(only IAEA reference materials at the SINLabhd irhouse standarde.g. NIST 1577b
(Bovine liver))calibrated with these reference materials were used to ehstiamalytical error
for stable isotopes of carbon, nitrogen, and sulpdd€( °Ni, &8, despéctivelydid not
exceed 0. and@., 3 DupliBateFamples were within &3, 0.5a , and 0.& (2 %,

7 %, and 8 %difference)for C, N and S, respectively.

2.5 Data Analysis
2.5.1Visual Classification of Fish as Migratory or Non-Migratory

To differentiate between migratory and amigratory fish, | visually assessed [Sr] profiles
of each fish for evidence of increased [Sr] that may be reflectivenefgpent in marine waters.
Fish classified as nemigratory(thought toremain in freshwat@¢were characterized by low [Sr]
and flat profiles. In contrast, fish that were characterized as migratory showed distinct

oscillations between higinand lower [Sr], and the higbr [Sr] was well abovend clearly
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differentiable from tk observed baseling.g, Swanson gal., 2010; Kissinger et al., 2016)
Although fish may not all be easily classified into categories of either migratory or non
migratoryand often there is a gradient of anadromy within a sygiécbowall, 1987; see

Quinn and Meyers, 2004)usedcategaies to classify fish as this is commonly done in the
literature(e.g.,Howland et al. 2001; Brown et al. 2007; Swanson et al. 2011; Harris et al, 2012)
andbecauseategoriexanbe especiayl useful when there agroupings of fish withdistinct

behaviair. To visualize how [Sr] corresponded to annafd to quantify age of first migration,
profiles of [Sr] were overlain onto peablation photographs for each otolifor each migratory

fish, the number of migrations to seawater wenassessed visugl If an oscillation in [Sr]

was detected near the edge of the otolith, it was counted as a migration only if the [Sr] began to
decrease, indicating that a fish was returning from the seaward migration. The number of
migrations recorded for each fish wset to be less than or equal to the maximum age of the fish;
fish that had one more migration than year of age likely migrated in their most recent year of life,
but were captured before an annulus was laid déga.of first migration was also quantified

for each fish using [Sr] profile overlays. Migration year was recordddeasge of the fish in the
year in which it first migratedCorrelation of fish age and number of migrations were determined
with Pearson product moment correlation coefficients icrésoft Excel 2013.

Deviations in [Srffrom theearlyfreshwater life phase were relatively easy to discefSin
profiles ofmigratoryCisco and Lake WhitefisiHowever visual interpretation of Northern Pike
profiles wasmore ambiguous, with appatebut less differentiablelevatedSr] relative to
concentrations in the freshwater life phaBeerefore, in addition to visual assessment,
comparisonsvere made betwedhe Sr:Ca profile of &lorthern Pikeclassified as migratory

from this studyandmarine migrantNorthern Pike from othgsublishedstudies Sr:Ca was
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compared athiswasthe variableeported in théaltic Sea Northern Pike literaturgr:Ca
profiles were selected from the literatydata from:Westin & Limburg, 2002Engstedt et al.,
2010; Rohtla et al., 2012; Engstedt et20]14)and were plottetvith a sample migratory
Northern Pike Sr:Ca profile from this studyhe distance frorthe otolith core was scaled to the
maximum distance ofaeh individual otolith trarexctto standardize the profileSinceprecision,
accuracy, and sensitivity differs among instrumentation tygoes studies used different
instrumentatior{Campana et al., 199@bsolute Sr:Ca ratiosere not directly compareé&or
each otolith profilean average Sr:Ca was calculated for a region of the profile assumed to
indicaie freshwater residencyhik averagavas used tealculaterelative Sr:Ca rabs forthe
assumed migratory phasee#chNorthern Pike otolith included in the comparison pfotl0-
point moving average was calculated for the Sr:Ca valuadlofthern Pikeprofile from this
study, and plotted with scaled Sr:Ca from profiles selected from the literdb@ngations from
the Sr:Cdreshwateibaselinevere thervisually compare@mong studies
2.5.2 Strontium Range and Maximum Plots

In addition to classifyindgish as migratory or nemigratory based on visual analysis of
overlays, | plottedSr] range (ppm)Sr maximumi Sr minimum) againgiSr] maximum (ppm)
for each otolith. These plots have been shown by o#iselarchert be helpful in differentiating
among groups of fish with distinct migratory patterrishfwith higher Sr concentratioange
and maximum have a higher reliance on marine environnteantsfish that plot with low Sr
concentration range and maximum (elg@ewen, Gillis, & Tallman, 200Harris et al., 2012)
Strontium concentration range and maximum were calculatediffedataset of 1{point
moving averages (smoothed datsgt wasgenerated for each fish. Plots were generated in

Microsoft Excel 2013 for eactpecies and each study river.
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2.5.3Stable Sulphur Isotope Ratios

Arithmetic meas of (P“S ratios were calculated for each invertebrate taxdeach
visually-determined (using otolith microchemistmjgratory groupof fish speciegif present) in
each river. To determine if meapeciesspecifici**S were significantly differenbetween
migratoryand normigratory fishwithin a river, ttests were performed when adegusample
sizes were availabl@o determine if meai®*S were significantly differenamong species
within migratory groups and rivers, omay analysis of variance (ANOVAwere performed
when adequate groups and sample sizes were available. Alpha ws®.88t and statistics were
performed inBM SPSS Statisticsv. 281 ot s Jd'Grativseware craateid Microsoft
Excel 2013or each species, migratory group, aiver, with averagéreshwater and marine
baseline values included for comparisons between rivers and species
2.5.4 Mixing Model to Determine Proportion of Marine-Derived Nutrients

To estimate the proportion of freshwater and madeeved nutrients inhie diets of
capturedish, 1 applied mixing models tG**S andi!*C datafor each riverspecies, and
migratory groug(visually classified) of fishHowever the i*3C baseline was not fully
characterized in this study, atite i*3C ratios ofconsumersvere not within the range of
captured baseline organisnas a result, only**S was used in the modéince | was only
interesed in differentiatingpoetween two defined sourcesthe diet (freshwater and marine
sources)only one stable isotope tracer was necessarsedMixSIAR, a Bayesiarmixing
model(Stock & Semmens, 2018)ith one stable isotp e t 7*3) 0 estimafgnedian(and
95 % credible interva) proportioral marineand freshwatederived nutrient contributiorfer
each migratory group (migratory or namgratory), speciesndriver. Proportional

contributiors of freshwaterand maine-derivedpreyto fish diets were then compared among

37



species, migratory groups, and rivdBayesian mixing models allow incorporation of
uncertainty measurements for food sources, isotopic signatures, and contributions of each source
to the mixturgPhillips et al., 2014)
To estimate trophic fractionation for each spediessumed that Cisco and Lake Whitefish
were feedingone trophic level above the baseline organjsams that Northern Pike were
feeding atwo trophic levels above the baseline organidfnactionation (discrimination) values
for (iP*Swereassumedto b5+ 0564 per t r o gMcCutchah et al.n20d3for
generate the discrimination values included in the model, | multiplied the assumed trophic
fractionationand associatkerrorby the asginedtrophic position of each sgies.

Each model was run with three MCMC (Markov chain Monte Carlo) chains with a length of
100000 runs a burnin length of 50000 runs, and thinning so that every"$0n was retained;
these settings were the default settings usingehglong moded run lengthin MixSIAR. Chain
convergence was determined through the GelRalnin Diagnostic and the Geweke Diagnostic.
The error term in the model was set to residual*process, as this type of error was found to be
more accurate than previous methodsrgfreestimation and is more ecologically realiggtock

& Semmens, 2016}riors were set to uninformative.
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CHAPTER THREE - RESULTS
3.1 Water Chemistry and Basele Analysis

There were substantial differences in molar ratios of strontium to calcium (Sr:Ca) between
water sampled in thigeshwater and marirenvironments foeach river Table 3) | was thus
confident that if fish were migrating to marine waters fanmer feeding, otolith
microchemistry would be anfettive technique for detectingigrations.

The mean maring*Sratioin marine invertebrateflsom nearthe mouth of the Severn River
wasl7.8£05a st andar @able é)yhis eatue ivithin the range of othenarine
U**Sratios reported in other studiesl5 to214 ) (e.g, Peterson & Fry, 198Fry, 1988;

Mizota, Shimoyama, & Yamanaka, 1999acAvoy et al. 2000Swanson et al2011) Although

there are likely slight differences baselinemarine®’S ratiosisotoperatiosalong the coast of
James/Hudsondys, the marine isotope values from mussels collected beyond the mouth of the
Severn Rivewereassumed to be reflective of the Hudson and James Bay emérnt along the
western coasfThe freshvaterinvertebrate baselin&*sS ratios in each river rangéetweerp.9

and 14.62 lower than the marine invertebrate baseliifég ratiosranging from 3.24 to 7.90

a ), indicating good isotopic separation of marine and freshwater environments.

After exanination of stable sulphutif*S), nitrogen {i*°N), and carboni#-*C) ratios for
freshwater and marine endmembers (Table 4), sulidicarbon werdetermined to provide
the most isotopic distinction between freshwater and marine baseline orgarhenmesvas not
enough isotope distinction it°N between freshwater and marine endmembers to be useful in

differentiating marine vs freshwater feeding habits.
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Table 3. Strontium to calcium ratios waterfrom freshwater and marine locatioi$ere were
differences in Sr:Ca between freshwater and marine water collection sites in each river,

indicating that otolith microchemistry would likely be an effective method for differentiating

marine vs. freshwater habitat use. Site numbers correspond to numbeispgdRigure 2)

Site # River Latitude and Freshwater (FW)or  Sr:Caratio
Longitude Marine (M) (mmol)
Collection

1 Severn 55° 570P.2njN FW 0.636
087 46R.1nj V

2 Severn 56° 00M§j7.6njN FW 0.568
087 34Mj.5n) v

3 Severn 56° 0818P.3njN M 8.132
087 408{L9nj V

4 Severn 56° 0618P.4njN M 6.699
087 38QjL.1nj V

5 Winisk 54° 57MB.9njN FW 0.057
85° 2889p.4nj W

6 Winisk 55° 1012P.4njN FW 0.789
85° 158p.7nj] W

7 Winisk 55° 17N#B5njN M 7.575
084° 5419P.9nj V

8 Winisk 55° 1718p.6njN M 5.785
084 56/8B.2n] V

9 Attawapiskat 52° 55M3.6njN FW 0.073
82° 25Q)7.7nj W

10 Attawapiskat 52° 59MP.4AnjN M 6.787
82° 118BOnj W

11 Attawapiskat 52° 59MP.4njN M 6.839
82° 118BOnj W
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Table4.Summary of mean ~“Ss¥PNajn dlardatioddrestiwiatararido n U
marine baseline for each of thetédwapiskat, Severn, and Winigkers of the Hudson Bay
Lowlands.The aganisms included in thisaseline are identified’he meanmarine isotope

baseline value was higher than the freshwater baseline isotope value from alhowerger,

was most different foi®S, indicating good isotopic separation between freshwater and marine

endmembers.
. , Number of <34 < <15 = 13 =
Site Organisms Individuals S (a N (& a°C ( a)
Attawapiskat Unionidae 4
7.90% 2.0 410+£0.71 -29.3+3.9
Snail* 3
Severn Unionidae 3
3.24+059 474+£087 -336+21
Sphaeriidae 2%*
Winisk Snail* 3 6.35+0.51 2.76+£0.26 -32.7+0.32
Hudson Bay
near the Mytilidae 7 17.8+0.52 8.74+0.14 -23.8+0.27

Severn River

*Snails include individuals from the families: Lymnaeidae, Planoribae, and Physidae.

**Each of these samples is a composite of 35 individuals.

3.2 Otolith Microchemistry
3.2.1 Cisco

All but one Cisco (126 of 127 fislmadotolith [Sr] profilesconsistent with that of a
migratory fish(seeFigure3 and Tableb). All migratory Ciscogrouped together on Sr range and
maximum plots, and had maximyi®r of >3500ppm Figure4). In contrast, the one Cisco that
was classified as nemigratory (from the Winisk River) had a maximumcencentratiorof

~500 ppm, and plotted in the bottom lgftadranf the Sr range and maximum p(&igure4).

41



One group of migratorgisco from the Attawapiskat River had aller Sr rangethan the rest of
the migratory Cisco from this riveFigure4). All of these Cisco had high Sr concentrations at
the core of the otolitthatresulted in a smaller Sr range.

The mean number of migtions formigratory Cisco was om the Attawapiskat Rer
(range: 37 migrations), or the Severn River@nge: 110 migrations), and ®r the Winisk
River (range: 214) (Table6). Differencesamong riversn number of migrations) general
reflecteddifferences in mean ages: migratory Cisco were on average 5.8 years of age in the
Attawapiskat River (range=-B0 years), 5.§ears of age in the Severn River (rangd03, and
10.6 years in the Winisk River (range3B years) (Table 6 here was a sigficant positive
correlation between fish age and number of migrationsifigratoryCiscoof eachof the study
rivers(Pearson product moment correlation, r 500p = 0.003, df =31r =079, p < 0.001df =
46;and r = 070, p < 0.001, df = 450om the Attawapiskat, Severn, and Winisk rivers,
respectively) The one nofmigratory Cisco from the Winisk River was 11 years old. The mean
age of first migration for migratory Cisco wa$ years, indicating that the onen-migratory

Cisco from the Winisk Rier was old enough to have migrated.
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Figure 3. Example strontium (Sr) concentration profiles overlain onto otolith imadgese

otolith microchemical profiles are representative of-nugratory and migratory categories of
each species of fish. Datave been smoothed with a 10 point moving average (see methods).
Fish classified as nemigratory using visual methods had@ofiles that were flat anidw
throughout the whole otolith (A,B,C) whereas fish that were classified as migratofgthad
profiles that oscillated between hagtand lower [Sr] (D,E,F). The range dfS1] was mucHarger

for migratory Cisco and Lake Whitefish than for migratory Northern Pike.
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Figure 4. Plots of strontium (Sr) concentration maximum (ppm) and range (ppm) basedlih oticrochemistryprofiles from

individual fish otoliths for alstudyspeciesFish classifies as migratory from otolith microchemistry profiese characterized by

higher [Sr] range and [Sr] maximum than fish classified asmigmatory. Northern Rie were difficult to classify visually, and

migratory categoriewereasnot well separatedn [Sr] range and maximum plotee Figure 5 for a [Sr] range and maximum plot for

Northern Pike at an expanded scale
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Figure 5. Plots of [Sr] maximum (ppm) ath [Sr] range (ppm) based on [Sr] profiles from otolith

microchemistry of individual Northern Pike otolitiScale is expanded from FigureMsh

classified as migratory were characterized by higher [Sr] range and [Sr] maximum than fish

classified as nomigratory, but overlap between theo visually-classifiedcategories was

observed.

Table 5.Proportion of individualsisually classified as nomigratory and migratory from each

river. The majority of Cisco and Lake Whitefish were classified as migradad/the majority of

Northern Pike were classified as Rongratory.

Total Proportion Proportion
Species River #_of _Non- Migratory
Fish migratory
Cisco Attawapiskat 33 0 1
Severn 46 0 1
Winisk 48 0.02 0.98
Lake Attawapiskat 47 0 1
Whitefish Severn 42 0.02 0.98
Winisk 43 0.23 0.77
Northern Attawapiskat 41 0.61 0.39
Pike Severn 38 0.79 0.21
Winisk 40 0.70 0.30
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3.2.2Lake Whitefish

The majority ofLake Whitefish in this study wengsually classified amigratory (100%
from theAttawapiskat River, 986 from the Severn River, and %% from the Winisk Riverjsee
Figure3 and Tables). The proportion ohornrmigratory fishidentified in this studyvashigherin
the Winisk Riverthan in the other two rivers (Table B)I Lake Whitdish thatwereclassified
as migratorysing the visual techniqugouped togethesn [Sr] range and maximum plots;
migratory fish hadigh[Sr] range and maximum values (>2000 ppm maximum Sr; Figjre
whereasorrmigratory fishhad relativelylower Sr ange and maximum values (<900 ppm
maximum Sr; Figurd). The number of migrations for migratory individuals, on average, was
highestfor Lake Whitefishfrom the Winisk River, followed by the Severn ahdn
Attawapiskat ivers (Table6). Similar to the radgts for Cisco, this appeared to be explained by
mean age of fish. Lake Whitefish from the Winisk River were older, on average, than Lake
Whitefish from the Severn and Attawapiskiaers (see Table 6), and older fish made more
migrations to sea (mean aggfirst migration was similar; Table 6Jhere was a significant
positive correlation between fish age and number of migratiomsifpatoryLake Whitefish
from each of the study rive(®earson prodi moment correlatiorn,=0.89 p < 0.001, df = 45; r
=0.68 p < 0.001 df =39 andr =0.50, p = 0.003, df = 31, from the Attawapiskat, Severn, and
Winisk rivers,respectively) The range of ages of nanigratoryand migratoryLake Whitefish
from the Winisk River did nobverlap which could indicate thanonmigratory fish were too
young to have migrate@lthough some differences could be a result of error associated with fish
age estimationThemean age of first migration afake Whitefish from the Winisk River was

1.6 years, however, which is younglean the mean age of nomgratory fish from this river
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(6.5 years). It thus appears tinain-migratory Lake Whitefish from the Winisk River were old
enough to have migrated.

Table 6. Mean age (range) fatisually classifiechornrmigratory and migratory iSco, Lake

Whitefish, and Northern Pike from thetatvapiskat, Severn, and Winiskers. Also included is

the number of migrations for migratory fish. See text for definitions of migratory groups, as well

as assignment methods.

Non-migratory Mi gratory Fish
Fish
Species Location # Mean #of Meanage, Mean# MeanAge
of age, fish range migrations,  of First
fish range range  Migration*
Cisco Attawapiskat 0 N/A 33 58@310 5.0@7) 0.0(0-1)
Severn 0 N/A 46 5.0(310) 4.7 (:10) 0.0(01
Winisk 1 11 (N/A) 47 10.6 (530) 8.1(214) 0.0(01)
Lake Attawapiskat 0 N/A 47 4.1@-11) 3.8(1-100 01 @©-1
Whitefish Severn 1 9 (N/A) 41 7.4 (422) 6.1(413) 0.2(067)
Winisk 10 6.5(38) 33 14.8(835) 8.8(%:16) 0.6 (0-6)
Northern Attawapiskat 25 5.0 (311) 16 76(3-13) 1.7(%3) 2.8 (0-8)
Pike Severn 30 4.6 (210 8 4.6(26) 1.5 (:4) 1.3 (04)
Winisk 28 5.8 (29) 12 5.8(410) 1.8 (%5) 2.0 (0-4)

* Missing from the calculation of age of first migration due to unavailabilitytolitt
postablation photos are: six, two, and three Lake Whitefish from thenvapiskat, Severn, and
Winisk rivers, respectively, and two Northern Pike from the Attawapiskat River.
3.2.3Northern Pike

The majority of Northern Pike in this study weresslifiedvisually as normigratory (61%
from the Attawapiskat River, 7 from the Severn River, and %0 from the Winisk River)
although Northern Pike were difficult to classify visually compared to Cisco and Lake Whitefish
(Figure3 and Tables). Most doliths from Northern Pike were characterized by low, flat [Sr]
profiles indicative of fish that remained in freshwaters. However, | also observed fish with

oscillating [Sr], possibly indicating some use of marine or brackish waters. | found that
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oscillations in otolith [Sr] were much less distinct for Northern Pike than for either Cisco or Lake
Whitefish, and that Northern Pike classified visually as migratoryidwaer [Sr] range andSr]
maxmum thanmigratory Cisco and Lake Whitefish

Unlike Cisco and Bke Whitefish, there was no clear distinctiof$m rangeand maximum
between fish classified visually as migratory and those classified visually asigaatory;the
two categoriesverlappedespecially in the Attawapiskat Rivdfigures 4 and)5 Strontium
concentratiomange and maximurof Northern Pikeverein general similar amonsfudy rivers;
however, two fish from the Attawapiskat Rivead higher [Sr] maximum and [Sr] range than the
other fish, leading to a wider spread of these valugsiritawapiskat River compared to the
other study rivergFigure 5) The nmean number of migrationgas similar among riverd able
6). The mean ages of nanigratory and migratory Northern Pike were also similar, and the
range in ages overlapped between thermvigratorycategories (Tabl6). Comparedo both
migratoryCisco and Lake Whitefisimigratory Nortlern Pike made fewer migratigrend had
oldermean agesf first migration(Table6).

Despite the much smaller range in otolith [Sr] in Northern Pike ithéhe other two species,
Northern Pike from the current study had normalized Sr:Ca similar to thos&lrahrern Pike
considered to be anadromous frime Baltic SedFigure 6).Variability exists among the
patterns in scaled Sr:Ca profiteem Northen Pike captured in the Baltic See well asn
maximum scaled Sr:Ca valuékhis could perhaps indicaitedividual andor geographic
differences immigrations in Northern Pike fromme Baltic SeaAlthough Northern Pike were
difficult to classify, thesimilarity of thesenormalizedSr:Ca plotsand the higher normalized

Sr:Ca of the Northern Pike from the HBL compared to that of a brackish water resident

48



individual in the Baltic Seprovidesevidence that at leasbmeNorthern Pikevere making use

of brackish waters in this study.

= = = = =
o N N o ©
1 1 1 1

Otolith Sr:Ca Normalized to Freshwater
e}

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Distance from Otolith Core (Scaled to 1)

Figure 6. Comparison of Northern Pike otolith microchemistry results with results from
literature. The distance from otolith cosasscaled to the maximum length of each otolith.
Strontium to calcium ratiowere scaled to the mean of the freshwater Sr:Ca value within each
otolith. Thesolid black line &) represents one otolifrom a Northern Pikelassified as
migratory from this tudy, thelong dashedblue line ¢-) represents a brackish water resident
individual (Rohtla et al. 2012xhort dasheded lines(----) represent anadromous individuals
moving to salinities of ~@ ppt in the Baltic Sea (Engstedt et al. 2010, 2@id) thesolid grey
lines (—) represenadditionalexampleotoliths classied as making use of marine waters from
other studiegWestin & Limburg, 2002Rohtla et al., 2012 While some profiles shoed

distinct diffeences between high and low [gotofiles with grey lineg the profiles with red

lines were similar to that ohéNorthern Pike plotted from the current stuahyd were classified
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as anadromous in the Baltic Seageprofile with theblue line waslassified as brackish water
resident individual in the Baltic Sea and had a lower normalized Sr:Ca than the NBikigern
included from the current studindicating that the Northern Pike from the current study was

likely making use oéstuarine or marine habitats

3.3 StableIsotopes

Mean (‘S ratioswereobserved to bhigher in migratorybased omtolith microchemstry)
than in noAamigratory fishfor each species in each riveith the exception of Northernk
from the Attawapiskat RiveFigure?, 8, 9 Table7). Consistent with the otolith microchemistry
results,h e magni t ude of *Slbetivdermonmigrateey andmigratery fish was
greater for Cisco and Lake Whitefish than for Northern Pike. Unfortunately, only one non
migratory Cisco was captured, and thus statistical analyses were not piosditie speciedyut
a>10 & di f ¥ew=sebseved betweenithe one aoigratory Cisco and the mean of
the migratoryCiscofrom theWinisk River (Table7). No norrmigratory Lake Whitefish were
captured in the Attawapiskat River, and only ooe-migratoryLake Whitefishwas captured
from the Seern River againprecludng statistical analsis. There was a difference®»f8 ia
U**S between the one nemigratory Lake Whitefish and the meah41 migratory Lake
Whitefish from the Severn Rivé¢Fable7). In the Winisk River, migratory Lake Whitefish had
signi fi c a’*s{indgpendentgdmples t estA849, df=41, p<0.0a0) than non
migratory Lake WhitefishKigure 8§ Table7) . | n e ac S ratioyveere higheseim n U
Ciscq followed by LakeWhitefish, and Northern Pike &ble7).

Of all speciesnon-migratory and migratory (visually classified from otolith michemistry
profiles)Northern Pikeh ad t h e mo s t**SmtionDiedpite sommdsaah diffdrences in

**Sbetween the two groupd1e r e wer e no si g /'S detweeamon di ffer en
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migratory and migratory Northern Pikeeitherthe Attawapikat (independent samples t test,
t=-0.457, df=39, p=0.65)r theSevern (independent samples t tes) 454, df=36, p=0.653)
rivers. There was, however, a significant differencé*# between nomigratory and
migratory Northern Pike in the Winisk Rivéndependent samples t test-8-11, df=37,
p=0.004. The **S of nonmigratory Cisco and Lake Whitefish were much more similar to the
U**S of thefreshwater baseline than was i#éS of nonmigratory Northern PikeThe relatively
high (**S in nonmigratory Northern Pike, and the similarity 'S between migratry and non
migratory groups isonsistent with théack of observe differencebetween groupm [Sr] range
and maximum plots

Within each riveri*S of migratory fishes differed significagtamong species
(Attawapiskat River: One Way ANOVA;=85.595, df=2, 94, p<0.000%evern River: One Way
ANOVA, F=78.475, df=2,93, p<0.000Winisk River: One Way ANOVAF=56.158, df=2,88,
p<0.000). Migratory Cisco had significantly high&S than eithe migratory Lake Whitefish
or Northern Pike, and migratory Lake Whitefish had significantly higf&than Northern Pike

(Tukeyds HSD, p<0.05).
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Table 7. Summary of meai#*S ratiosfor migratory and nomigratoryCisco, Lake Whitefish,
and Nortlern Pike from the Aawapiskat, Severn, and Winiskers.Mean values are presented
tstandard error (minimum value, maximum valu#e}single valuandicates thatthere waonly
onefish for the category, and standard error could not be calculatgdneal, migratory fish
were more enriched in the heavier isotope thanmmmatory fish.Values presented are not

corrected for baseline emophic fractionation.

u4s
Species River Non-migratory  Migratory
Cisco Attawapiskat 16.6 £0.1
B (14.2, 18.0)
Severn 15.7 0.1
B (13.8, 17.5)
Winisk 59 16.5 +0.1
! (14.4, 17.9)
Lake Attawapiskat 15.2 +0.1
Whitefish B (12.5, 16.7)
Severn 6.0 14.6 +0.1
' (13.0, 16.5)
Winisk 5.94 +0.4 13.6 +0.4

(4.44,8.86) (5.1, 19.6)
Northern  Attawapiskat 12.1 +0.4 120+0.4

Pike (8.8 14.8) (9.6, 14.7)
Severn 8.81 +0.5 9.69 +1.5

(4.6, 16.8) (1.9,16.9

Winisk 8.63 +0.4 10.8 £0.6

(5.4,13.4) (7.3 12.9)
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Figure 7. M e a #'S (fstandard error) of nemigratory and migratory Cisdoom the
Attawapiskat, Severn, and Winigkers. The marine baseline +standard error is also shown for

each r i v waluesMerahigheiiin migratory than in fmigratory groups of Cisco.
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Attawapiskat, Severn, and Winiskers. The marine baseline tstandard error is also shown for
each r i vSwaluesMerahigheiiin migratory than in fmigratory groups of Lake

Whitefish.
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Figure 9. Me a #'S (fistandard error) of nemigratory and migratory Northern Pike from the
Attawapiskat, Severn, and Winigkers. The marine baseline +standard error is also shown for

each r i v waluesMeedigherin migratory than in nenigratory groupgrom the
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Severn and Winisk rivers, but the differences between these two groupings were less than what

was seen in Cisco and Lake Whitefish (Figures 7 and 8)

3.4 Proportion of Marine 1 Derived Nutrients in Fish Diets

MixSIAR, aBayesiammixing mode] wasused toestimateproportiors of freshwater and
marinederived nutrients in the diets of migratory and moigratoryCisco, Lake Whitefish, and
Northern Pike from each rivérable8). Two Lake Whitefsh from the Winisk River were
classified as migratory, but did not migrate in the most recent year of life, and as a result had low
U**S ratios that were reflective of feeding in freshwater. These two fish were removed from
mixing model analyses.

Resuls of theMixSIAR mixing model indicated thahigratory Cisco and Lake Whitefish
had higher proportions of markterivednutrientsprey in their diethan normigratory
individuals and that migratory Cisco were more reliant on madieeved nutrients/pgethan
Lake Whitefish For migratory Cisco, the estimated proportion of madegaved nutrients/prey
to fish diet was consistent among rivers, and ranged &romediarof 0.76in the SeveriRiverto
0.85in the AttawapiskaRiver (Table8). Marine-derivednutrients were found to contribute little
to the diet of the one nemigratory Cisco captured in the Winisk Riyére proportioal
contribution ofmarinederivednutrients/prey was estimated to®é&2(Table8).

The proportion of marinderived nutriets/prey in diets of migratory Lake Whitefish was
highest in tle SevernRiver (0.795), followed by theAttawapiskat River (0.73andWinisk River
(0.59) (Table8). The one Lake Whitefish from the Severn River that was classified as non
migratory had a smagt fraction(0.19, Table8) of the diet originating from marine resources.

This fish may have made short marine migratithrag werenot long enough for incorporation of
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a maring S signature in the otoliths, or may have eaten food of marine origin netavater
environmentAlternatively, it is possible that the freshwaiétS baseline was not fully
characterizedSimilar to the result for the one namgratory Cisco from the Winisk River,
marinedeived nutrients/prey contributditle to none of the diet of visualglassified non
migratory Lake Whitefisl{n=10) from theWinisk River; the estimated proportion of marine
derived nutrients/prey wds08(Table8), and thushis group of fish appeadto be feeding
primarily onfreshwaterderivedprey sources. There were no aoigratory Lake Whitefish
captured from the Attaapiskat River.

Marine-derived prey/nutrients appeared to contribute to the diets of both migratory and non
migratory Northern PikeMedian proportiosaof between0.15 and 0.4Qdepending on rivef
the diets of nommigratoryNorthernPike were estimatketo be é marine origin, and median
proportions of btween0.28 and 0.49 (depending on river) of the dietsx@fratoryNorthern
Pike were estimated to bémarine origin.There was a greater difference in the proportion of
marinederived nutrients/prelgetween nommigratory and migratory Northern Pike in the Winisk
River than in the other rivef3able8). The relatively high proportion of marirderived
nutrients/prey in the diets of nanigratoryNorthernPike indicates that although these
individualswere likely not migrating to marine waters, they were still reliant on makenised

nutrients/prey.
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Table 8. Median poportional contribution of marine and freshwatderived nutrientglower 95

% credible interva{Cl), upper 95 % Clpased ora MixSIAR isatope mixing model using**s.

Individuals were classifiedisually based on otolith microchemical profilgsligratory

individualswere more reliant on marirgerived nutrients/prey than nonigratory individuals

Non-migratory Migratory
Species  River Marine Freshwate Marine Freshwater
Fraction Fraction Fraction Fraction
Cisco Attawapiskat - - 0.85 0.15
(0.80, 0.89 (0.11, 0.20)
Severn -- -- 0.76 0.25
(0.73, 0.78) (0.22, 0.27)
Winisk 0.12 0.88 0.84 0.16
(0.04, 0.32 (0.68, 0.96 (0.80, 0.88 (0.12, 0.20
Lake Attawapiskat - - 0.73 0.27
Whitefish (0.67, 0.78) (0.22, 0.34)
Severn 0.19 0.81 0.75 0.25
(0.08, 0.32 (0.69, 0.92 (0.72,0.78 (0.22,0.28
Winisk 0.08 0.92 0.59 0.41
(0.02,0.13 (0.82 0.98 (0.51, 0.6 (0.33,0.48
Northern  Attawapiskat 0.40 0.60 0.49 0.51
Pike (0.28, 0.50 (0.50 0.72) (0.25, 0.6 (0.36, 0.7%
Severn 0.32 0.68 0.34 0.66
(0.24,0.4) (0.59, 0.7% (0.13,0.3% (0.48, 0.87
Winisk 0.15 0.85 0.28 0.72
(0.07,0.23 (0.77, 0.93 (0.08, 0.4 (0.56 0.@)
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CHAPTER FOUR - DISCUSSION
4.1 Life History of Cisco and Lake Whitefish

Previous authors have reported timgirations are obligatory for Cisco and Lake Whitefish
from coastal rivers of James Béyambert & Dodson, 1990and thatCisco and Lake Whitefish
in the Hudson and James Bay area are anadrofivtrsh et al., 1981Kemp, Bern&chez, &
Dodson, 198p My findings indicatehat the majority oCisco and Lake Whitefish frotie
three studyivers were migratoryThere is unpublished evidenttet rivers on theasterncoast
of Hudson Baysupportsympatric migratory and nemigratory(i.e., partially migratory
population$ Lake Whitefish Michael Power, University of Waterlpanpublished dajaMy
resultsalsoindicate that there are sympatric migratory and-mgratoryLake Whitefishand
Ciscoin some rivers on the western coast of Hudson Bay, and ttsat plogpulations can be
de<ribed as partially anadromousarige oscilléions in otolith [Srlfound in most Cisco and
Lake Whitefish indicat¢hatmostfish weremigrating to seawatealthough there wera few
fish with low and flat otolith [Srihat were freshwateesidents | found that there were more
non-migratory Lake Wiitefish than Ciscaand mae nornrmigratory Lake Whitefishvere
observed irthe Winisk River than fnm either the Severn or Attawapiskat rivers.

The group of nomigratory Lake Whitefistin=10) in the Winisk Riverappears to represent
afreshwaterriverine life history type. Often, fisimigrateto marine waters taccessareas with
more productive prey resourc@sross, 1987)Based on the circulation patteand salinity
gradient within Hudson and James bays, | expected there to be a greater incentive for fish to
migrate at higher latitude¥he Winsk River isless productive than the Severn RjJgaised on
total phosphorus and total nitrogen dgdarsonal communication, Bill &ler, Laurentian
University, Sudbury, ON and both rivers enté¢tudson Bay along the same coast in avads

similar sainities, indicating that fish should haver@lativelygreater incentive to migrate to
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Hudson Bay from the Wisk River than from the Severn River. Since | did not observe a higher
proportion of migratory Lake Whitefish in the Winisk River (as expecteddasn productivity
alone),it is possible that thenasa nearby lacustrine population of Lake Whitefish that
migrated into the Winisk Rivet.ake Whitefish spawn in the fall (e,dymond, 1943; Ryder et

al., 1973) and some lacustrine populations of Lake Whitefish migrate to riverswmgpeag,
Roseman et al., 2007)he group of on-migratory Lake Whitefistirom the Winisk River was
captured indune, however, and therefore were likety accessing the river to spawnis

possible that these Lake Whitefish moved from adaoe environment the river for greater
access to food or more favourable habitat conditions, althoughedds further study.

The average age of first migration w8 for Cisco in all rivers an@.1, 0.2, and0.6 for
Lake Whitefish in the Attawapkat, Severn, and Winisk rivers, respectively, indicatim@gmost
fish migrated within the first year of liféligratory Cisco and Lake Whitefish appeared to
migrate annually once migrations began. The onemigmatory Cisco captured from the Winisk
River was 11 years of age, the one-naigratory Lake Whitefish from the Severn River was 9
years of age, and the nomgratory group of Lake Whitefish from the Winisk River had a mean
age of 6.5 years. Nemigratory Cisco and Lake Whitefish were older thaaamage of first
migration for each rivespecies combination, and were thus likely true freshwatadent
individuals.

Previous authors have reported that in eastern James Bay, larval Cisco are transported to
marine waters in spring, after hatch, whikke Whitefish larvae move to the river mouth in
spring, and to marine waters aweniles (Morin et al., 1981)My results support the life history
pattern observed for Cisco Borin et al.(1981), and indicate that Cisco migrate to marine

water within their first year
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Ciscoclassifid as mi gr at ory h a¥Sratiosthaavieielv.e2 yt oh i2g.hl née ¢
bel ow the mean of the mari neheenpath oféasliwater, and 8
endmemberdepending on the riveindicating large reliancef these fislon marine dietary
sources The one Cisco classified as ronigratory hacar e | at i V8ratiy that was 1.9
a below the mean o fandiwithin0.48a ofithe feshevatet emdnmiderg r
indicating large reliance of this fish dreshwater dietary sourceall but two Lake Whitefish
classified as mi gr3statosand theavdo Lake Whitdfishthathag hi gh U
relati v&s y(il.oave,r dil os #3ratib)bad hd migrdted @rsd hherefdreenot U
eaten marinelerived prey) in theimost recent year of lifédll non-migratory Lake Whitefish
h a d’S ratos neathat ofthe freshwater baseline, reflective of freshwater feedinthe
Severn, Winisk, and Attawapiskaitvers,my data indicate thahigratory classifications of Cisco
andLake Whitefish can be effectively accomplished with either otolith microchemistif®r
analyses. However, due to the rate of isotopic turn@amgrpoximatelyfour months up to a yegar
(e.g.,Hesslein, Hallard, & Ramlal, 199Buchheister and Latour, 2010; Franssen et al. 2017
U**S analysiscan only indicate relatively recent life history.

A group of Cisco from the Attawapiskat Riveat migrated within their first yednad a
relativelysmall[Sr] range; this watheresult of high [Srthroughouthe otolith core.Progeny of
anadromougemadescanhavehigh Sr concentratits in the core atheir otoliths (Kalish, 1990)

Typically, this otolith[Sr] decreases to reflect a freshwater larvalqueaiter hatchlas seen in
otolith microchemical profiles dimmerman & Reeve2000; Engstedt et al., 2010purter et
al., 2013; Hart et al., 2@). Maternalinfluencecould explain the high [Sr] in the core of some
Cisco and Lake Whitefish otoliths in this study e amount of time required for saturation of

elements from surrounding water into otoliths differs among speciesasi20 days Black
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Bream(Acanthopagrus butcher(Elsdon & Gillanders, 2005and ~80 tal00 daysn Northern
Pike (Engstedt et al., 2012The group of Gco with a smaller [Sr] rangeay have bae
progeny of anadromous femalesdthese progeny mayot haveremaired in freshwater as
larvae for an adequate period of timertodrporate the freshwater elemental signature into their
otoliths. Literature from rivers in Eastern James Bay indicatesativatl Cisco can bpassively
transported after hatch (~ 2 weeks) into the waters of the Bay, and thatevarde possible
for larval fish to mgrate up to 80 km within a dgiindroth, 1957; Ochman & Dodson, 1982)

Migrations and remduction are both energetically expengiseeRoff, 1988) Anadromous
fishesmay skip spawing migrationgn some years to increase energy stores to maximize fitness
in future yeargJgrgensen et aR006) andsame anadromous fishes do not migrate in the year
that they spawfJonsson & Jonsson, 1993wo Lake Whitefish from the Winisk Rar that
wereclassified as migratorigadlower (S ratios than would bexpected ithe fish were largely
feeding in marine water3hese fish did not migrate in their most recent year of life, and appear
to have skipped other migrations in recent yeakgped migrations couleflect allocation of
energy taeproductiorrathe than migrationsbut further research is requiregkipped
migrations were not observed @iscofrom any of the study riversr in Lake Whitefish fom
the Attawapiskat or Severivers.
4.2 Reliance of Cisco and Lake Whitefish oMarine -Derived Nutrients

Marine resources can subsidimheriesproductivity in freshwater environments, especially
at northern latitudes where productivity of marine watens generahigher tharthat of
freshwaters. Species that migrate between freshwater and marinesgateras a biotransport
vector fornutrients betweethese two habitat€atadromous fishes are a mechanism of transport

of freshwater nutrients to marine waters, whereas anmamre fishes are a mechanism of
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transporting marinelerived nutrients into freshwatgiSlecker et al., 2010Both migration
distance and the number of magpry individuals within a population can affect the extent of
nutrient transport by anadromous fishes. Spawning iteroparous fispe#(ewife Alosa
pseudoharengu$Vilson, 181}, Atlantic Salmon $almo salarLinnaeus 1758)American $ad
(A. sapidisimg Wilson, 181}, and Blueback Herring; aestivalisMitchill, 1814)), may
provide an important source of marderived nutrients to freshwaters through direct
consumption of migrants by organisms of higher trophic positions, nutrient excretion, and
spawning mortalityfseeFlecker et al., 2010Anadromous Cisco and Lake Whitefish were
identified in eah study river; these species therefore transport mdenged nutrients from the
marine system of Hudson and James Bay into ther8eWinisk, and Attawapiskaivers, and
likely subsidize productivity of higher trophievel fishes, such as NortherrkPi

To my knowledge, this study provides the first quantitative estimates of manide
freshwaterderived nutrientpreyto diets of migratory Cisco and Lake Whitefigline higher
contribution of marinalerived nutrientgreyto migratory Cisco could rkdctthe observed
younger age of first migration to sea, relative to Lake Whitefish. Differences among rivers in
marinederived contributions to diets of migratory Lake Whitefish deserve further investigation,
but could reflect variation in prey avallility, early growth rateglifferentmigration distancg
or a baseline that was not completely characterided-migratory Cisco and Lke Whitefish
had a median of 8 % to P& marinederived nutrients/prey in theirigt. Non-migratory Cisco
and Lake WhiteBh thus sll appeared taccess marine nutrientsut to a lesser extent than the
migratory individualsIt does not appear thiite noamigratory fish accesslthe marine food
sourcedy feeding in marine watefbased on otolith microchemistry resultsnd thughis

study provides the first observation, to the best of my knowledge, than&igthave fed on
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marine food sources brought in with the tide, or migrated to sea for verypshiods of time,

not reflected in otolith microchemistrifurther reearch that more fully characterizes freshwater
baselined®**Siis also needed to rule out the possibility that apparent reliance on rdarined
nutrients by normigratory Cisco and Lake Whitefish is due to incomplete characterization of the

freshwater bseline.

4.3 Northern Pike Life History and Reliance on Marine Nutrients

In contrast tdhe large amount of reaech conducted on Northern Pikethe Baltic Sea,
(e.g, Laikre et al., 2005Engstedt et al., 201®Rohtla et al., 2012ZEngstedt et al., 2014Rohtla
et al., 2014Larsson et al., 2013acobsen et al., 201 Movements to marine waters and
reliance of Northern Pike on marhderivednutrientsprey hae not yet been studieid North
America Northern Piken North America ar¢hought to live in freshwatef§cott & Crossman,
1973) although anecdotal evidence from local fishers in the Hudson Bay Lowlkegids r
suggests thadtlorthernPike have been captured at the mouths of the study;rithésas also
been observely researcherat the mouths ahe Yukon and Kuskokwimivers (personal
communication, Chrigan Zimmerman, United States Geological Surv&gchorage, Alaska
AnadromousNorthern Pike in the Baltic Seaignate to salinities of 6-to 7parts per thousand
after approximately 2.8 months of rearing in freshwé&ahtla et al., 2012; Westin & Limburg,
2002) and are known to feed on brackish and marine prey f(seekngstedt et al., 2014)
Since these Baltic Sea Northern Pike are only migrating to salinities of ~atts7per
thousangtheycan be considered seianadromous.

Northern Piken this studyweremore challengingo classify with otolith microchemistry

than Cisco and Lake Whitefis®tolith microchemistry has, however, been succdgsised to
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differentiatebetween freshwater nelent,anadronous, and brackistvater resident Northern

Pikein the Baltic Sede.g, Engstedt et al., 201®ohtla et al.2012 Engstedt, Engkvisi&

Larsson, 2014 When | standardized otolith microchemistry results such that comparisons could
be made between my study astddies conducted in the Baltic Sea, it appears that Northern Pike
classifiedas migratory in my study madese of marine/brackish watefhe low otolith [Sr] in
Northern Pikeclassified visually as migratoigould indicate semanadromous migratiorie

brackish ratler than fullstrength seawateligrations may also be relatively shorter than those

of Cisco and Lake Whitefisipossibly shorter than the 80 to 100 days required for otolith Sr to
reach equilibrium with Sr in the surrounding w&téngstedt et al., 2012)

Based orfSr] range and [§ maximum plots, it was apparethiat rather than distinct
groupings of migratory and nemigratory Northern Pike, there was a continuum of reliance on
marine/brackish waters. In the Baltic Sea, there are three known life history types of Northern
Pike,abrackish water residengpe, a freshwater resident type, and a s@maidromous type
(Rohtla et al., 2012)The latter two life history types comprig@artially, semianadromous
population Brackish water resideMorthernPike can eproduce in salinities of ~6 to parts
per thousan@Westin & Limburg, 2002Jacobsen et al., 201®hereas sermanadromous
individuals require freshwater to spa@ivestin & Limburg, 2002)In each of the Severn,

Winisk, and Attawapiskatvers in this studythe relatively small oscillations in otolith [Sr]
indicate that migratorilorthernPike, if they are in fact migratory, are likepartially semi
anadromous, abe individuals are likely only moving tarackish watersvery few freshwater
resident individuals seem to be reported in the Baltic Seg@agdRohtla et al., 2012)
however, the majority of the Northern Pike in this studye identified as nemigratory, or

freshwater resident individuals. These differences in observed migratory behaviour between the

65



Hudson and James Bay and Baltic Sea system may be explained by differences in salinities
betweerthe two systems

Within theBaltic Sea, there appestto be a wide range ohaximum [scaled otolith Sr:Ca
values. Although the salinity was similmong sampling regions in the Baltic Sé&s possible
there were differences in salinity of waters in which fish hatched, witle $@tching in less
saline water than other$his wouldresult inrelativelyhigher peaks once migratisto regions
of similar (and higher)alinity began The Northern Pike from the current stusda similar
maximumscaledSr:Caratio to that ofsampleotoliths from three separate studiesoof these
studies reported thHesh to be anadromoualthough the reported salinity in these regions is only
~5-7 parts per thousanahile the third study reports the fish be brackish water resident. It
thus gpears that at &st some Northern Pike from the pressotly are making use of brackish
waters.

Because Hudson and James Bay have higher salinities than the Baltic Sea, and Sr:Ca ratios
were higher in marineatersthan in freshwaters of the Hudson alaines Bay systerh,
expected otolith microchemistry to be an effective technique for differentiating between
migratory and nomigratory Northern PikeOtolith microchemistry is most effective for
reconstructing migrations that occurred between habitaksrelatively large differences in
salinity (i.e, it can be used to differentiate between freshwater, brackish, and marine waters
(Zimmerman, 2009) and is much less effective when fishgnaite between habitats wisimilar
salinities.Relativelyhigher salinityof Hudson and Jamesys(~10 and 33 parts per thousand
(Prinsenberg, 1978ngram & Prinseberg, 199&ranskog et al2011) compared to the Baltic
Sea(~6-12 partgper thousan@Jacobsen et al., 20)7howeverJikely restricts marine habitat

use by Northe Pike.In many parts of Hudson and Jameygd) salinity exceeds the known
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salinity tolerances dflorthernPike, which is estimated to be iveen 11 and 1Barts per

thousandor juveniles(Jacobsen et al., 200Tgrgensen et al., 201@nd up to 1®arts per

thousandor adults(Dahl, 1961(in Danish) referenced idacobsen et al., 200As a resulbf

these saihity limitations Northern Pike may restrict migrations to brackish waters at river

mouths, or reside in relatively freshlayers of theerticalwater column. Mixing of fresh and

marine waters in the HBL is complex. There is a gradient of salinity tiherfineshwater rivers

into Hudson Bay and James Bay, and there is also a vertical salinity gradient within each of the

bays; water of higher salinity remains near the bottom with fresher waters from river discharge

on top(Freeman, 1982)n addition, tidewaters caextend from Hudson and Jameasys

upstream into the rivers. In the Attawapiskat River, tidewater extends approximately 7.5 km

upstream, forming a layer below the less dense fresh{@l@oschenko & Martini, 1983)

While I am confident that Northern Pike are not using the marine environment to the same extent

as Cisco and Lake Whitefish, otolith microchemistry results did not allbwétermination of

Northern Pike habitat use in this study, and further research, preferablyaggny and

telemetry approachés.g, as has been done by Jepsen et al., 2001 and Jacobsen et glis2017)

necessary. Otolith microchemisi@pnd compason of results with that of other studieslicates

that someéNorthern Pikevere making use of brackish waters, however, contribution of Sr to

otoliths occurs not only through water, but also through sources of Erg$tedt et al., 2012)
Elemental concentrations in otoliths can be influermechany factors, including diet.

Engstedt, Kockschmidt, & Larsson (2012) have shotiatotoliths of Northern Pik&eld at

constant salinity7 parts per thousantpve higher concentration$ Sr when fish are fed diets

that are consistently high in 8ran wherfish arefed dietsconsistentlyjow in Sr.Northern Pike

are known to prey o@isco and Lake Whitefis{Bcott & Crossman, 19733and some Northern
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Pike in this study had Cisco or Lake Whitefish in their stomachs upon dissetatamot
presentell In one stdy, Lake Whitefishwere found to make up 99 of the diet oNorthern

Pike in the Winisk River(Henschel, 1989Most Cisco and Lake Witgfish in this study were
anadromous and had elevatéts ratiosreflective of marine feeding; feeding of Northern Pike
on these anadromous fishes could have resulted in elevated otolith [Sr] and elevaté@fssue
ratios in Northern Pikéabove values expected for fish feeding solely on freshvadateved
nutrients, even aftexccounting fotrophic fractionatior), even ifNorthernPike themselves were
not migrating to brackish or marine waters. In addition to migratory Cisco and Lake Whitefish,
Brook Trout and Longnose Sucker also migrate between marth&eshwaters in this area
(Stewart & Lockhart, 2004)and could provide Northern Pike with additional sources of marine
derived ntrients.Me a A*S ratios did not differ betweanigratory and nommigratory groups

of Northern Pike in the Attawapiskat and Sewvevers this may indicate migratory and non
migratory Northern Pike alike were feeding on marine or anadromousopréaatNorthern Pike
migrated to sea for periods of timhat werenot reflected in otolith microchemistryAdditional
research is required to determine how Northern Pike are accessing marine nutrients.

Some Northern Pikén this studyhad oscillations intlit h [ S #*Grati@smigheridhan
the freshwater baseline, and | inktthat these fish wengsing marine or brackish habitats and
feeding on mariner anadromouprey. It couldalsobe argued that these Northern Pike
remained in freshwatgied on maine or anadromous prey, atlgatmarine/brackistdiet could
haveresulted in high otolith [SrIn each riverhoweverthere were also Northern Pike with lpw
flat otolith [Sr] (no oscillationsi n d*S ratios that indicated feeding on marine or anadusmo
prey.If dietary Sr explaiadhigh otolith [Sr], allNorthern Pike with marinenfluenced®*S

ratioswould be expected to haadelevated otolith [Sr]; this was not the case, as some fish had
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low [Sr] but highti**S ratios. This indicatethat at leassome fish appeadto be migrating to
brackish waters.

Assuming that the elevated otolith [Sr] in some Northern Pike otoliths of this study reflected
migration to brackish waters, the fish began to migrate later than what has been observed in the
Baltic Sea. In the Baltic Sea, individuals born in freshwater thatrdaignated to sea began
migratingin their first year, at an average28 + 1.0 months ol(Rohtla et al., 2012)n
contrast, the mean age of first migration for Merh Pike in tk current study ranged between
1.3 to 28 years, much older than what has been observed in the Baltic Sea. Since the salinity of
the Baltic Sea is much less than what is observed in Hudson and James Bay, and swaé fish
to reach a certaisizebefore migratingn orderto increase salinity toleran¢e.g., Conte &

Wagner, 1965; McCormick & Naiman, Robert, 1984prthern Pike may have needed to

increase size before mignag to increase probability of survival. However, within the Baltic
SeaNorthern Pikehat migrate to sea at a comparable time to that of fish from the present study
(in their third or fourth year of life) have been reported, although one study shavdtese

late migrantsvere less prevalent than early migraf®ehtla et al., 2012)

4.4 Comparisons of Cisco, Lake Whitefish and Northern Pike

In all speciestesults of otolh microchemistry indicatethat there was variationithin the
migratoryclassification categorgf fish with some individuals having higher [Sr] range and [Sr]
maximum than others within the same category. Cisco and Lake Whitefish separated distinctly
into two migratory groupings based on [Sr] range and [@{ plots, similar to classifications
made for Broad Whitefish in the Mackenzie Riydarris et al., 2012)Northern Pike did not

show this same differentiation on [Sr] range vs [Sr] max plots. Compari§omsami**S values
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of migratory groupings of fish within the same river indicate that Cisco had the highest mean
*Svalue, followed by Lake Whitefish, and then Northern Pike.fDf e r e3Swatuss i n U
among species reflect different reliance on marmarenments and marine prey. Cisoathis
studyhadt he | argest proportion of nffSgaluestofory i ndi v
migratory individuals, and therefore the greatest reliandé@marine environment. Thisas
followed byLake Whitefishwith a smaller proportion of migratory individuatientified in this
study, lower mean®*S of migratory individuals, and lower relianca marinederived
nutrients/preyNorthern Pikehad the lowest proportion of migratory individuasntified in this
study, the lowest**S values of migratory individuals, and thus tbevestreliance on marine
environments and marine prey itentis.contrast to Cisco and Lake Whitefish, many-hon
migratory Northern Pike had markgkerived prey in their diet®ased onhese results, | suggest
that anadromous Cisco and Lake Whitefish may contribute substantially to the diets of non

migratory Northern Pike in coastal ess of the Hudson Bay Lowlands

4.5Summary and Conclusions

Information on fish life history is nessary for conservation managers and policy makers to
ensure protection of all environments used by a species throughout its life. In this study, for the
first time in North America, | showed that Northern Pike relied on matereved food sources,
and th&asome Northern Pike may make migrations to brackish waters. Regardless of whether
otolith microchemistry appeared to indicate movement to brackish waters or not, the majority of
Northern Pike appeared to access madeeved nutrientsOtolith microchemstry resultsof
Northern Pike in the HBL systemeremore challenging to interpret thatolith microchemistry

results fromNorthern Pike fronthe Baltic Sea. Bwever,comparisons of scaled Sr:Ca ratios for
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migratory individuals did seem comparable betwiase two system&tolith microchemistry
was, howevereffective at differentiating between migratory and moigratory Cisco and Lake
Whitefishin this study

In order to improve comparability among studiess important to hav&nowledge of the
water chemistry and salinity to which fish are expgsedould be useful for this information to
be consistentlypresented ipublishedstudies Although | reported Sr:Ca ratios in water, | relied
on salinity data fvm published literaturdpcal mixing of fresh and marine watensade it
difficult to infer the extent of use of marine waters being used by Northern Pike, and
determination of the actual salinity of the water which fish were using was beyond the scope of
this study Futureresearchn the HBLshould involve telemetry studiesf Northern Pike
movement and habitat ugeg, as has been done by Jepsen et al., 2001 and Jacobsen et al.,
2017)so that morespecific descriptionsf habitat usdy Northern Pike can bmade Using
otolith stableSrisotgpe ratios to determine Northern Pike life history (e.g., as dofhtla et
al., 2014)may also be useful in gaining a better understanding of fish movement, as the oceanic
Srisotopic ratio is globally known and consistent, the isotopic ratios in otoliths are not affected
by envirmmmental physiological factors, and otolith isotopic ratios differ based on geology and
can therefore provide information on finer scale movements than can be obtained through otolith
microchemistry concentration analysis algdennedy et al.2000) StableSrisotope ratios in
otoliths can be used to differentiate between residency in freshwater and marine environments
(e.g.,Outridge et al, 2002 Woodhead et gl2005) but also different areas within a freshwater
system(Kennedy et al.2000)

In the face of a changing climate, fish migrations are susceptible to change as diadromous

species of fish rely on two distintiut connectethabitatgGross, 1987; Reist et al., 2006he
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temperature of the Hudson Bay Lowlands region was previously moderated by the ice on the
bays, however, more recently, the extent of the ice coverage and therefore cooling effect on
surrounding land has decreageldchheim & Barber, 2010; Rouse, 199Ihe HBL region is
expected to experience many impacts of climate change, including decreased sea ice extent,
increased precipitation, decreased permafrost, and increased surface warming (Gagnon &
Gough, 2008). Climate change has the potential to infllteaoadromous behavioun fish

(Reist etal., 2006, and since fish life historgan influence fish contaminant concentrations, it
also has the potential to affect concentrations of contaminants, such as mercury, in fish tissue
(e.g., Swanson et al., 2010; Stern et al., 20@@htaminants in fish are of concern to many
stakeholders, including many Aboriginal communities, and by understandintethestory

types of fish that are present in the rivers of this study, we can better predict how tissue mercury

concentrations may be affected by a changing climate.
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Appendix A - Otolith Microchemical Profiles

Note:plots shown are of both strontium (Sr) and barium (Bajvever, Ba was not used to
classify fish.Strontium and zinc (&) plots are shown when Ba data were unavaildibleases
where no postablation photos were available, Sr plots are shown. Table A in this appendix
outlines the included fish codes, river of collection, and classification of fish as migratory or

norrmigratory.
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