Life History Reconstruction and Stock Identificatiof
Sockeye SalmorQncorhynchus nerka) Using Otolith Trace Element Chemistry

by

Zachary Luke Penney
B.Sc. Sheldon Jackson College, 2004

A Thesis Submitted in Partial Fulfillment of the
Requirements for the Degree of

MASTER OF SCIENCE

in the School of Earth and Ocean Sciences

© Zachary Luke Penney, 2007
University of Victoria

All rights reserved. This thesis may not be repoadlin whole or in part, by photocopy
or other means, without permission of the author.



Life History Reconstruction and Stock Identificatiof
Sockeye SalmorQncorhynchus nerka) Using Otolith Trace Element Chemistry

By

Zachary Luke Penney
B.Sc. Sheldon Jackson College, 2004

Supervisory Committee

Dr. Kevin Telmer, Supervisor (School of Earth anck@n Sciences)

Dr. John Dower, Departmental Member (School ofltartd Ocean Sciences)

Dr. Asit Mazumder, Additional Member (Biology)

Dr. Richard Beamish, External Examiner (Departnwéritisheries and Oceans Canada)



Supervisory Committee

Dr. Kevin Telmer, Supervisor (School of Earth anck@n Sciences)

Dr. John Dower, Departmental Member (School of ieartd Ocean Sciences)

Dr. Asit Mazumder, Additional Member (Biology)

Dr. Richard Beamish, External Examiner (Departnuéritisheries and Oceans Canada)

ABSTRACT

Recent advances in otolith microchemistry havebdéistaed that trace element
composition can be used to chemically reconstngtt Ilffe history and serve as a stock
identification tool. In modern fisheries practicéisese two applications are especially
pertinent to wild salmon populations, which ardidifit to track over large spatial scales
and nearly impossible to identify in mixed popudas. This project has applied a novel
method using laser ablation inductively coupledspia mass spectrometry (LA-ICP-MS)
to anadromous sockeye salmo®n¢orhynchus nerka) otoliths from four separate
watersheds in Sitka, Alaska. Spatial distributiohd.i, Mg, Mn, Zn, Sr, and Ba were
determined via continuous lateral ablation scan®sascthe diameter of transversely
sectioned sagittal otoliths. Time-series data ggad from line scan analysis were used
to chemically reconstruct sockeye life history, an@gmine elemental signatures in the
core, freshwater, and marine growth regions ofithi®for stock identification purposes.

Chemical profiles of life history showed that Sia,Band to a lesser degree Mg,

reflected ambient chemistry, and were effective thacking sockeye migration from



iv

fresh to marine water. Manganese was also effedtiv determining migration to fresh
and marine water; however, it is believed that dweire than ambient chemistry is the
factor controlling uptake. Elements such as Zd kinprovided information related to
fish physiology, such as growth and changes in osgudation during transitions from
low to high salinity environments. Results alsowid that several elements were either
enriched or depleted in the core of sockeye olittMaternal investments and spatial
differences in crystal structure are believed wgniicantly affect element uptake in
otoliths during incubation and early developmeriilemental signatures in the otolith
core may therefore be inaccurate as an indicatostatk origin. This problem was
investigated by isolating core, freshwater, and imearsignatures and evaluating
individually their ability to correctly classify s&eye otoliths to their natal watersheds
using step-wise discriminant function analysis. isTkdemonstrated that freshwater
signatures provided the greatest accuracy (91%p¥timeck ID. Core signatures, which
have been used in past stock ID studies, showed gassification results (68%) for
sockeye salmon otoliths. Trace element signattioes the marine growth regions of
sockeye otoliths displayed the poorest classificaticcuracy (52.5%) of the three growth
regions. Thus, freshwater signatures are the gftsttive tool for identifying the origin

of wild salmon, even when they far removed fromrthatal watersheds.
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Chapter 1

Introduction

1.1 Age and Growth

The determination of age and growth in teleostefisihas been a continuous
endeavor in fisheries science for well over a cgntuEstimates of age and growth
provide information pertinent to fish life histoguch as growth rates, maturation age,
mortality rate, and lifespan (Cailliet et al., 1996Significant efforts and funding are
devoted annually to the estimation of fish age iodern fisheries practices (Campana
and Thorrold, 2001). The bulk of age and growttinestes are derived from various
calcareous structures that include scales, fin, negidebra, and otoliths. Like tree rings,
these structures deposit successive increment®wtiythat can be related to yearly age.
These growth increments are commonly known as annlihe term annuli does not
specifically refer to a single annual mark, buttidguishable zones indicative of slow
and fast growth periods (Murphy and Willis, 1996By counting these seasonally
distinct zones (annulus) it is possible to estimidwe yearly age of fish. However,

notably, this is not always a clear case as someiep such as Pacific eulachon are
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notoriously difficult to age using standard otol#gpproaches (Clarke et al., in press, Hay

& McCarter, 2000).

Of the numerous structures available for aging, tnestimates are primarily
obtained from scales and sagittal otoliths (CamgarthThorrold, 2001). Both structures
provide well-defined annuli for age determinationt bhave distinct advantages and
disadvantages. Scales are advantageous becayseatinde non-lethally collected at
large sample sizes. Sagittal otoliths are intéynsituated in the inner ear and require
that fish be sacrificed for extraction. Otolithtection is much more tedious than scale
collection, and limited to a single sagittal paerpish (Murphy and Willis, 1996).
Clearly, scale collection is far easier on bothghmpler and the fish making the practice
of otolith collection appear needless. Howevesutih scales are adequate as aging tools
they do not compare to the continuous chronologieabrd ingrained within otoliths.
Skeletal structures, such as scales, may experigrezer ranges of aging error than
otoliths, especially in long-lived fish (Campanaldrhorrold, 2001). Daily growth is not
resolvable in scales, vertebra, and fin rays, ngpkitoliths the most precise and
chronologically accurate structures for determinfisth age (Secor et al., 1996). This
characteristic is largely the result of the otditheclusion within the highly regulated

environment of the inner ear.

1.2 Inner Ear Anatomy and Otolith Function
Otoliths, commonly referred to as ear stones, aund in the inner ears of all
teleost fishes. Otoliths are paired accretionsth& calcium carbonate polymorph

aragonite, located in the fluid-filled labyrinth tfe inner ear. The inner ear labyrinth is a
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complex system of semicircular canals and vestghthat is bilaterally symmetrical and
divided into two distinct regions; the pars super@md pars inferior (Tavolga et al.,
1981). The two regions contain three separatabedss that house three corresponding
pairs of otoliths. The pars superior containsutreeulus vestibule and the lapilli otolith
pair (Cailliet et al., 1996). The pars inferiomtains the remaining two vestibules that
consist of the sacculus and lagenus, which coml@rsagittal and asteriscus otolith pairs,
respectively (Secor et al., 1991). Of the threditbtpairs, the sagittal otoliths are the
largest and most frequently used otolith in fiseerscience. All further mention of the
term “otolith[s]” in this thesis refers to the stige, unless otherwise mentioned. A

schematic of the teleost inner ear anatomy is shovigure 1.1.

Figure 1.1: Schematic diagram of the teleost im@@ranatomy and otolith positiofop,
Dorsal view of the cranial cavity showing the pisitof the brain and otolith pairs.
Bottom, Medial view of the inner ear labyrinth and looatiof vestibules and otoliths.
Ast, asteriscus; Lag, lagena; Lap, lapillus; Sacgcslus; Sag, sagitta; Semi, semicircular
canal; Utr, utriculus. (Adapted from Campana 2004).
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The primary function of otoliths is hearing and éale. Each otolith pair
responds to sound vibrations and gravitationalderwithin their fluid-filled vestibules
(Callliet et al., 1996). Although the exact selsorechanisms of the inner ear are not
entirely certain, otolith pairs either provide sifiecauditory or vestibular functions
(relating to equilibrium). Auditory function is nmdy attributed to the sagittae and
asterisci otoliths. Sound stimuli are detectedrduthe displacement of water particles
encountered as slight vibrations or oscillationsthie fish (Moyle and Cech, 1996).
Sound vibrations cause the subsequent displaceofighte otoliths in their fluid-filled
vestibules and stimulate the sensory epitheliummacula. The macula is composed of
ciliary bundles of hair-like cells, which when stifated send a neural response to the
auditory portion of the brain (Moyle and Cech, 1Pp96l'his process provides teleosts
with a sense of hearing. Equilibrium is mainlyriatited to the lapilli otolith pair. The
maintenance of equilibrium is achieved by similapgess used for sound stimuli.
During physical movements or changes in orientatioa fluid-filled labyrinth stimulates
the ciliary bundles, which transfer the stimulith@ brain. Stimuli are interpreted in the
medulla providing fish with a sense of balance miyrbasic motor functions, such as,

acceleration, deceleration, or diving (Moyle anaIel996).

1.3 Otolith Composition and Growth

Otolith growth is continuous throughout the entife of teleost fish. Otoliths are
comprised of approximately 95% aragonite, 4% proteatrix, and less than 1% non
organic trace impurities (Campana, 2004). Growtlagcreted via the precipitation of
calcium (C&") and bicarbonate (HGQ ions from the surrounding endolymphatic media

(Murayama et al., 2001). Although deposition isntgmual, it is not symmetric.
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Calcification rates vary with fish age and the pidl Zemperature in the endolymph with
daily additions often ranging from 1 to 20 pum ind#a (Thorrold et al., 1997, and
Campana, 1999). Despite irregularities in dailpvgh, the continual deposition of
aragonite to the otolith provides well-defined iElments at yearly, seasonal, and daily

time scales (Figure 1.2).

g ’ oy P -

SE  27-Jan- WD23.7mm 15.0kV x1.5k  30um

Figure 1.2.Scanning electron microscope image of daily grofwtim an acid-etched
transversely sectioned sockeye otolith taken in Htectron Microscopy Lab at the
University of Victoria.

Unlike scales, fin rays, or vertebrae, otoliths édnawo function in the teleost
skeletal system, and are therefore inert to marygiplogical and metabolic processes

(Campana, 1999). In contrast, skeletal structurgsosit annuli in proportion to the
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somatic growth of the fish, which can be adversdfgcted by metabolism (Campana
and Thorrold, 2001). This intimate relationship gomatic growth makes skeletal
structures subject to re-absorption, alteratiord &w growth periods. Furthermore,
somatic growth gradually decreases as fish increase causing later annuli to be
smaller and therefore more difficult to analyze.tol@hs growth is less affected by
somatic growth, and continually accretes layerarafjonite during the entire life of the
fish. As a result, a complete unaltered recor@rofwvth is preserved and available for

analysis.

1.4 Otolith Microchemistry and Elemental Uptake

In addition to better aging precision versus ottedcified structures, otoliths have
the ability to record physical and chemical infotima from the environment. Otoliths
share this characteristic with several other wathkn biogenic calcitic and aragonitic
proxies commonly used in oceanography, such adscara bivalve shells. Corals and
bivalve shell have proven effective in paleoceaapy studies for reconstructing
physicochemical parameters such as temperatuiajtygabnd past oceanic production
rates (Wyndham et al.,, 2004, and Carrol et al.,6200Surprisingly, it is the small
percentage of minor and trace elements in otoltbsls, and bivalve shells that provide
the greatest amount of environmental informatidviany minor and trace elements are
often incorporated into shell, coral, and otolithCDy in proportion to their abundance in
the environment providing a record of past ambaf@mistry.

However, otoliths are different from coral and tweashell in that they are not in
contact with the external environment, and are therefore directly influenced by

ambient water chemistry. Elemental uptake in ttslis under stricter biological and
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chemical regulation than that of corals and shkb#sause, trace elements in otolith
aragonite must first pass through a series of giodd pathways and barriers before
reaching the endolymph and being deposited (Kali9i89). In general, ions from the

environment that end up in otoliths must pass thindiour interfaces: (1) water, (2) blood

plasma, (3) endolymph, and (4) otolith (figure 1.3)

Branchial Cellular Crystallization
Upﬁke Transport

g%?

¥
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.,-ﬂr;'_‘h_; f\ ﬁ
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Ca —P——+ 36% —P—— 50% » Solid
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L o -
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Figure 1.3 Diagram of the route of trace impuritieghe otolith (Taken from Campana,
1999).

The incorporation of trace impurities into otoldhagonite is a complex process,
and varies between marine, estuarine, and freshwptxies. Element discrimination

begins at either the water-gill or water-intestimaérface. In freshwater fish the primary

route of ions into the bloodstream occurs througk gill-water interface during
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respiration. In marine and estuarine fishes theemmportant pathway is through the
intestine via continual consumption of saltwater r@intain osmotic homeostasis
(Campana, 1999). In the blood plasma, ion regulabietween marine and freshwater
fish is similar. The ions may be co-precipitatddng with the daily increments of

aragonite to become permanently fixed in the dtolit

During calcification, otoliths incorporate minor dartrace elements into the
aragonite crystal lattice by three possible patlsvd¥) Elements with a similar ionic
radius to Ca substitute for Ca in the aragonitgjd@s are trapped within the interstitial
spaces of the crystal matrix; or (3) elements aso@ated with the organic protein
matrix (Dove and Kingsford, 1998, Volk et al. 20Gthd Miller et al., 2006). lons
captured via the latter two processes are usuadliell in abundance than the first and
also may not be fixed permanently. Though numerons are often present within the
endolymphatic fluid only a select few are relatywelbundant and easily detected in
otolith aragonite. These are dominantly elememtsifgroup | and Il in the periodic table
(Li, K, Mg, Ca, Sr, and Ba) and some transitionatgesuch as manganese (Mn) and zinc
(Zn).

To date over 31 elements have been detected iostespecies throughout the
world’s oceans, lakes, and streams (Campana, 1998¢ uptake mechanism for each
element is unique and complex, and likely variesvben marine, fresh, estuarine, and
anadromous fishes. More often than not, many &f ¢hements that have been
documented are too infrequent to be reliable poxielowever, several elements have
been shown to consistently occur in otolith aragonas potential indicators of

environmental conditions. Strontium (Sr), bariuda), magnesium (Mg), Zn, lead (Pb),
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Mn, copper (Cu), and iron (Fe) are among the mosabie minor and trace elements
commonly studied (Edmonds et al. 1989, Campana9,1Rfaus and Secor, 2004, and
Miller et al., 2006). Strontium has received theagest attention due to its relatively
high concentration and its ability to substitute @a.

Strontium has a similar valence and radius to Gal due to its relative
abundance in seawater and chemical behavior is $esteptible to metabolic
discrimination than other elements (Kraus and Se2@04). Experiments involving Sr
enriched water have demonstrated that Sr incoriporé largely a function of ambient
chemistry. Schroder et al. (1995) determined @laim salmon @ncorhynchus keta)
immersed in strontium chloride (Seflsolutions had significantly higher Sr in their
otoliths than control fish in natural conditionSimilar results were supported by Secor et
al. (1995), who demonstrated that juvenile stripads orone saxatilis) experienced
changes in otolith Sr in response to differingrsgligradients. And Telmer et al. (2006)
successfully detected Sr peaks in otoliths of jileesockeye salmonQncorhynchus
nerka) that had been chemically tagged by short termension (6 hours) in an elevated
Sr solution. Such findings provide a basis fororetructing past habitat environments
and migrations using otolith microchemistry. Condad with the complete chronological
growth record, trace element chemistry provideswehmethod and unique information

for addressing life history questions in fisheries.

1.5 Purpose of Study

The objectives of this thesis are to utilize otolitace element chemistry to
address two specific fisheries questions invohdngkeye salmondncorhynchus nerka)

from Sitka, Alaska. The first paper, presentedclvapter 2, aims to reconstruct the
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anadromous life history of sockeye. Laser ablatimtuctively coupled plasma mass
spectrometry (LA-ICP-MS) of sockeye otoliths wasedisto examine migration by
utilizing the record of Sr, Ba, Mg, Zn, Mn, and fiieserved in the otoliths. Transitions
between fresh, estuarine, and marine water leatandive signals in otoliths across the
chronological growth sequence. This makes it fpdsgio chemically identify several
periods of salmon life history including incubatjoemergence, freshwater residence,
outmigration, and oceanic residence. Additionadtglith microchemistry may provide
further information related to the distribution anptake of elements between fresh and
marine water.

The second paper, presented in chapter 3, intendsstriminate between four
separate sockeye stocks in Sitka, Alaska. LA-IC®-dhalysis is used to characterize
natural elemental signatures in the core, freshwated marine growth regions of
sockeye otoliths returning to Klag, Redoubt, Tunfakod Salmon Lakes. Each growth
region was evaluated using step-wise discriminanction analysis for its ability to
classify otoliths to their natal lakes. By idewtifg natural elemental tags an effective
and cost-efficient method may be developed forrasnating between stocks of wild

fish.
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Chapter 2

Reconstruction of Sockeye Life History and Migratian

Using High Resolution Time-Series Otolith Chemistry

2.1 Introduction

In the past, fisheries research has primarily ugagous tagging or marking
experiments to follow the migration patterns ofdMilsh. The ability to track the spatial
and temporal movement of fish is important for ustending life history aspects such as
habitat use, site fidelity, spawning periods, anosg population movements, all of which
are important to fisheries management (Bolle et 2005). In modern fisheries, the
dominant method for tracking fish migration is thgh the use of mark/recapture studies.
Mark/recapture experiments typically involve phwdig marking (e.g. fin clip,
operculum punch) or inserting either external derimal tags (e.g. T-Bar Anchor Tags,
Coded-Wire Tags) into fish as a means for identdyindividuals within a given aquatic
system. Generally, fish are captured, marked ggead, released, and eventually
recaptured to provide information related to migmrat Though effective, mark/recapture
studies can be time consuming, expensive, and ¢ftdd low recapture rates. More
importantly, mark/recapture techniques only proviagratory information related to the

date and position of release and recapture. Tomemark/recapture methods usually
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provide only a fragmented representation of migsatieistory with periods between
recapture being unknown. These informational degye been addressed in more recent
years with the development of technologically adeahtags that record biotelemetry,
such as PIT (passive integrated transmitters) &t fags (data storage tags).

Advances in electronic tags have proven effectoretfacking fish migration at
greater temporal and spatial periods than conveattiomark/recapture studies.
Biotelemetry tags emit a continuous electronic aigmproviding researchers with an
effective method for locating and following fish wenent. Various biotelemetry
transmitters have also been fitted with electra@insors capable of relaying information
regarding the fish’s environment (e.g. water terapge), and physiology (e.g. heart rate)
(Murphy and Willis, 1996). Unfortunately, thouglotelemetry is extremely effective at
tracking individual migration, it is also expensiVabor-intensive, and cannot be applied
during the larval stages of fish life history (Thmd et al., 1997 and Ruttenberg et al.,.
2005). Perhaps the biggest drawback to biotelgnethat it is often limited to the more
localized movements of specific individuals (Seetral., 1995). Assumptions based
upon the movement of a limited number of tagget tan be misleading, especially
when interpreting the migratory dynamics of a larg®pulation. This is further
complicated in fish species not confined to a Enagtuatic environment. Fish that
migrate great distances and traverse numerousnsystan be difficult or impossible to
track using biotelemetry and conventional taggingthnds. To overcome these
limitations, recent experiments involving otolithiamochemistry have demonstrated that
migration can be reconstructed in teleost fish gigime trace element composition of

otoliths. Unlike physically applied marks and nramde tags, teleost otoliths can
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function as both “natural tags” and passive reawrd# the environment (Campana,
1999).

Currently, migration reconstruction using otolithicrochemistry is dominated by
two forms of analysis: (1) solution-based analymisl (2) beam-based analysis. Both
methods utilize the chronological growth sequent¢he otolith, but greatly differ in
their methods of preparation and limits of detettigGolution-based analysis is superior
in sensitivity, providing 2-3 orders of magnitudever detection limits than beam-based
approaches (Sanborn and Telmer, 2003). In the fhesuse of solution-based analysis
has involved bulk analysis of whole otoliths foodt identification. For investigations
addressing migration, bulk analysis methods arefeasible. To attain any information
related to migration, specific otolith growth reggomust be temporally resolved. This is
typically accomplished using a process known asavidilling. Micro-milling removes
small quantities of otolith material using fine wh@ter drills at specific growth regions on
the otolith. Generally, multiple regions of theogth record are “milled” for chemical
comparisons. Though effective, the resolution aistrmicro-milling procedures is no
better than seasonal (Campana, 1999). Most disksl cannot precisely extract otolith
material at defined monthly, weekly, or daily grbwincrements. To competently
investigate fish migration at fine temporal and tigpascales, beam-based analysis is
superior. Microprobes can provide a quick andatiffe method for analyzing otolith
microchemistry at temporal scales, which are uguatlattainable using micro-milling.
As well, detection limits of beam based methodsnfiany of the most useful minor and

trace elements are sufficient for precise and oootis detection.
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Beam-based analysis utilizes high precision miobps to sample specific
regions of the otolith record. The beam diametéranost modern microprobes range
from 2-30 pum, well within the limits of daily growtdeposition in most otoliths
(Campana, 1999). Currently, three primary typesnafroprobe exist, which include
electron dispersive, energy dispersive, and laseroprobes. Of these, the use of laser
ablation inductively coupled plasma mass spectromist the superior method in the
majority of cases.

Despite the excellent temporal and spatial resmutf modern microprobes,
many assays use spot analysis. Spot analysiszasatiiscrete spots across the otolith
growth record similar to micro-milling. Althougleffective for analyzing specific sites
on the otolith, spot analysis can be time consumangl does not take full advantage of
the otoliths chronological growth sequence (Santzord Telmer, 2003). To fully and
accurately reconstruct chemical migration in thaitht, a scan across the entire growth
sequence is optimal (Figure 2.1). Here, we utifidé laser ablation line-scans across
sockeye ©Oncorhynchus nerka) otoliths to investigate their life history.

Sockeye salmon follow an anadromous lifecycle, atigg between fresh and
marine water to spawn. Over the course of thigcyicle sockeye make only one marine
migration, dying shortly after spawning in theitalafreshwater systems. The static and
predictable nature of their lifecycle allows eastegration with otolith microchemistry.
The goal of the following experiment is to charat the migration of sockeye salmon
from four watersheds in Sitka, Alaska. Continudateral ablation scans (henceforth
termed line scans) were performed across the agrngth axis of transversely sectioned

otoliths using laser ablation inductively coupledass spectrometry (LA-ICP-MS).
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Concentrations of strontium (Sr), barium (Ba), megjam (Mg), lithium (Li), zinc (Zn),
and manganese (Mn) were quantified across otolithgproduce complete chemical
profiles of life history. The results are used flaree outcomes. First, chemical profiles
are used to track anadromous migration betweern feegl marine water, while also
detecting more subtle habitat shifts. Second,gertetic changes during sockeye growth
and development are investigated. Third, the datged to assess differing behavior and
uptake of Sr, Ba, Mg, Li, Zn, and Mn into aragorbstween marine and fresh waters.

In the following section a brief overview of sockelife history in Southeast
Alaska is presented. This section is followed lasib descriptions of the aqueous
distributions of Sr, Ba, Mg, Li, Zn, and Mn in maei and freshwaters. By reviewing this
information an effective framework will be builtrféhe later interpretation of sockeye

otolith trace element composition.

1. Spot Analysis

—~ D

2. Continuous Line-Scan Analysis

Figure 2.1Left- Laser Ablation Inductively Coupled Plasma Mase@mmetry (LA-
ICP-MS) at the School of Earth and Ocean Sciendewiersity of Victoria. Right- Two
beam-based analysis strategies used in otolithoctiemistry: 1. Spot Analysis and 2.
Continuous Line-Scan Analysis.
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2.2 Sockeye Life History

Of the six anadromous salmon species endemic towts coast of North
America, sockeye display the greatest varietyfenHistory patterns (Groot and Margolis,
1991). Anadromy refers to the migration from freaker to the marine environment, and
in the case of Pacific salmon, the eventual retorfreshwater to spawn. In general,
Pacific salmon anadromy can be described in sixcbstages: (1) incubation (2)
emergence, (3) freshwater rearing, (4) smoltinghogitation, (5) marine migration, (6)
spawning/death (Figure 2.2). Sockeye are no exoepand make only one marine
migration during their life cycle. However, thoutite sockeye lifecycle is similar to all
anadromousOncorhynchus sp, dramatic differences of life history exists betwe
populations. Most anadromous populations are adajot rear in freshwater lakes for at
least one year, but some stocks are known to reigoasea as fry (Thorpe, 1994). One
region in particular, where life strategies can stabtially differ between sockeye
populations occurs along the Alexander Archipelabain in Southeast Alaska. Here
many sockeye stocks follow “lake-type” life histsi(i.e. residing in a lake for >1 year),
but “sea-type” forms (i.e. emigrate as fry) are wnoto occur (Thorpe, 1994, and

Halupka, et al. 2000).

2.2.1 Spawning

In Southeast Alaska, sockeye return from the od¢eaheir natal watersheds in
early June through August. Spawning typically ascsghortly after re-entry into
freshwater from August until early October. Modulis return as 4 and 5 year old fish,

but “jack and jill” sockeye are not uncommon in $mast Alaska (Halupka et al., 2000).
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The terms “jack and jill” in fisheries refers tockeye that have spent only one year in

the marine environment before returning to spawn.

SALTWATER

A

Figure 2.2. General diagram of the anadromous ieazfmon lifecycle (Taken from
Thorpe, 1994).

Spawning takes place along the lake shores anmdenhar outlet streams of most
sockeye lakes, especially in areas of upwellinghals been documented that sockeye
avoid lake bottom areas without upwelling, and spag is heaviest in the areas with the
strongest upwelling (Groot and Margolis, 1991). ribg spawning, female sockeye dig
depressions into the substrate using rapid undmsitof their caudal fin, and release ~
2,000 to 2,400 eggs, which are simultaneouslyliis#ti by an accompanying male or
males (Groot and Margolis, 1991). The nests aem tbovered with the dislodged

substrate and guarded from competing females aedators until death. The exact
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timing of death between males and females has keewn to vary, but most sockeye

expire within one week after spawning occurs. tbeay of post-spawn sockeye is an
important flux of marine derived nutrients to laked riparian ecosystems in Southeast
Alaska (Naiman et al., 2002). Marine derived rarits greatly increase productivity, and

subsequently enhance the survival of their progeny.

2.2.2 Incubation and Early Development

Sockeye eggs incubate for approximately 12 wedks &drtilization; which is the
longest incubation period of &ncorhynchus sp. (Groot and Margolis, 1991). Embryos
hatch into the alevins stage in the late winter thgnbut alevins will stay submerged in
the nest until spring. Hatch rate from the eggthte alevin stage is a function of
temperature, which will ultimately vary betweendakand nest sites. In the substrate
alevins are sustained via a yolk sac ventrallychttd to the abdomen. Alevins gradually
absorb this sac as they further develop. Emerg&ooe the nest will coincide with the
complete absorption of the sac, which typicallywscin March and April (Groot and
Margolis, 1991). At this stage sockeye are nowest fry.

Following emergence, fry disperse to protected imgarareas that provide
horizontal and vertical cover from predators whibey begin to actively feed on external
food sources. Migration between fry hatched frakel shores, inlet, and outlet streams
is difficult to track, and likely varies betweerkés. However, in general most southeast
Alaskan sockeye eventually disperse to the limnetines of their lakes (Groot and
Margolis, 1991). Unlike salmon species such asoCaid Chinook, which are highly

territorial, sockeye group into large schools dgrireshwater residence. In the limnetic
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zone sockeye fry feed on zooplankton, such asamxtsa cladocerans, and copepods, and

insects for 1-3 years before smolting (Halupkal.e2800).

2.2.3 Smolting and Outmigration

The outmigration timing of sockeye smolts in soasteAlaska is not well
studied, but existing data indicates outmigratignhighly variable between stocks
(Halupka et al. 2000). In general, sockeye beginlgng from late April to early June in
Southeast Alaska (Halupka et al., 2000). The ss®ein temperature and photoperiod
cause several morphological, physiological, andabiginal changes to occur in sockeye.
These changes include activity (predator avoidarum@pration (development of a silvery
sheen), shape (slimmer and stream-lined), andaiuter of seawater (osmoregulation)
before transitioning to marine water (Groot & Maigp1991).

Similar to their behavior in the lakes, sockeye ksnemigrate in large schools to
estuaries. Here sockeye reside near shore foradeweeks to months feeding and
acclimating to the differing salinities before nmagon to the open ocean (Groot and
Margolis, 1991). Thorpe (1994) reported that sgekemolts in the Situk estuary in
Southeast Alaska had completely vacated from theagsafter 3-4 months. It is likely
that sockeye near Sitka are similar and migrateo@mstal and pelagic areas in the fall

following outmigration.

2.2.4 Marine Migration

Southeast sockeye spend 2-3 years in the oceammdede@fore returning to their
natal systems to spawn (Halupka et al., 2000). &teet location and distribution of

stocks during this period is largely unknown. Thetbrs controlling oceanic migration
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are all likely interrelated and include season#fledences in temperature, salinity, and
food availability, as well as the age of the fi&rgot & Margolis, 1991). However, it is

food that likely has the largest influence on sgekenovements in marine water. The
primary forage base for sockeye in the marine phaskides zooplankton, such as
copepods, euphasids, ostracods, crustacean lamwadeccasionally larval fish and squid
(Halupka et al., 2000). In search of these spebitbd items sockeye are likely to follow
nutrient-rich and productive waters.

After residing and feeding in the Gulf of Alaskar -3 years, Sitka sockeye
begin to migrate towards the Southeast Alaska cOHs¢ cues causing sockeye to return
to their natal systems to spawn are largely unkndoui factors such as sea surface
temperature (SST), freshwater discharge from cbaateas, marine currents, and
photoperiod may all have an effect (Hodgson e&l06). Sitka sockeye stocks return in
May through August to spawn, but may reside wittstuaries in close proximity to the
outlet of their natal streams before re-enterirggtitvater. In most systems re-entry
corresponds to high water flow periods following@pitation events. Stock escapement
data from Klag Lake (2001-2006), Salmon Lake (2@006), and Tumakof Lake (2002)
show that the highest numbers of sockeye countstlvpairs coincided with increased
water levels in the outlet streams (Lorrigan et2803, Conitz et al., 2005, and Tydingco

et al., 2006).

2.3 Agueous Element Distributions
Migration reconstructions of anadromous salmonisigigi otolith trace element

chemistry should be more distinct than species biting chemically homogenous

environments, such as solely marine or freshwathr fThis is due to the large physical,
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chemical, and biological differences between freshtuarine, and marine waters.
Salmon traverse all three habitat types duringrttié& history, and this is often
discernible in otolith microchemistry.

Elements have specific distributions in the thrgaatic environments, and will
either exhibit conservative or non-conservative dvadr. Conservative behavior is
common for the “major” dissolved ions in seawatefl,(Li*, Na’, Mg™*, Ca™, K", and
HCO3), which occur at high concentrations and have l@pacement times relative to
oceanic mixing (inputs = outputs) (Berner and Berd®87). In contrast, minor and
trace elements, such as Fe, Mn, Ba, and Zn typibalhave non-conservatively and are
rapidly depleted by biological activity in surfas@aters (Berner and Berner, 1987). As a
result non-conservative elements experience gréatgporal and spatial variability than
do conservative elements, and they occur geneatillgsser concentrations. However, it
is important to understand that elements may aterbetween conservative and non-
conservative behaviors depending on their enviranmdarium for example, behaves
relatively conservative in freshwater, but non-eomatively in estuaries and marine
water. Thus, physical, chemical, and biologicflluences greatly affect the distribution
of elements between fresh, estuarine, and marirterwdn the following sections the
natural distribution of Sr, Ba, Mg, Li, Zn, and Nim natural waters and their relation to

otolith aragonite is presented.

2.3.1 Alkaline and Alkali Earth Metals

The use of the group 2A alkaline Earth metals hawidated the majority of
investigations in otolith microchemistry. This bgcause Ca is a major constituent in

otoliths (40% wt.) and alkaline ions of similar @ate and ionic radius can substitute for
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Ca in aragonite, as can be seen in figure 2.3 {Ragltal., 1997, and Volk et al., 2000).
The most notable of these ions are Sr, Ba, anddighof which are water soluble and

abundant in aqueous environments.
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Figure 2.3 Relationship of valency and ionic radaiselements to Ca, and possible
substitution in otolith aragonite (Adapted from ingt. al. 1989 and Pattanaik, 2004).
As well, these elements vary across environmerdssarmake good tracers. This
has been demonstrated in numerous experimentsd@hebal., 1995; Secor et al., 1995;
and Telmer et al., 2006) where increased levelsndfient Sr have positively correlated
to increased uptake in otoliths. However, the kiptaf alkaline metals is not simply a
function of concentration but rather depends onoWerall water chemistry. Kraus and
Secor (2004), noted that uptake reflects the rafi@ given alkaline ion to calcium
(Sr:Ca, Ba:Ca, and Mg:Ca) in the environment. [Eets with a similar valence and
radius to Ca may act as competitive inhibitors,aiscompete for the same uptake
pathway. This must be considered when attemptrglate otolith microchemistry to a
specific aquatic environment. In Table 2.1, alaliand alkali otolith values are

presented for marine, estuarine, and freshwatér fifhese values were compiled by
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Campana (1999) from otolith research prior to 199hfortunately, many of the mean
values presented are from extremely small sam@ess{e.g. n = 1), and are not

necessarily representative.

Marine Freshwater Estuarine

Element Species Species Species

Mean SE N Mean SE n Mean SE n
Ca 380176.0 4981.0 17.0 407232.0 18232.0 2.0 * * *
Sr 2137.0 127.0 43.0 698.0 111.0 17.0 1937.0 700 .0 4
Ba 3.7 0.6 14.0 11.0 2.8 3.0 8.2 2.7 3.0
Mg 27.0 5.8 15.0 32.0 9.2 3.0 33.0 7.5 4.0
Li 1.0 0.3 6.0 0.1 * 1.0 1.0 * 1.0

Table 2.1. Summary of published otolith compositipg g") for alkali and alkaline
metals in marine, fresh, and estuarine environm@@tnpana, 1999). SE- standard
error, n-sample size.

2.3.2 Strontium

Strontium is the most frequently used element iolitht microchemistry.
Numerous studies have used Sr as a natural tagfdok identification (Kennedy et al.,
2000, Veinott and Porter, 2005, and Sohn et al5p08ass marking tool (Schroder et al.,
1995, and Telmer et al., 2006), and proxy of pasirenmental conditions (Secor et al.,
1995, Volk et al., 2000, Kraus and Secor, 2004; Blsdon and Gillanders, 2004). It is
Sr's ability to reflect ambient chemical conditiottsat is fundamental for all of its
applications.  This characteristic has been eslheceffective for reconstructing
migration in anadromous species such as salmontaude dramatically differing
concentration of Sr between fresh, estuarine, amahe waters.

In the marine environment, Sr is a major dissoleethponent of seawater that
follows a conservative behavior. The mean cone#iotr of Sr in the world’s oceans is

~8 parts per million (ppm) and does not signifitamary over time (Wadleigh et al.,
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1985). Due to Sr’s steady state in seawater, cteataing migration in pelagic marine
fish using otoliths can be difficult. However, sessful migration reconstructions have
been achieved in pelagic species that periodicallye to coastal and estuarine areas to
rear, feed, or spawn. Coastal and estuarine emmeats often display lower Sr values
than the open ocean due to greater freshwateremdlet Thorrold et al. (1997) used
Sr:Ca ratios to detect the early life history migna of juvenile Atlantic Croaker
(Micropogonias undulates) in two estuaries on the east coast of the UnBtates.
Atlantic Croaker are a demersal species that hiataffshore spawning areas, but are
advected inshore by wind-driven currents. Juve@ileaker feed and rear in estuarine
and coastal areas until they are large enough goatel offshore. Results indicated that
Sr:Ca ratios decreased as larval Croaker werepoatesl from pelagic spawning sites to
the lower salinity rearing and feeding areas. @abdity to detect such small Sr:.Ca
differences in fish that inhabit relatively staldleemical environments demonstrate the
strong utility of Sr in otolith microchemistry. tnly gets easier in anadromous species
that travel between fresh, estuarine, and marimg@rments.

In freshwater, Sr is one order of magnitude lowamtthe pelagic ocean with a
global average of 0.057-0.070 ppm (Wadleigh etl&85). Due to its significantly lower
value in freshwater, anadromous fish otoliths oftkrstrate distinct shifts in Sr during
transitions between marine and freshwater. Formgka Radtke et al. (1997)
demonstrated that Sr:Ca otolith values in dianadues Arctic CharSalvelinus al pinus)
in northern Labrador coincided with migration evetd and from marine water. Using
wavelength dispersive microprobe analysis, it wasnél that most char migrated to

marine water two years after birth, and that chantmade seasonal migrations to marine
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water over the remainder of their lives. Migratevents were evidenced by Sr:Ca peaks
in the opaque regions of the polished otoliths,civldenote fast growth periods (summer)
in temperate and Arctic species. Similar studiesehalso been directed towards
anadromous Pacific salmon, which in comparison totié& Char follow a relatively
“straightforward” migration history. Pacific salmaspecies, excluding some steelhead
populations, make only one migration to and from ttean during their life history.
Thus, salmon otoliths should exhibit a single dadirsr:Ca increase during outmigration
from natal lakes to the Gulf of Alaska. Figure 2lidplays an idealized model of Sr
composition across the life history of an anadrosnsackeye salmon. Fresh, estuarine,

and marine values were determined using the mesditha®r values in table 2.1.
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Figure 2.4. |dealized strontium profile of an armdous sockeye salmon.
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2.3.3 Barium

Until recently, otolith microchemistry has largelipcused on Sr as the
fundamental trace element proxy of ambient chegnisitowever, though Sr is indeed a
valid environmental proxy, it can be ineffectivermgration reconstruction for fish that
inhabit regions with relatively static Sr concetitias (Thorrold et al., 1997). In such
cases, Ba may be an effective alternative.

Like Sr, Ba ions are divalent cations that can stude for Ca in otolith aragonite
(Elsdon et al., 2005). However, Ba behaves nos@omatively, having a nutrient-like
profile in estuarine and marine environments (Caleed McManus, 2005). Because it
is removed from the oceans biologically, Ba hasuehrshorter residence time (1 x*10
years) than Sr. Therefore its concentrations & dbean are more variable than Sr.
Generally, dissolved Ba is removed by biologicalblp in marine surface waters (Li and
Chan, 1979). As organisms die and sink, Ba is keti@nd much of this crystallizes as
biogenic barite (BaS£ with increasing depth (Jacquet et al., 2006, Kueh al., 2001,
and Deshairs, 1979). The formation and sedimemtati biogenic barite enriches marine
sediments with Ba, where some of it is returnethéodeep waters through mineralization
(Jacquet et al., 2006). Therefore, Ba is typicd#pleted in surface waters and relatively
enriched in deep waters. During periods of upwgllias is common along the northwest
coast of North America in summer when winds chafrgen southeast to northwest
causing offshore Ekman transport, surface watarpeaodically become enriched in Ba
(Feely and Massoth, 1981). This in turn can imporiannual peak in Ba concentrations

in otoliths for coastal species, such as eulactidarke et al., 2007).
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Aside from upwelling, estuaries are the largesttrdomtors of Ba to marine
surface waters, and play an integral role in tramsing Ba to a biologically available
form. The dominant source of Ba to estuaries asflivial input adhered to suspended
particulate matter (Guay and Falkner, 1998). Dgimmxing between fresh and marine
water, Ba is desorbed from particulate matter thhoion exchange with the abundant
marine ions such as NaCd™", K*, and Md" (Hanor & Chan, 1977). As a result, Ba is
liberated from particulate matter, leaving estumvigth increased levels of dissolved Ba.
However, though dissolved Ba can be high in estgatiis prone to seasonal fluctuations
due to the constantly changing physical, chemiad| biological conditions. Increased
or decreased freshwater inputs, temperature, sddis, and biological production all
affect Ba in the estuarine environment (Hanor amdrC 1977, Li and Chan, 1979,
Hamer et al., 2006).

In contrast to marine and estuarine systems, fravBa is more conservative.
The principle source of Ba in fluvial and lacustrisystems is the weathering of
carbonate and other rocks (Jarvie et al., 2008w Feports have reported the Ba:Ca
content in freshwater fish otoliths. In table Zampana’s (1999) compilation of alkali
and alkaline values indicates that Ba is on avegagater in freshwater fish otoliths than
estuarine or marine species. During this experirttenbehavior of Ba in otoliths across
fresh, estuarine, and marine environments is exaninf Ba is indeed a valid proxy for
ambient chemistry it should also be possible taligtats distribution over the course of
sockeye salmon life history similar to that of Sn figure 2.5 an idealized model of Ba

composition across the otolith of an anadromoukesge salmon is presented. Fresh,
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estuarine, and marine values were determined ubmgnean otolith Ba values in table
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Figure 2.5Ildealized barium profile of an anadromous sockeyeesn.

2.3.4 Magnesium

Like Sr and Ba, Mg is also commonly present in idtchragonite. As in other
alkaline metals, Mg is similar to Ca, and readilypstitutes in biogenic carbonates
(MgxCaCO;; where x +y = 1 and x is typically less than (.0However, compared to
Sr or Ba, the incorporation and uptake of Mg it fidoliths is complex.

In the marine environment, Mg is a major constituginseawater, ranking third
only behind sodium (Na and Chloride (C). Due to Mg's high abundance, it follows a
conservative behavior in marine water with ambieohcentrations remaining stable
(Berner and Berner, 1987). In freshwater, Mg catre¢ions are at least two orders of

magnitude lower than in the marine environment iBeand Berner, 1987). However,
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though much lower in freshwater, Mg is still a nraghssolved ion. Indeed, fluvial
transport is the largest source of Mg to the oceawsurring primarily through the
chemical weathering of Mg-rich silicate mineralsjcls as amphiboles, pyroxenes,
olivine, biotite, and dolomite (Berner and Bern&g87). Strangely, despite Mg’'s
substantially different distribution between marared freshwater, otolith chemistry has
not been found to reflect environmental differences

Considering the similarity between Mg and Sr inunalt waters it might be
expected that Mg would follow similar patterns ishf otoliths. However, this is largely
not case. In several studies, no significant céffiees in Mg have been found to occur
between marine, estuarine, or freshwater fish thwli Campana, (1999), summarized
average Mg values for otoliths representative ofimea fresh, and estuarine species from
several past otolith publications, and found that bétween fresh (32 pgfly estuarine
(33 pg/gh) and marine fish (27 pghy did not appear to significantly vary. In factany
freshwater otoliths often contain greater Mg valtiesn marine fish. There are both
physiological and thermodynamic explanations fas.thlt is likely that Mg is under
greater physiological control than Sr or Ba dudhte relatively greater need of Mg in
living organisms (Mader, 2001), and it has longrbkeown that the concentration of Mg
in blood is relatively invariant (Campana, 1999%s well, the substitution of Mg into
otolith aragonite may not occur in direct propantim its ambient concentration due to
competition by other elements. For example, irsHravaters where ambient Sr is
typically low, more precipitation sites may be dable for Mg. In such a scenario, Mg
in the endolymphatic fluid may be strongly reguthtand relatively constant but

variations in the other elements in the same flaay cause Mg to become relatively
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enriched or depleted, in turn leading to Mg vaoiasi in otolith aragonite that do not

correspond to ambient chemistry.

2.3.5 Lithium

Although rarely studied in otolith microchemistryi is commonly detected in
teleost otoliths. Lithium is a group 1A alkali #ametal that shares a similar mode of
inclusion into otolith aragonite as Sr and Ba (Cangy 1999). However, compared to
alkaline metals, Li normally occurs at much lowencentrations (< 1.0 pghy Unlike
ions such as Mg, Li is not an biologically essdnéEement and so is probably less
regulated in the blood plasma, and therefore nikedylto vary in otoliths in proportion
to ambient chemistry. Because of Li's low concatibn, detection by ICP-MS has only
recently become simple due to the “cool plasmavation” (Kosler et al., 2001). As a
result very little attention has been devoted tmlotolith microchemistry. .

Lithium is a highly soluble constituent of seawaterd it therefore behaves
conservatively (Hawthorne and James, 2006). Likeeroconservative elements, Li
concentrations are relatively constant in open meawater, but unlike most dissolved
ions transported to the ocean by riverine inputhidm is largely derived from
hydrothermal reactions (Hall and Chan, 2004). Asesult, lithium values are much
lower in freshwater and mix conservatively duringnsport to estuarine areas (Stoffyn-
Egli and Mackenzie, 1984). Although slight, thelih values between fresh and marine
fish do reflect the chemical difference between immments. In table 2.1, the
summarized Li otolith values for marine (1.0 Hit/cand estuarine (1.0 ugfy are

relatively higher than freshwater (0.1 pg/gpecies. However, at this point Li’s role on
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otolith chemistry is not much more sophisticateghtindicating a shift between fresh and

marine water. This may change with improved detacind additional research.

2.3.6 Transition Metals

In addition to the alkali and alkaline elementsjimas transition metals have also
proven effective for life history reconstruction atolith microchemistry. However, the
factors influencing transition metal uptake are ra®t well understood and their
distribution in the natural environment is also smeomplicated than the group | and II
elements due to their lower abundance, lower shitijgband their sensitivity to oxygen
concentrations (redox sensitivity). Some elemesush as Zn and Mn are also essential
nutrients for the health and growth of organisms] ¢hey are therefore under greater
physiological regulation than most of the alkalidaalkaline elements. In table 2.2,

otolith values of Zn and Mn from otoliths of marjrestuarine, and freshwater species are

presented.
Marine Freshwater Estuarine
Element Species Species Species
Mean SE n Mean SE n Mean SE N
Zn 15.6 5.8 15 45.8 18.3 5 9.1 1.1 2
Mn 9.6 5.8 9 11.1 7.5 3 8.8 7.3 2

Table 2.2 Summary of published otolith compositfpg g*) for zinc and manganese in
marine, fresh, and estuarine environments (Campa®@9). SE- standard error, n-
sample size.

Even more confounding is that transition metals loanncorporated in aragonite
by three possible ways. First, elements such aswiith share a similar ionic radius to

Ca, can substitute in aragonite (Miller et al., @00Second, elements that have a smaller

ionic radius than Ca may occupy the interstitiahcgs and crystal defects in the
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aragonite. Third, elements such as Zn are thotoghe dominantly associated with the
3-4% protein matrix (Miller et al., 2006). Despttes three possible inclusion pathways,

most transition metals can still be related toecH life history phenomenon.

2.3.7 Zinc

Zinc is an essential micronutrient in the growtkproduction, and immune
function of teleost fish (Miller et al.,2006). Riscquire Zn via branchial uptake and diet,
but it is diet that constitutes the majority of Zm fish. Willis and Sunda (1984),
estimated that 78-82% of total Zn accumulatiorL@stomus xanthurus and Gambusia
affinis was represented by food intake. Thus, it is yikBht Zn is not an accurate proxy
of ambient chemistry; rather, Zn is more likelyleefive of physiological aspects, such

as growth.

In marine and estuarine environments, Zn is norsenative and follows a
nutrient-like profile. Much like Ba, Zn is rapidlgepleted from surface waters by
biological production and precipitated in organgbds. As a result, Zn distribution in
estuarine and marine waters is depleted in susaters with concentrations gradually
increasing with depth (Bruland, 1979). On averdgeshwater systems contain higher
concentrations of Zn than either estuarine or neaenvironments. This difference has
also been expressed in fish otoliths from the tl®&@ronments. In table 2.2, it can be
observed that marine (15.6 ugjgand estuarine (9.1 pgfgZn values are much lower
than freshwater (45.8 pgfp values. However work by Halden et al. (2000)ings
scanning electron microprobe analysis showed tmatc@hcentrations in anadromous

Artic Char otoliths persisted even after the ordfeinadromy. Char otoliths contained



Chapter 2 33

distinctive oscillations of Zn across the annulkageence, which displayed defined peaks
during fast growth periods in seawater. Theselt®esndicate that fish growth, not
ambient chemistry, may be the leading factor cdimigbZn uptake into the otolith. We
will be able to address this question further wWareination of the Zn composition in the

fresh and marine growth regions of sockeye otaliths

2.3.8 Manganese

In addition to Zn Mn is another transition metal that has receivedrest as an
indicator of environmental conditions. Howevercontrast to Zn, Mn may actually be
less regulated by physiology and more represeetaifvambient chemistry (Campana,
1999). Manganese has an identical valence (2€atoas well as a similar ionic radius.
This similarity may allow Mn to substitute for Ca otolith aragonite and be used to
indicate past environmental chemistry. Dove et(H96) found that Mn composition
significantly differed between the otoliths B&rma microlepis and Achoerodus viridus
along temperate reefs. Whole otoliths were digesiad analyzed using ICP-MS.
Results revealed th&. viridus incorporated more Mn thaR microlepis. This result
likely corresponded té\. viridus broader range of migration over the course ofifiés
history compared t® microlepis. Though perhaps effective in some cases at denoti
bulk Mn differences in the otoliths of the two s@s¢ Mn may be at least effective for
discriminating chemical variation at smaller timeales-providing that its ambient
distribution is well documented. Elsdon and Gidlars (2006) noted that Mn varied
significantly in estuaries over short temporal tiszales of weeks to days. This can be
problematic for reconstructing the migration ofhfisvhich inhabit highly variable

environments, but may also present opportunitiesifgh resolution reconstructions. For
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species migrating between significantly differingemical environments, Mn may also
be highly useful. In such cases as the anadromogrstion of salmon, Mn may act as a

powerful chemical tracer.

In most natural waters Mn also follows a nutrigké&l profile, and is non-
conservative at low and high salinities (Colberd &ficManus, 2005). In many respects,
Mn follows the same marine distribution, as Ba avd As a micronutrient Mn is
normally depleted from surface waters with conedigns generally increasing with
depth. However, in estuaries Mn may behave ettbeservatively or non-conservatively
(Colbert and McManus, 2005). The hydrodynamic ahgisicochemical mechanisms
contributing to Mn behavior in estuaries are dieeasid complex, with most processes

like redox recycling being beyond the scope of tvsrview.

In freshwater, Mn is generally conservative andofes a similar distribution to
Ba. This distribution appears to also be expresseiish otoliths. In table 2.2, Mn
values are relatively higher in freshwater (11.¥gityotoliths than species inhabiting
estuarine (8.8 pgiy or marine (9.6 pg/Y environments. However, it should be noted
that in freshwater Mn tends to occur more abunganttegions of low oxygen (Davison,
1993). During diagensis of organic matter, Mrhis tirst common element to be reduced
and remobilized when oxygen is consumed. As dtrddua often becomes enriched near
bottom waters. During periods of re-oxidization Mmecipitates onto suspended
particles, as well the surfaces of rocks, aqualamtp, and other large debris, such as
fallen trees. This distribution may be possibled&tect in sockeye otoliths, especially
during early development periods when fish aramately associated with the substrate

and protective cover.
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2.4 Sampling Sites and Methods

2.4.1 Sampling Sites

Sockeye were sampled from four separate lakesdddatSitka, Alaska. Sitka is
situated along the Alexander Archipelago in Southédaska, and is composed of three
main islands, including Baranof, Chichagof, and 20fu Otoliths and water samples
were collected from Tumakof Lake (56° 22.24 N' n@s) 134° W), Redoubt Lake (56°
53 minutes N', 135° W), Salmon Lake (56° 58 minigsl35° W), and Klag Lake (57°
38.5 minutes N'; 136° W). Sitka is located in Tfengass temperate rainforest receiving
a mean average of 2180 millimeters of precipitatiper year with the largest
accumulations occurring during the fall (figure )2.6Brief descriptions for each lake
system, as well as age composition data acquirgehsh stock assessment studies are

given in the following paragraphs.
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Figure 2.6. Average Annual Precipitation in Sitkdaska (1949-2006) sampled at
Japonski Island. (Data collected from the WesteatalClimate Center).
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Klag Lake

Klag Bay is located on the west coast of Chichagtdnd, and is the most
northern of all the sockeye systems sampled f& ¢iperiment. Klag or Kleix’” was
originally under the ownership of Chookaneidi ct#rthe Sitka Tlingit people, and was
regarded as one of the largest sockeye produc&sutheast Alaska (Goldschmidt et al.,
1998). Today Klag Bay is still an important subsiee resource to the residents of
Sitka, especially during low escapements in systeloge to Sitka, such as Redoubt and
Necker Bay. Klag Lake receives drainage from appmately 7 square kilometers (km)
of sparsely wooded low hills, muskeg, and numeouall shallow ponds (Conitz et al.,
2005). Klag Lake is 12 meters (m) above sea leithl a surface area of 0.83 knand a
maximum depth of 43 m. The lake drains into alsimgitlet stream at the south end of
the lake, which eventually empties into the eadé¢ sif Klag Bay. The majority of the
spawning is believed to occur in the one inlet astredraining into Klag Lake.
Interestingly, the inlet stream does not providexttbook” spawning conditions. The
spawning area consists of large cobble and immevaddirock in which spawners simply
broadcast their eggs into crevices and spaces bstthe substrate (Conitz et al., 2005).
This may have an affect on the early developmestbhi of Klag Bay sockeye, and may
be evident in otolith microchemistry.

The primary forage of Klag Lake sockeye is susmktbebe larger, slow-moving
cladocerans Oaphnia sp.) (Conitz et al., 2005). This assumption wasebaupon
limnological sampling of zooplankton on Klag Lakehich found higher abundances of
smaller cladoceran specid€démina) in comparison Daphnia. Aside from sockeye, Klag

Lake also supports populations of col®. kisutch), pink (O. gorbuscha), chum Q.
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keta), steelhead salmonO( mykiss), cutthroat trout @. clarki), Dolly Varden char
(Salvelinus malma), sculpin Cottus species) and Threespine sticklebackdsterosteus
aculeatus) (Conitz et al., 2005).

For the past 6 years, stock assessment studiesbemreimplemented at Klag
Lake by the Sitka Tribe of Alaska (STA) and Unit8thtes Forest Service (USFS).
During the summers, field crews counted returnidglts using a weir and collected
harvest data from subsistence and sport fisheresw€marked approximately 15-20% of
the run for mark-recapture estimates, and randaaigpled 600 adults for length, age,
and sex information. These data provide imporiafarmation regarding the stock
structure, especially age composition, using sealeuli. Age classes are designated
using the European aging system where residenfresh and marine water is separated
by period (e.g. 1.3 denotes 1 year in fresh water & years in the ocean). Age data
obtained from the 2001-2003 indicate that the niigj¢70%) of returning adults to Klag
Lake are 1.2 and 1.3 year-old fish (Conitz et 2003). Conitz et al. (2003) speculate
that because the majority of sockeye migrate frbelake at age 1.0, juveniles attain
adequate growth during their first year due toisigiht zooplankton abundance in Klag
lake.
Redoubt Lake

Redoubt Lake is located on the west coast of Rdrisland in Sitka Sound,
approximately 11 km south of the city of Sitka. eTimative name for Redoubt is Kuna,
and is claimed by the Kiksadi clan of the Sitken@lt people (Goldschmidt et al., 1998).
Due to Redoubt’s close proximity to the city of k@it it sustains the largest direct

subsistence and sport harvest of the lakes locate®itka. Fortunately, Redoubt Lake is
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a large lake system that supports one of the laggekeye returns in southeast Alaska.
Recent escapements have exceeded over 40,000 spckay low returns were
experienced in 2000 and 2001 with estimated escapesmof 3,032 and 2,665,
respectively (Geiger, 2003). Sockeye spawn atrakuecations in Redoubt Lake,
including inlet streams as well as several sites@lthe lake shore. Redoubt Lake also
supports populations of pink, coho, steelhead, hoodit trout, Dolly Varden, and
stickleback.

Redoubt is a large meromictic lake, draining asmasf 113 krfy a volume of 231
km?®, and a surface area of about 16.6>K@eiger, 2003). Because Redoubt Lake is
meromictic, it does not turn over seasonally adimictic systems. Redoubt Lake has a
100 m freshwater lens on the top surface of the.lakhe deep water portion of Redoubt
Lake (which has a maximum depth of 266 m) is seépdritom the cap by a chemocline
below which dense anoxic water occurs. The permtasgatification restricts most
nutrient recycling in Redoubt Lake. The lack ofy@ing leaves Redoubt Lake limited
in micro and macronutrients important for phyto amooplankton production and
therefore the forage base for juvenile sockeye ikewlise limited. Fertilization
experiments using nitrogen and phosphorus have inggiemented for several years to
enhance primary production for rearing sockeye ieddubt Lake. Interestingly,
fertilization will further drive the bottom watets even greater anoxia by loading it with
more organic matter. Unfortunately, very few reépoexist on the results of these
experiments, but recent large escapements inditete fertilization efforts may be

beneficial for sockeye recruitment.
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In addition to the fertilization experiments, th&ES has maintained a weir at the
two outlets of Redoubt Lake since 1982, exceptdd8l As a result a large catalogue of
length, sex, and age data have been collectedthimnstock. Redoubt Lake experiences
a slightly differing age composition than Klag Lak&he bulk of returning adults are
dominated by 1.3 and 2.2 age classes (Geiger ,)20B8doubt Lake also possesses a
similar zooplankton community to that of Klag Lakéh a large abundance Bbsmina
sp. Larger cladocerans occur at a lower abundavitieh is likely due to predation by
sockeye juveniles.

Salmon Lake

Salmon Lake is located on the west coast of Bédrmtand at the head of Silver
Bay, approximately 15.2 km southeast of the citysika. The lake is 17 m above sea
level, and is fed by two inlet streams (Tydingcoaét 2006). Like Redoubt Lake,
Salmon Lake was also claimed by the Kiksadi clantleé Sitka Tlingit people
(Goldschmidt et al., 1998). Salmon Lake was thallast system examined during this
experiment, with a surface area of ~ 0.44kminnual sockeye escapements are relatively
low compared to larger systems such as Redoubt, Lrakging from 1,000 to 3,000
adults. Spawning occurs at several lake shoresabed the majority of fish have been
observed spawning at the head of Salmon Lake béf@wvlargest inlet stream. In
addition to sockeye, Salmon Lake supports populatwf pink, chum, coho, steelhead,
cutthroat trout, Dolly Varden, sculpin.spnd stickleback.

Sockeye stock assessments have been carried 8atrimon Lake since 2001 by
the Alaska Department of Fish and Game (ADF & GJ &TA. A floating weir was

installed at outlet of the lake where crews tag sachple all returning adults for age,
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length, and sex data. Results indicated that Salbade experiences greater diversity in
age composition than other systems. Data compited 2001 to 2003 demonstrated that
in 2001 age composition was dominated (37.7%) By#ar-old fish. In 2002, 2.2 year-
old sockeye contributed the largest percentagef4R.whereas in 2003, age class was
dominated (27.5%) by 2.3 year-olds (Tydingco et2006). Limnological data suggests
that the zooplankton composition changed in 200022 and 2003. In 200Qyclop sp.
dominated the largest percentage biomass of zokiplarsampled; however, abundance
shifted in 2002 and 2003 witBosmina sp. dominating the species composition
(Tydingco et al. 2006)Bosmina sp. are not the preferred choice by most sockeydait
are usually selected over copepods and calanokeigé6 2003).
Tumakof Lake

Tumakof Lake, also known as Redfish Lake, is ledain the southern west coast
of Baranof Island and drains into Redfish Bay. dsochmidt et al., (1998) regards
Redfish Bay and Tumakof Lake as one of the mosbiapt areas on southern Baranof
due to its large sockeye run. Originally named eShanaaxk Gatheeni, Redfish is
claimed by the Kiksadi clan of the Sitka Tlingitgqmée (Lorrigan et al., 2003). Due to its
greater distance from the city of Sitka, the Tunfasockeye stock does not undergo
consistent subsistence and sport harvests as iouRedr Klag Bay.

Tumakof Lake drains an area of approximately 1,082 The lake itself has a
maximum depth of 99 m and a surface area of 0.9Jlkomrigan et al., 2003). Tumakof
Lake drains into one outlet stream that is appraexaty 0.8 km from marine water.

Sockeye spawning occurs mainly along the lake shoear the north end of the lake—
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the farthest from the ocean. Tumakof Lake alsgpsttp small populations of coho,
pink, chum, cutthroat trout, Dolly Varden, sculgm, and stickleback.

In 2000, an illegal commercial harvest of sockegeurred in Redfish Bay. The
harvest was speculated to have possibly eliminatednificant proportion of returning
spawners, and prompted concern in the Sitka comtgnifborrigan et al., 2003). In
response, the STA, ADF&G, and USFS implementedksé@sessment studies in 2002,
2003, and 2004. Prior stock assessments had bednaed in Tumakof during the mid
1900s by ADF&G, but a large landslide near a loveaich of the outlet stream had since
significantly changed the morphology of the systeih.is therefore possible that life
history aspects of this stock may have been alteheel to the landslide. Stock
assessment followed a plan similar to the methadopeed in Klag Bay discussed
earlier: escapement was estimated using a weirretodning adults were sampled for
age, length, and sex data. A creel census wasaighicted for all subsistence and sport
users. Limnological sampling was also performedassess the food base of rearing
juvenile sockeye.

The data obtained from the 2002 field season itelscthat Tumakof supports a
healthy run of sockeye with an escapement overOROliefore the weir was removed
(Lorrigan et al., 2003). Larger returns were agperienced in the 2003 and 2004 field
seasons, but these results are not yet publisiibd.dominant age class sampled during
2002 was 2.2 year-old fish followed by 2.3, whiolcombination represented 82% of the
run (Lorrigan et al., 2003). Interestingly, a shpabportion of 3.3 fish also returned to
Tumakof Lake, which is relatively old for sockey@mon. It was estimated that 99% of

juvenile outmigration occurs at ages 2.0 and 3rOTiamakof sockeye (Lorrigan et al.,
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2003). Limnological sampling of zooplankton protivity indicated thatCyclops sp.
were the most abundant species in lake followedhleyCladoceran8osmina sp. and

Daphnia sp.

2.4.2 Water Collection and Analysis

Water samples were collected at each lake duriagspning of 2005. Samples
collected from Klag and Tumakof were sampled inltveer reach of each outlet stream,
whereas Salmon and Redoubt samples were collecterthfie actual lake. Samples were
not analyzed at the aqueous geochemistry lab at/ineersity of Victoria (UVIC), but
sent to the University of Alaska Fairbanks (UAHiitially water samples were to serve
for both this study and a project investigatingktasotopes from the same lake systems.
In hindsight, it may have been appropriate for ssgawater samples to have been
collected for this project as the sampling methadd locales, the ions analyzed, and
preparation protocols and analysis methods diféwben UVIC and UAF.

The method used at the University of Alaska Faikisafollowed standard trace
metal clean procedures (Hannigan and Sholkovit§1P0 Samples were collected in
acid-washed PTFE bottles, filtered through a 0.46 fitter, and acidified using ultra-
pure HNQ to a pH < 2. Water samples were measured foe tebement composition
using an Agilent 7500 ICP-MS at the Advanced Insteatation Laboratory. Precision
and accuracy was calculated using linear calibmagtandards and matrix standards (Nate
Bickford, personal communication, 2006). Tracemaat concentrations for Ca, Mn,
Mg, Zn, Sr, and Ba were reduced using Agilent 750@tware following standard

methods outlined by EPA 200.8 for the analysigadte elements (Creed et al., 1994).
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2.4.3 Otolith Collection and Extraction

Otolith pairs were collected from adult sockeye2003, 2004, and 2005 during
the months of July through October. Most sockegesvgampled in marine and estuarine
areas within close proximity to the outlets of edatke. Sockeye otoliths from Salmon
Lake were only sampled from post-spawn fish dueetent low escapements. It was
assumed that all adult sockeye schooled near @kehdutlet were produced from that
system, though straying is known to occur. A ugrief capture methods were used,
beach seines, gill-nets, dip-nets, and snaggingradaand reel. Sockeye were killed
immediately after capture through single blowshe top of the skull, and bled to reduce
excess body fluids. Individuals were then measinath mid-eye to the fork of the tail
for length in millimeters (mm), and identified feex. Most post-spawn sockeye sampled
for otoliths in Salmon Lake did not provide viablength measurements due to
decomposition.

Otolith extraction was accomplished using the “opgle hatch method” as
described in the “Manual for Otolith Removal andeparation for Microstructural
Examination” (Secor et al., 1991). The dorsal iparof the cranium was transversely
cut to expose the brain. The brain and surrountigsges were carefully removed using
trace-metal grade forceps to reveal the sacculansl€acontaining the left and right
sagittal otolith pairs, respectively (figure 2.7)Sagittae were carefully removed and
cleaned of the surrounding endolymphatic sac asalual tissues using fine bristled
toothbrushes and Milli-Q water. Otoliths were thdmed and stored in labeled acid-
washed 1.5 mL polyethylene centrifugal vials. &g&r methods differed between the

2003, 2004, and 2005 field seasons. In 2003 ad,260toliths were stored between
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cotton moistened with distilled water to cushiond amaintain a similar hydrostatic
environment comparable to the inner ear duringsitarThis practice was discontinued in
2005, and all otoliths were stored dry without @ntt No significant differences in
chemical composition were noticed between the ttavage methods after analysis;
however, it was noticed that otoliths stored in th@st environment were more prone to

damage during preparation.
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Figure 2.8.Schematic of the “Open the Hatch” dtoléxtraction method: 1. Dorsal
transverse section of a sockeye head 2. Otolithre yelled from the sacculus canals 3.
Otoliths were cleaned of the endolymphatic sac stockd (Adapted from Cailliet et. al.
1986).
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In total 243 sagittal otolith pairs were collectddring the sampling periods
between 2003 and 2005. Only Salmon Lake was sampl003 with a total of 15
otolith pairs collected. In 2004, each system s@a®pled: Redoubt (42), Salmon (24),
Klag (37), and Tumakof Lake (35). In 2005 only Beft (30), Klag (30) and Salmon
Lake (30) were sampled, thus only one year of Twhdkta exists for this study. These
differences were mainly due to constraints on ac@éeghese remote areas. Only left
otolith pairs were selected for trace element aislfor this experiment. Right sagittal
otoliths were sent to the University of Alaska Bamks for a separate project
investigating stable isotopes of core. Possibleparisons between the two methods

may occur in future work.

2.4.4 Otolith Preparation

Otolith preparation for LA-ICP-MS analysis was acgnished using procedures
derived from common fisheries aging methods (CGsilit al., 1986; Murphy and Willis
1996; and Secor et al., 1991). Otoliths were doeernight under laminar flow hoods to
remove excess moisture, and embedded in Beuhlexi&pe resin (Lake Bluff, IL)
sulcus-side down. Embedded otoliths were transiyersectioned using a low speed
isomet saw (Markham, Ont.) fitted with a Lapcrafk.804” diamond blade (Powell,
OH). Transverse sections were selected due todheave morphology associated with
salmon otoliths. Other common sectioning planesider aging studies, such as frontal
and sagittal sections, can experience significassds of the outer growth increments
during polishing. To prevent this, transverse isest were selected to ensure that all
growth increments were retained to fully recondtaaxkeye life history. Otoliths were

sectioned approximately 3 mm from the estimatedtiposof the core along the anterior
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edge. Sectioned otoliths were re-embedded in ¥ awotylic rings positioned with the
transverse plane lying flat adhered to industti@rggth tape.

Otoliths were polished using a series of severdl (20, 600, and 1200)
Carbimet Abrasive Discs (Lake Bluff, IL). Polishirwas performed by hand using
consistent circular rotations to evenly remove ititainaterial. Coarser grit discs (320
and 600 grit) were used to remove otolith mateagiatkly and gain close proximity to
the core. The finer 1200 grit discs were usedloavly remove otolith material and
precisely expose the core. Progress to the coseassessed using a dissecting scope
using transmitted light. Otolith mounts were clearduring transitions each between
each gritted disc in Milli-Q water in an ultrasoaior. This step was performed to reduce
contamination and the introduction of differentesizyrit particles between discs. A final
polish was applied using a TEXMET 200 0.24um patigicloth and Buehler METADI
Supreme Polycrystalline Diamond Suspension watee [spray (Lake Bluff IL). The
final polish provides a mirror smooth surface wittie to no surface topography on the
otolith surface. This reduces the possibility ohtamination by leaving no pores into
which contaminating particles can collect. It aldhances the visibility of the annuli
and core for aging and identifying the relative ipos of the first marine entry check
(ME) (figure 2.9). The marine entry check is espie important for migration
reconstruction in sockeye, as it provides a vigudlktinct zone separating fresh and
marine residence. A final ultrasonicated bath vititli-Q water was applied to otolith
mounts before analysis. Otoliths were then remduaah acrylic rings and adhered to

glass microscope slides using double-sided taparfalysis.
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Marine Residence

-

Figure 2.9 Polished transverse section of a sockaggtal otolith. The core and marine
entry check (ME) are denoted in the otolith micnosture providing clear distinction
between fresh and marine residence.

2.4.5 Analysis and Data Acquisition

LA-ICP-MS analysis followed the detailed method limetd by Sanborn and
Telmer (2003). Otolith analysis was initially carted using a VG Elemental PQ Il S+
Quadrapole ICP-MS (FISONS Winsford, England). ®goent analysis were performed
on a Thermo X-Series 1IX7 Quadrapole ICP-MS (Therfectron Corporation,
Winsford, England) acquired in early 2006. No figant differences were observed in
the data quality produced from either instrumelshser ablation was performed using a
Merchentek Mini-laze Il 266nm Nd-YAG laser (Fremofa). Continuous line scans
were performed across the full diameter of eaclitbtat a rate of 0.0024 mm per second
(figure 2.10). Scans were started at the dorsgé @d each otolith and directed through
the core to the opposing ventral edge.

The Mini-laze 1l 266nm Nd-YAG laser system operatgth a wavelength of 266
nm with a maximum energy output of 4 mJ. Duringlgsis the laser was operated at an
output frequency of 20 Hz at 70% power. The enengiput ranged from 0.90-2.2 mJ

with an average spot size of ~30 um. Instrumestatg conditions (e.g. lens settings,
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plasma gas, and carrier gas flow rates, and tooghgmsition) were optimized prior to
each run. The ICP-MS was optimized using Natiolmatitute of Standards glass
reference material 613 (NIST 613) as an extermadsird. NIST 613 contains ~50 g g
total trace elements, and was analyzed before d&m®il each scan to correct for
instrumental drift. Currently there is no existingatched matrix external reference
material for otoliths. This is due to the hetemgmus nature of otoliths—i.e. it is thus far
impossible to produce a perfectly homogenous standdh known concentrations in 3D
space. Otoliths were measured for signal intessitif *Ca, %°Sr, **Ba, **Mg, *°Mn,
®Zn, and LI and all abundances were normalized®@a. Ca was used as the internal
standard because it is a major component of osohtid therefore has a consistent and
invariant concentration in otolith aragonite. 9t40% molecular weight of aragonite and
has variations of less than 1% which are visibla method that has a precision no better
than 3%-discussed later. Variations in the otl@ments analyzed in this study are much
larger by comparison—up to 300% for Sr for exampldiese data were acquired using
peak jumping mode with a dwell time of 10 milliseds (ms) per element. A 20-25
second gas blank was performed prior to all amaliicollect background intensities.
Ablation times for NIST 613 averaged between 383®seconds. Otolith scans averaged
1300 seconds.

Raw data collected from LA-ICP-MS scans was stard reduced using VG
Thermo Electron PlasmalLab Software 2005 (Versi@nl224, Burlington, On, 2005).
Data was converted into individual time-slices” negenting 4 second intervals, and

transferred into Excel spread sheets. In Excedmatemental composition per time slice
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for Li, Mg, Mn, Zn, Sr, and Ba were converted intbemical concentration profiles
plotted against the distance traversed acrossttighaA X position pm).

Because otoliths grow concentrically, line scarecking from the dorsal to
ventral edge produce an almost mirror image chdmiadile for either side of the core.
In simpler terms, as the laser tracks from theal@dge to the core, one chemical profile
of life history is attained. A second life histgoyofile is acquired as the laser continues
to track from the core out to the opposite vergdge— from birth to death (figure 2.10).
However, opposing chemical profiles on a singlelithtowill not be completely
symmetric. This is generally because otolithsraeperfectly symmetrical in any two
dimensions. More specifically, in the transversetions the distance from the dorsal
edge to the core is approximately one third lorigan the distance from the ventral edge
to the core. This implies that for a laser tragkat constant rate larger quantities of
chemical data are acquired from the dorsal edgmte. Thus it was assumed that this
portion of the scan (dorsal edgecore) provided greater spatial and temporal reésoiu
for migration reconstruction and it was thereforevarsally used in data analysis and
interpretation. Yet it should be noted that boitles provide high quality data and
provide useful information related to life historBecause scans begin at the perimeter of
the dorsal edge, life history profiles also deiet history in reverse. To correct this,
profiles were modified to present life history beging at the core (figure 2.11).

During this study it was important to estimateemporal resolution for LA-ICP-
MS line scans. Converting line scans into “fisimef is complicated because otolith
growth is not linear during the course of sockeife history. Therefore, we have

integrated an average value for daily otolith gfowith time-series data to attain an
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Proximal

Distal

Proximal

Figure 2.10Top: The laser ablation track of a line scan acrosaastrersely sectioned
sockeye otolith from the dorsal edge through the ¢o the ventral edgeBottom: This

style of analysis produces a duplicate life histprgfile (mirror image)—from death to
birth to death. The chemical life history profitethe bottom figure is produced from Sr

composition (g g).
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estimate of temporal resolution. Otoliths werenseal at rate of 2.4 pm per second, with
scan data averaged into 4 second “time-slices."chBame-slice equals an ablation
distance of ~ 9.6 um. The average rate of daibyvgnt deposition onto a salmon otolith
was estimated by Sanborn and Telmer (2003) to peoapnately 1 to 3 um in diameter.
Based upon this estimation it can be calculated ¢ha line scans have a temporal
resolution of approximately 3 to 10 days per tirhees For this experiment we shall
assume daily growth is on average 1 pum/day. Fameke, a five-year-old sockeye
would contain approximately 190 “time-slices” or2BBum from the dorsal edge to the
core. To check this estimation we evaluated trexagge distance required to reach the
core during line scans. It was calculated thatamerage distance of 1632 um was
required to reach the core from the dorsal edgkis Would translate into 4.5 years of
fish life assuming daily growth is 1 um. This valgorresponds to the average age
composition of fish (4-5 years total) associatethwhe four systems from past stock

assessment studies.

2.4.6 Statistical Analysis

Analysis of variance (ANOVA) was used to statidticdest if elemental uptake
in the otoliths was significantly different durirgpckeye life history. To do this, 10
otoliths were selected from each sockeye populatidne scans that did not completely
sample the core or freshwater growth regions dlitbtodid not capture the full sockeye
life history and were therefore omitted. Time-esridata was averaged into values
representing the core, fresh, and marine growtlonsgof the otolith. Each growth
region was segregated visually using the core aaihm entry check as reference points

to determine residence in either fresh or marinéemwa Elemental data was visually
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examined for normality and homogeneity of variansang simple histograms. In order
to conform to the assumptions of ANOVA analysid, edéémental data was converted
using natural log (In) transformation. Each growlgion of the otolith was compared
using a “One-way” ANOVA applying Tukey’'s Honestlyg8ificant Difference (HSD)

post hoc procedure to specifically identify whigygions of the otolith were different.
All tests were performed at the 95% confidence rigte using SPSS™ 11 and 14

statistical software.
2.5 Results

2.5.1 Analytical Precision

To determine the precision of LA-ICP-MS line scamplicate analysis was
performed using NIST 613- a certified standardrezfee material routinely used in LA-
ICP-MS analysis. NIST 613 was sampled 13 time4Q0asecond intervals to determine
concentrations ofLi Mg, >>Mn, °Zn, ®sr, and'*'Ba. Results, expressed a relative
standard deviation (RSD), indicating precision8.&f7%, 0.97%, 0.86%, 2.57%, 0.55%,
and 0.60% for each element respectively. A lev¥gbrecision below 10% is generally
regarded as routinely acceptable and so the lesigisined here can be regarded as
excellent (Table 2.3).

Element ug g
7Li 24Mg 55Mn 66Zn 86Sr 137Ba
Average 39.60 76.58 36.88 36.05 75.66 36.79

STDEV 1.22 0.74 0.32 0.93 0.41 0.22
% RSD 3.07 0.97 0.86 2.57 0.55 0.60

Table 2.3: Precision data obtained from replicatysis of NIST 613 using LA-ICP-MS
lines scans.
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In addition to the replicate analysis of NIST 6&3sockeye otolith was sampled
to assess the precision and reproducibility of 8nans on a heterogeneous target. Four
parallel ablation scans were performed on the tbtdhietween two defined growth
increments. Scan rate (0.0024 mm/s) and samphmg (L00 s) were kept constant to
ensure equal distances were ablated for each $Rasults showed good reproducibility
between the four scans with expected small vaniat{figure 2.12). These variations are
to be expected because otoliths are heterogenemusexer perfectly symmetrical, and
therefore no two trajectories will be identicalhi§ test was done simply to show that the
pattern of chemical changes detected by this mehagnerally reproducible. This is
also evident from full line scan profiles which guze mirror image profiles for each

side opposite the core—death to birth to death.
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Figure 2.12 Replicate line scans of Sr illustratapected differences and degree of
similarity for profiles across growth bands.

2.5.2 Lake Water Chemistry

Water samples were chemically distinct in at least element between the four

lake systems (Table 2.4). Klag Bay contained fighdst concentrations of Mn, but the
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lowest concentrations of Ba. Redoubt Lake wates ariched in several elements that
included the highest absolute values of Mg, Zn,a8d Ba. Salmon Lake demonstrated
the highest absolute concentration of Ca of thedaé&xamined. Tumakof Lake was
distinctive due to its relatively low concentratsoof several elements, including Ca, Mn,

and Sr. Lithium was not analyzed in water samfdeany of the four systems.

Concentration (pg/L)

Location Ca Mn Mg Zn Sr Ba Li
Klag Lake 987.00 22.77 339.88 3.02 18.19 2.26 *
Redoubt Lake 1603.00 7.50 2290.50 3.93 25.66 4.67 *
Salmon Lake 2461.00 4.67 292.60 2.45 23.51 2.54 *

Tumakof Lake 339.75 3.34 292.75 2.89 3.05 4.32 *

Table 2.4. Average elemental concentrations (ugiéasured by ICP-MS for the four
sockeye lakes examined. Samples were collectdeeinpring of 2005. Values are
means from duplicate samples.

A common misconception in otolith microchemistry tisat absolute water
concentrations are the major determinant of otalitake. Indeed, otolith variability is a
function of water chemistry, but for elements sashSr and Ba, it is the ratio to calcium
that largely governs uptake (Kraus and Secor, 2004grefore, it was also important to
express the ratio of each element to Ca (ElemgRtiratiohCa concentratiop for all four lakes
(Table 2.5). Conversions resulted in vastly diffgrchemical representations for each
system. Tumakof Lake, which initially containedvi@oncentrations for most elements
now contained the largest ratios of Ba:Ca and Zn:Bawever, Sr:Ca in Tumakof Lake
remained the lowest of the four lakes. Redoubtlabdntained the highest Mg:Ca value,
and the second largest Sr:Ca value. Klag Bay omdathe highest Sr:Ca and Mn:Ca

ratios of all the systems. Salmon Lake’s high Gatent shifted many of its elemental
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concentrations to the lowest ratios of the fourtays. Salmon Lake contained the

lowest values for Ba:Ca, Mg:Ca, Zn:Ca, and Mn:Ca.

Element:Calcium

Location Sr:.Ca Ba:Ca Mg:Ca Zn:Ca Mn:Ca
Klag Lake 0.018 0.002 0.344 0.003 0.023
Redoubt Lake 0.016 0.003 1.429 0.002 0.005
Salmon Lake 0.010 0.001 0.119 0.001 0.002
Tumakof Lake 0.009 0.013 0.862 0.009 0.010

Table 2.5 Average Elemental ratios measured byMSHor the four sockeye lakes
examined. Samples were collected in the sprip06. Values are means from
duplicate samples.

2.5.3 Strontium

Strontium profiles provide an effective means feanstructing the life history of
sockeye. Strontium profiles followed an increasirend as line scans moved from the
core to dorsal edge of sockeye otoliths (figureBR.1This pattern demonstrates that Sr
uptake increases during the marine phase, whiakeagwith past research showing that
salinity is a major factor controlling Sr uptakeafidyama et al. 2000, Kraus and Secor,
2004, Elsdon and Gillanders, 2004, Arai and Hiré&@06). However, aside from
determining the already well-documented transitbsockeye from a low salinity (lake)
to high salinity (marine water) environment, Sr fes also highlight many other

environmental shifts.

Otoliths from Salmon and Klag Lake display Sr carications in the core that
were elevated compared to the freshwater growtlomeg No visual differences in Sr
composition could be distinguished between the em@ freshwater growth regions in

Tumakof or Redoubt Lake otoliths. In fact, Sr lgetan freshwater was markedly
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Figure 2.13 Strontium (Sr) profiles produced frarmetscan analysis extending from the
core AX=0um) to the dorsal edge&AX = 1800 pm). Top Profile: Core region with
elevated Sr concentration relative to the freshwsignals (A). Freshwater residence
observed as stable low Sr concentrations (B). @mation denoted by a significant
gradient shift in Sr (C). Marine residence dendigdstable high Sr concentrations with
slight oscillation possibly indicative of coastaldapelagic marine signals (D)Bottom
Profile:  Comparison of Sr life history profiles betweenniakof, Salmon, Klag and
Redoubt Lake.
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different between otoliths from the four lakes.InS@n Lake otoliths have invariant and
low concentrations of Sr, whereas Sr concentrationklag Lake otoliths followed a

generally decreasing pattern prior to outmigratioBoth Tumakof and Redoubt Lake
otoliths contained high Sr concentrations duringsfiwater residence, often making it

difficult to identify the transition from fresh tmarine water.

Migration to marine water was clearly marked asraef shifts in Sr from low to
high concentrations in Salmon and Klag Lake otslitvhich corresponded to the
position of the marine entry check. However, earalysis of the marine entry check did
not induce significant shifts in Sr uptake in Redibwr Tumakof Lake otoliths.
Especially in Tumakof Lake otoliths, Sr profilespliay only marginal increases in Sr
throughout sockeye life history, which indicateatt®r uptake in the lake is not much
different than in marine water. This suggests Swkeye habitat in Tumakof Lake is
elevated in Sr by at least 3 times—making it egeiato marine waters —although the

water chemistry does not bear out this suggestistiissed later).

Strontium uptake during the marine phase of lifetdry resulted in similar
patterns and concentrations between the four ptpota Compared to freshwater
systems, Sr concentrations in the ocean are dyatiad temporally invariant, providing a
natural reference point to examine the reliabiifySr as a proxy of ambient chemistry.
However, despite the relatively constant conceiotmabf Sr globally in the ocean Sr
profiles are not invariant during the marine resie period. Rather, they gradually
increase and exhibit periodic oscillations. Funthere, the majority of Sr profiles

contained a distinctive final increase in Sr:Cahe late stages of life history, shortly
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before capture. This result suggests that saligityot the only mechanism controlling Sr

uptake in these otoliths. (All Sr profiles aredted in Appendix I).

To quantitatively assess the observed different& iuptake during sockeye life
history an ANOVA analysis was performed. Resulesndnstrated Sr composition
between the core, freshwater, and marine growtiomsgvere significantly differen®(<
0.0001) in Salmon, Klag, and Redoubt Lake otolitiiéo significant differences in Sr
uptake could be determined between the 3 growtlemegn Tumakof Lake otolithd?(=
0.062). A Tukey's post-hoc test further revealedioh regions of the otolith were

significantly different between the four populatsomvhich is presented in table 2.6.

Dependent Variable
Salmon Lake

Pair-wise Comparison
core vs. freshwater

Probability
P-value < 0.001

core vs. marine
freshwater vs. marine

P-value < 0.001
P-value < 0.001

Klag Lake core vs. freshwater P-value = 0.040
core vs. marine P-value = 0.001

freshwater vs. marine | P-value < 0.001

Redoubt Lake core vs. freshwater P-value = 0.918
core vs. marine P-value = 0.000

freshwater vs. marine | P-value = 0.000

Tumakof Lake core vs. freshwater P-value = 0.919
core vs. marine P-value = 0.070

freshwater vs. marine | P-value = 0.150

Table 2.6 P-values calculated using Tukey's postHi®D procedure to determine if
Sr composition was significantly between the cdreshwater, and marine growth
regions of sockeye otoliths. Salmon Lake (n = Kigg Lake (n = 10), Redoubt Lake
(n = 10), and Tumakof Lake (n = 10).

In both Salmon and Klag Lake, Sr uptake was sigaifily different in all three

growth regions of the otolith. Redoubt Lake digpld no significant differences in Sr
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composition between the core and freshwater otghtwvth regions. However, both core

and freshwater growth in Redoubt otoliths werestiaally distinguishable from marine

Sr signals. Tukey’s post-hoc procedure demonstridi@t no significant differences in Sr
composition existed between any of the three ¢ta@iowth regions in Tumakof Lake

sockeye.

2.5.4 Barium

Life history profiles generated from Ba concentra$ in sockeye otoliths
generally followed an inverse pattern to Sr (Figdt@4 and 2.15). In the core, Ba
concentrations were consistently lower than infteghwater growth regions of sockeye
otoliths. This consistent pattern suggests thatuBake is decreased during incubation
and early development. Just beyond the core, Biadly increased to the highest levels
and then during the remainder of the freshwatedeese, fluctuated. This suggests that
ambient Ba concentrations in the lakes vary pecaltyi. Comparatively, freshwater Ba
concentrations were similar in Salmon, Klag, andid®ét Lake otoliths, ranging from
10—20 pg . However, Ba uptake was exceptionally high in &kof Lake otoliths, at

values normally one order of magnitude greater tharthree other sockeye lakes.

Barium is usually depleted in marine surface wageenor and Chan, 1977), and
outmigration corresponded with decreases in Balermajority of otoliths. In some
respects, Ba was a more effective indicator of agitation than Sr profiles, especially in
systems such as Tumakof and Redoubt Lake, whicieshdittle variation in Sr during

transitions from fresh and marine water.
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Figure 2.14 Barium life history profiles producedrh line-scan analysis extending from
the core AX=0um) to the dorsal edgaX =~ 1800 um)Top Profile: Core region with a
decreased Ba concentration relative to the fredwsagnals (A). Freshwater residence
displayed a fluctuating pattern in Ba (B). Outratypn denoted by a significant decrease
in Ba (C). Early marine residence is denoted bBaapeak occurring shortly after
outmigration (D). Periodic elevations in Ba durifeder marine growth (E)Bottom
Profile: Comparison of Ba life history profiles betweeadrSon, Klag and Redoubt Lake.



Chapter 2 63

400
Tumkof Lake 1
300 + o Tumakaf Lake 2
ol
=N}
= 2004
)
<)
100 +

0 200 400 6001 s00 1000 1200 1400 1600 1800 2000

AX Position (pum)

Figure 2.15. Barium life history profiles from Takof Lake using line-scan analysis
extending from the core\iK=0um) to the dorsal edgaX ~ 1800 pum).



Chapter 2 64

As well, some sockeye otoliths displayed severatimitive Ba peaks during
ocean residence. The most prominent of these meaksred shortly after outmigration,
probably while fish resided in estuarine and cdaataas. This characteristic was
especially evident in Klag Lake otoliths, whicheftdisplayed Ba peaks shortly after
outmigration that were of similar magnitude to pedkring lake residence. Subsequent
to the peaks that followed outmigration, periodicreases in Ba occurred during marine
residence. On average, sockeye otoliths displaye8 defined peaks during residence
in the ocean, which may possibly be explained lasseal enrichments of Ba in surface
waters due to upwelling nearer to coasts. If Bakpere accurate in detecting seasonal
upwelling, peaks may possibly have value for deteimg the marine age of temperate
fish species in the northeastern Pacific (Clarkalgtin Press). (All Ba profiles are

located in Appendix ).

ANOVA analysis comparing Ba concentrations in tloge¢ fresh, and marine
regions of the otolith were significantly differe( < 0.03) in all four populations.
However, Tukey's post-hoc test revealed that naiggnt differences could be
determined between the core and freshwater groggloms of the otolith in any of the
lakes (Table 2.7). On the other hand, marine draegions were significantly different
in Ba composition than those attained in the cofdslag, Redoubt, and Tumakof Lake
otoliths. Marine and core Ba composition were statistically different in Salmon Lake
otoliths. All sockeye otoliths showed significatitfferences in Ba composition between
the freshwater and marine otolith growth periodkjclw supports past research that Ba

uptake between the two environments is different.
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core vs. marine
Freshwater vs. marine

Dependent Variable Pair-wise Comparison Probability
Salmon Lake core vs. freshwater P-value = 0.803
core vs. marine P-value = 0.091
Freshwater vs. marine | P-value = 0.023
Klag Lake core vs. freshwater P-value = 0.461

P-value < 0.001
P-value < 0.001

Redoubt Lake

core vs. freshwater
core vs. marine
Freshwater vs. marine

P-value = 0.142
P-value < 0.001
P-value < 0.001

Tumakof Lake

core vs. freshwater
core vs. marine
Freshwater vs. marine

P-value = 0.430
P-value < 0.001
P-value < 0.001

Table 2.7 P-values calculated using Tukey’s postHSD procedure to determine if
Ba composition was significantly between the cdreshwater, and marine growth
regions of sockeye otoliths. Salmon Lake (n = Xag Lake (n = 10), Redoubt
Lake (n = 10), and Tumakof Lake (n = 10).

2.5.6 Magnesium

In comparison to Sr and Ba, Mg profiles were noteffsctive for chemically
reconstructing sockeye migration from fresh andimeawater. However, profiles did
exhibit several distinct characteristics in relatio sockeye life history. Foremost, were
the pronounced elevations of Mg in the cores oftrotdiths (figure 2.16). Magnesium
uptake is clearly higher during the early formatsnd growth of the otolith, possibly due

to a Ca deficiency. Following the initial Mg pegkthe core, profiles showed distinctive

declines to relatively stable Mg concentrationsryifreshwater residence.

Migration to the ocean was not obvious from Mg pesf which typically
exhibited gradual increases following the marin&gyenheck. Little evidence has been

produced to positively correlate Mg uptake in fagbliths to ambient chemistry
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Figure 2.16. Magnesium life history profiles prodddrom line-scan analysis extending
from the core AX=0um) to the dorsal edgeAX ~ 1800 um).Top Profile: Elevate Mg
signals in the otolith core (A). Freshwater andinearesidence difficult to discern in life
history profiles, but slight changes from low taglér concentrations were observed in
some otoliths (B). Bottom Profile: Comparison of Mg life history profiles between
Tumakof, Salmon, Klag and Redoubt Lake.
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(Thorrold et al., 1997, and Campana, 1999). Howewadihough moderate, sockeye
otoliths show differences in Mg uptake betweenHrasd marine water. This behavior is
contrary previous assumptions for Mg uptake (THdret al., 1997, Campana, 1999),
and suggests that Mg does to some degree refldoeatrchemistry. (Mg profiles are

located in Appendix ).

Results from ANOVA analysis showed that otolith KEmmposition significantly
varied @ < 0.02) in all four populations. Tukey’s post-hmocedure revealed that Mg
concentrations between the core and freshwater tgraegions were significantly

different in all otoliths (Table 2.8).

Dependent Variable Pair-wise Comparisgn Probability

Salmon Lake core vs. freshwater P-value < 0.001
core vs. marine P-value = 0.005

freshwater vs. marine | P-value = 0.053

Klag Lake core vs. freshwater P-value = 0.008
core vs. marine P-value = 0.223

freshwater vs. marine | P-value = 0.287

Redoubt Lake core vs. freshwater P-value = 0.001
core vs. marine P-value = 0.393

freshwater vs. marine | P-value = 0.038

Tumakof Lake core vs. freshwater P-value = 0.001
core vs. marine P-value = 0.998

freshwater vs. marine | P-value = 0.001

Table 2.8 P-values calculated using Tukey’s postHSD procedure to determine if
Mg composition was significantly between the cdreshwater, and marine growth
regions of sockeye otoliths. Salmon Lake (n = Kiag Lake (n = 10), Redoubt Lake
(n = 10), and Tumakof Lake (n = 10).

Comparisons between Mg uptake in the fresh and nagrowth regions of
sockeye otoliths yielded mixed results. In Salmamd Klag lakes no significant
difference in Mg was detected, whereas, RedoubtTamdakof Lake otoliths contained

significant differences between the fresh and neagrowth regions. Interestingly, three
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lakes showed no significant variations in Mg uptdletween core and marine otolith
growth.  Only Salmon Lake otoliths contained sigaiht differences in Mg

concentrations between the core and marine greegioms.
2.5.7 Lithium

Of the 5 elements selected for examination, Li am&d the lowest detected
concentrations during line scan analysis (0.054830g".). As a result, Li profiles
fluctuated between regions above and below the adettietection limit (MDL).
However, where it was detectable some consistettérpa emerged. In the core and
freshwater growth periods, Li was below MDL. Howevdistinctive changes in Li
uptake occurred while in marine water, which caesily displayed two prominent Li
peaks. Most often the first Li peak occurred safier outmigration from the lake, and
provided an effective indicator for identifying ougration (figure 2.17). However, soon
after the initial peak Li concentrations in the lgtotypically decreased to levels near
MDL—perhaps just higher than freshwater. The sdgarominent peak was typically
detected shortly before capture, prior to re-etdrfreshwater to spawn in most otoliths.
In some cases, a third marine Li peak was alsoctdgteduring the middle of marine
residence, but occurrences were infrequent. Ligtkenown about Li uptake into otoliths,
as it has only been reported in less than 8 papedlate. These results suggest that Li

does not accurately reflect ambient chemistry. pfbfiles are located in Appendix I).

At first glance, ANOVA results demonstrate that wptake was significantly
variable P < 0.0001) during sockeye life history. Howevelgser inspection using
Tukey’s post-hoc test revealed that no signifiadifferences existed in Li composition

between the core and freshwater growth region8 fow populations (Table 2.9). The
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Figure 2.17 Lithium life history profiles produc&om line-scan analysis extending from
the core AX=0um) to the dorsal edgaX ~ 1800 um).Top Profile: No identifiable Li
signals in the core or during freshwater reside(®e Two Li peaks consistently
occurred while in marine water shortly before traoss from fresh to marine water or
vice-versa (B).Bottom Profile: Comparison of Li life history profiles betweenrmakof,
Salmon, Klag and Redoubt Lake.
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major difference in Li uptake occurred during marhesidence, which was significantly

variable from both core and freshwater regiondlifoar populations.

core vs. marine
freshwater vs. marine

Dependent Variable Pair-wise Comparison Probability

Salmon Lake core vs. freshwater P-value = 0.803
core vs. marine P-value < 0.001

freshwater vs. marine P-value < 0.001

Klag Lake core vs. freshwater P-value = 1.000
core vs. marine P-value = 0.001

freshwater vs. marine P-value = 0.001

Redoubt Lake core vs. freshwater P-value = 0.995

P-value < 0.001
P-value < 0.001

Tumakof Lake

core vs. freshwater
core vs. marine
freshwater vs. marine

P-value = 0.935
P-value < 0.001
P-value < 0.001

Table 2.9 P-values calculated using Tukey’s postH8D procedure to determine if
Li composition was significantly between the cdireshwater, and marine growth
regions of sockeye otoliths. Salmon Lake (n = Xag Lake (n = 10), Redoubt
Lake (n = 10), and Tumakof Lake (n = 10).

2.5.8Zinc

Life history profiles produced from Zn were notegffive for tracking sockeye

migration from fresh to marine water. Zinc prddil®llowed a highly oscillatory pattern
throughout sockeye life history with no dramaticaebes occurring during transitions
from fresh to marine water (figure 2.18). Corensityires of Zn were inconsistent

between sockeye otoliths and displayed both eldvate depleted concentrations.

Outside the core, Zn profiles demonstrated a highklyllatory pattern from early
to mid life history. Otoliths from the four poptilans did not exhibit any distinctive Zn
signatures in fresh or marine water. In fact, Zmaentrations were highly variable

between individual otoliths, often ranging from 180 pg ¢.  This large variability in
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Figure 2.18 Zinc life history profiles producedrrdine-scan analysis extending from the
core AX=0um) to the dorsal edgeA\X ~ 1800 um).Top Profile: Early to mid life
history marked by an oscillating pattern of Zn iatlb fresh and marine water (A).
During later life history a generally decreasingtg@a in Zn is observed(B).Bottom
Profilee Comparison of Zn life history profiles betweenniakof, Salmon, Klag and
Redoubt Lake.
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both environments indicates that Zn is not reflectof ambient chemistry. The most
prominent feature of Zn profiles were progressieelihes in concentration as sockeye
increased in age. Recent research has suggesieth¢hincorporation of Zn into fish

otoliths is predominantly associated with the 4%tg@n matrix, and is more reflective of
growth, than of the ambient environment (Milleragét 2006). The decline of Zn in the
late stages of sockeye life history may suppod ttaim, as somatic growth gradually

decreases as fish age. (All Zn profiles are latateAppendix I).

Dependent Variable Pair-wise Comparison Probability

Salmon Lake core vs. freshwater P-value = 0.883
core vs. marine P-value = 0.173

freshwater vs. marine P-value = 0.368

Klag Lake core vs. freshwater P-value = 0.996
core vs. marine P-value = 0.310

freshwater vs. marine P-value = 0.352

Redoubt Lake core vs. freshwater P-value = 1.000
core vs. marine P-value = 0.265

freshwater vs. marine P-value = 0.262

Tumakof Lake core vs. freshwater P-value = 0.757
core vs. marine P-value = 0.107

freshwater vs. marine P-value = 0.358

Table 2.10 P-values calculated using Tukey’'s postHiSD procedure to determine if
Zn composition was significantly between the cdreshwater, and marine growth
regions of sockeye otoliths. Salmon Lake (n = Xiag Lake (n = 10), Redoubt
Lake (n = 10), and Tumakof Lake (n = 10).

Results from ANOVA analysis indicated that no sttal differences could be
found in Zn composition during sockeye life histamyany of the otoliths. Salmon, Klag,
Redoubt, and Tumakof lakes otoliths all containedaRes well beyond the accepted
significance level of 0.05 at 0.177, 0.262, 0.2&iq 0.119 respectively. Tukey's post-
hoc procedure supported ANOVA results, showing mgmicant difference in Zn

composition between any of three regions (Tabl8)2.1
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2.5.9 Manganese

Life history profiles for Mn, exhibited differencebetween incubation and
residence in fresh and marine water (figure 2.1@anganese concentrations in the core
were variable in all four systems. Many otolithsplayed elevated concentrations of Mn
in the core, whereas an equivalent number of d®lttontained depleted signals. This
suggests that early Mn uptake is complex, and neagftected by a suite of factors, such
as ambient chemistry, maternal influences, and ilplgsslifferences in early crystal

growth.

In freshwater, Mn profiles displayed an oscillatipgttern, which typically
contained 1—2 defined peaks. Manganese uptakeshwater was similar between the
four populations ranging from approximately 5—15gt'g Analysis of the marine entry
check revealed relative declines in Mn as sockeyered marine water, but is not as
effective as Sr or Ba for determining anadromyr the remainder of marine residence,
Mn remained relatively constant at a low concem@nashowing that that Mn uptake in

the ocean was minor. (Mn profiles are located ppéndix I).

ANOVA analysis of the core, freshwater, and mamgnewth regions indicated
that Mn composition in SalmorP(= 0.384), Klag P = 0.088) and Redoubt Lake &
0.711) otoliths was not significantly different.oWever, sockeye otoliths from Tumakof
Lake P < .001) showed that quantitatively, Mn was diffdrm the three growth regions.
Tukey's post-hoc procedure supported ANOVA resilltsstrating that no statistical
differences existed between the core, freshwatet,naarine growth regions in Salmon,
Klag, or Redoubt Lake otoliths (Table 2.11). Adbrons in Tumakof Lake otoliths were

significantly different in Mn concentration.
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Figure 2.19 Manganese life history profiles produé®m line-scan analysis extending
from the core AX=0um) to the dorsal edg&X =~ 1800 pum).Top Profile: Core region
containing an elevated Mn signal (A). Freshwaésidence displaying two defined Mn
peaks prior to outmigration (B). Marine resideddsgplaying a stable low Mn signal (C).
Bottom Profile: Comparison of Mn life history profiles betweeanrmakof, Salmon, Klag
and Redoubt Lake.
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Dependent Variable Pair-wise Comparison Probability

Salmon Lake core vs. freshwater P-value = 0.611
core vs. marine P-value = 0.908

freshwater vs. marine | P-value = 0.369

Klag Lake core vs. freshwater P-value = 0.422
core vs. marine P-value = 0.566

freshwater vs. marine | P-value = 0.073

Redoubt Lake core vs. freshwater P-value = 0.948
core vs. marine P-value = 0.866

freshwater vs. marine | P-value = 0.692

Tumakof Lake core vs. freshwater P-value = 0.003
core vs. marine P-value < 0.001

freshwater vs. marine | P-value < 0.001

Table 2.11 P-values calculated using Tukey’s postHiSD procedure to determine if
Mn composition was significantly between the cdreshwater, and marine growth
regions of sockeye otoliths. Salmon Lake (n = Xag Lake (n = 10), Redoubt
Lake (n = 10), and Tumakof Lake (n = 10).

2.6 Discussion

2.6.1 Strontium

Time-series data produced for Sr demonstratedlieaanadromous life history of
sockeye salmon could be effectively reconstructsithgufull LA-ICP-MS line scans.
Statistical analysis of the core, freshwater, anarime growth periods provided an
effective method for detecting differences in Stalgp during these periods. However,
aggregating line scan data in this way limits #raporal resolution of life history to only
broad categories, namely (1) incubation and ealyetbpment, (2) freshwater residence,
and (3) marine residence. Using the complete sarées provides more details from the
embryonic stage until death making it possiblexansine more subtle shifts in Sr uptake

than methods that sample only discrete sites orotthigh. Strontium profiles showed
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that uptake was dynamic across sockeye life histboy followed similar patterns

between otoliths.

The first distinguishable characteristic of Sr iocleye life history was the
presence or absence of elevated concentratiom® indre. Past research has shown that
elevated concentrations of Sr in the cores of amadus salmon otoliths are not
uncommon (Rieman et al., 1994, Volk et al., 200@ Arai and Hirata et al., 2005). In
fact, otolith core Sr signatures have recently beze@dapted as an important tool for
distinguishing between sympatric anadromous andshWwater-resident salmon
populations (Volk et al., 2000). This applicatiorfisheries is possible because maternal
Sr signatures are transferred to progeny duringfeggation or vitellogenesis, which in
anadromous salmon occurs in marine water. Anadusnifemale salmon derive all
nutritional input for egg development from marineuces. Therefore, the early
incubation environment of developing embryos iSavad in marine derived elements,
especially Sr. As a result, the progeny of anadusnsalmon incorporate marine Sr
signals during early otolith formation and growtlhis phenomenon was demonstrated
by Volk et al. (2000), who compared otolith core f8m experimental crosses of
anadromous and freshwater resident coho, sockey@, chinook Q. tshawytscha)
salmon. Results revealed that offspring producedelmales maturing in seawater had
core Sr:Ca values four times greater than salman iatured in freshwater. Thus,
maternal investments of Sr are a conceivable eagitam for the observed elevations of

Srin the cores of Salmon and Klag Lake otoliths.

However, profiles also showed that Sr signals wetasolated to the core region,

but extended well into the freshwater periods fef thistory. The persistence of maternal



Chapter 2 77

Sr signals after line scans moved from the cor@easitg that maternal influence extends
beyond embryonic development. The gradual dedin8r in Salmon and Klag Lake
otoliths may be related to the transition of soekdgom the alevin and fry stages.
Although free of the egg as alevins, sockeye daliive a large proportion of nutrition
from the ventrally attached yolk sac. The yolk gaecemnant of the egg, and so also
likely to be enriched in marine nutrients. As absvdevelop, the yolk sac is gradually
depleted with total adsorption coinciding with egemce from the nest. Thus, as
sockeye continue to develop to fry the dependerfcenaternal endogenous sources
gradually lessens, causing gradual declines oinSheé blood plasma and endolymph
available for deposition into the otolith. To tésis hypothesis we compared the average
duration of maternal Sr signals in life history files to the documented average timing

of sockeye incubation and development.

Following fertilization, sockeye eggs on averageulmate for approximately 12
weeks before hatching (Groot and Margolis, 1998fter hatching alevins typically
remain submerged in the nest for an additional 82oveeks before emerging as fry.
Therefore, we can estimate that the total incubasind early development of sockeye
salmon occurs over a period of approximately 24ksew 6 months. In these otoliths, 6
months of fish time equates to a distance of apprately 170 um. Examination of the
Sr profiles from Salmon and Klag lake otoliths skothat maternal signals often
persisted to distances beyond 300um (~11 months tfiee), thus exceeding the
estimated duration of incubation and developmerthis demonstrates that either
maternal influences affect Sr uptake (and perhdpesralevelopmental aspects) further

into sockeye life history than previously expectedthat the growth cycle reported by
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(Groot and Margolis, 1991) is not applicable tosthestocks, or that the estimated
distance-time relationships for these otolithsoisgome unknown reason incorrect. All
evidence considered, the first explanation besy®tigckham’s razor. Therefore, it is
possible that maternal influences are still opetpin sockeye up to 11 months after

fertilization.

Despite the observed elevations of Sr in Salmon lad) Lake otoliths, no
discernible differences were detected between tre end freshwater Sr signals in
Redoubt and Tumakof Lake otoliths. Probably tkigliie to the influence of ambient
chemistry from lake water. Of the four populatioRedoubt and Tumakof lake otoliths
displayed the highest uptake of Sr in freshwatér.is therefore likely that maternal
signatures in the core were unidentifiable in Sxfifgs due to chemical similarities with
the lake water. This same explanation may alsdaexpvhy Sr profiles were not
effective at determining outmigration for theseck® However, as the levels of Srin the
cores of fish from Salmon and Klag lakes were lowem in fish from Redoubt and
Tumakof, this suggests that ambient water chemasis still influence early incubation

to some degree.

Outmigration from fresh to marine water was cleg@rgnounced as defined shifts
from low to high Sr concentrations in Salmon anddlake otoliths. This was not the
case for Redoubt or Tumakof lake otoliths, whiclovedd little to no changes in Sr
indicative of outmigration. Assuming that Sr idleetive of ambient chemistry, Sr
profiles produced from Tumakof and Redoubt Lakegesgthat uptake in freshwater is
slightly less than or equivalent to the marine emwnent. This was not supported by the

water chemistry data, which showed that Klag Latetained highest Sr:Ca ratio of the
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four lakes, and Sr:Ca ratios were lowest in Tumakaite. Normally, there is better
convergence between water and otolith chemistrgeaally for Sr. However, it is
possible that the water chemistry samples collefded umakof and Redoubt Lake are
not reflective of the habitats that sockeye occimpthese systems. Water samples from
these lakes were collected from either the lakeresluw lower reaches of the outlet
streams once. They may have been influenced hytiafl from run-off and or
limnological stratification whereas sockeye incidratand early life history may have
taken place in waters with different chemistry dogroundwater or porewater seepage

into the lakes or mixing of the water column.

Although water and otolith chemistry from Redoubtiarumakof Lake do not
correspond, such anomalously high Sr:Ca freshwatieies are not uncommon in Sitka,
Alaska. Kraus and Secor (2004) reported that s¢wenall streams on Sitka contained
mean values of Sr:Ca that exceeded seawater. fohersuch high Sr concentrations
during the freshwater phase of sockeye salmorhigtory are not improbable. This may
be especially true in Redoubt Lake, which is mentimiand contains a dense saline
bottom layer. It is doubtful sockeye ever ventire the anoxic bottom waters of
Redoubt Lake, however exchanges between the chigr@eid surface waters do occur.
Much like holomictic lakes, the uppermost portioh meromictic lakes can undergo
thermal stratification and circulate seasonally (k&8 1974). Furthermore, physical
mixing via wind can also drive periodic circulat®m the water column of meromictic
lakes. Therefore, it is possible that mixing betwehe moderately saline chemocline
and upper column of Redoubt Lake creates a widgeran salinity gradients throughout

the lake. This could conceivably explain the highconcentrations observed during
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freshwater residence in Redoubt sockeye otolitiBhe high Sr concentrations in
Tumakof otoliths are not so easily explained. l&itto no published data exists or is
accessible on past water sampling in Tumakof Lasie from the water samples
collected for this study. However, analysis of Bkof Lake otoliths was carried out on
two separate dates more than one month apart. [tR&sum both occasions yielded high
Sr concentrations during freshwater residency imdkof Lake otoliths. Thus, our
results imply that sockeye in Tumakof occupy ame@staining high Sr:Ca ratios in the

lake or outmigrate to marine water immediatelyraftimergence from the nest.

Sea-type (i.e. emigrate as fry) life histories hdneen documented in several
sockeye stocks in Southeast Alaska (Halupka eP@00). Typically, sockeye stocks
exhibiting sea-type life histories are associatétth wvers (e.g. Situk River), and do not
usually occur in lake systems. However, the highariant Sr signals detected in
Tumakof otoliths may indicate that sockeye fry ratgrdirectly after emergence and rear
in Redfish Bay. Redfish is a large bay containggyeral eelgrass beds that could
provide sockeye fry with excellent rearing habitdinfortunately this hypothesis does
not agree with past stock assessment data. Essrfraim scale annuli in 2002, showed
that 99% Tumakof sockeye stayed in the lake for tivthree years before outmigration
(Lorrigan et al. 2003). These estimates do notyrtipat Tumakof sockeye follow sea-

type life histories, and further supports that &rr@tios in the lake may be elevated.

In retrospect, although other freshwater otolitbdsts have relied on single
sample collection to characterize ambient streantemvehemistry (Clarke et al. (In
Press)), and it has been documented by hydrolothstssingle samples are generally

representative of stream waters (Taylor and Hamild®94). In the case of sockeye
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lakes, it would be more appropriate to collect mplét water samples from areas of
known fish occupancy, as it is possible and apppesbable for these two lakes that
water chemistry can substantially vary across ngahnabitat. In this study, an extensive
water chemistry survey was not part of the expamiaedesign, and due to the
remoteness and access limitations, performing oaeldvhave required considerably

more resources.

Strontium uptake in marine water displayed simpatterns and concentrations
between the four lakes. As stated earlier, gl&valoncentrations (~8 ppm) are relatively
invariant in marine water (Wadleigh and Veizer, 398however Sr profiles did not
entirely reflect this invariant Sr concentratiorRather, life history profiles showed a
gradual increase in Sr accompanied by second petardic oscillations. Early marine
residence displayed lower Sr concentrations reddtiviater marine otolith growth. This
characteristic may be due to early residence uegsie and coastal areas, which are less
saline then the pelagic ocean. The later increa§& may occur as sockeye eventually
migrate from these regions into the Alaskan Gyréetml. However, many otoliths also
displayed periodic oscillations in Sr during marimesidence perhaps due to intermittent
exposure to alternating high and moderate salmitieSockeye primarily feed on
zooplankton, and likely seek areas of high proditgtito feed (Groot and Margolis
1991). It is plausible that sockeye make seasomalements from pelagic to coastal
areas in search of these food items, especiallynglwpring periods when photoperiod
and upwelling induce seasonal plankton blooms tireaiNortheastern Pacific coasts. A
similar result was also reported by Sanborn andn&el(2003) in the otolith of a chum

salmon. Using the same method, it was found the@tG@hum otolith displayed three
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yearly oscillations during marine residence. Lskekeye, chum salmon also rely heavily
on zooplankton as a food source, and also arg/ltheinake seasonal movements to areas

of high productivity to feed.

Another, possibility that may explain these episdsli oscillations during marine
residence may be sockeye residence in Sitka andaH&addies. Haida and Sitka Eddies
are large volumes of low salinity, nutrient-rich teraformed in late winter from the
Queen Charlotte and Alexander Archipelago coasa$téB and Crawford, 2005). These
sea surface anomalies carry large nutrient loadsdfstore regions and can be enriched
with coastal and pelagic zooplankton species. @ledslies could provide sockeye with a
large forage base, which they could follow offshorere-enter annually accounting for

the seasonal oscillations in Sr.

Another fascinating aspect of the Sr profiles theturs during marine residence
is the distinct increase in uptake shortly befoaptare. This final increase does not
correspond to expected ambient chemistry of the dédges of sockeye life history. In
actuality, this period in the otolith should refigbe return of sockeye to less saline
coastal and estuarine areas to spawn, and thigdvib@uéxpected to produce a decline in
Sr. However, most otoliths demonstrated brieféeases in Sr uptake during this period.
It is unlikely that this final increase is causeddmbient chemistry. Other factors that
have been shown to affect Sr uptake in the past hagluded temperature, diet,
metabolism, and stress-related events (Kalish, 1@@Pnpana, 1999). Work by Kalish
(1989) showed that there was little evidence topetipa linear relationship between
temperature and Sr uptake in the otoliths of Alisinasalmon Arripis trutta) and Blue

Grenadier fMacruronus novaezelandiae). Campana (1999) noted Sr assimilation into the
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otolith via diet can occur during absorption frohe tintestine, but is miniscule when
compared to ambient chemistry. A more logical arption for the final Sr increase in
sockeye otoliths can be related to various chanmgesetabolism and by stress-induced

effects from the formation of gonadal tissue inpam@tion to spawn.

A factor that has been reported to increase Srkapita fish otoliths has been
related to the physiological stress associated gotiad formation and spawning. Kalish
(1989) reported that in Blue Grenadier, there wagsaaual increase in levels of plasma
Ca and plasma protein destined exclusively forgiads prior to spawning. As a result,
the level of free diffusible Ca in the endolymphresluced due to the requirements of Ca
in formation of gonads. The competition for Ca Wbuause a reduction of Ca in the
endolymph and cause increased uptake of Sr tottigho(Kalish, 1992). Considering
that the bulk of gonad formation in these particslackeye occurs in marine water, it is
possible that a reduction of Ca in the endolymplictcexplain the increase of Sr near the

end of life.

Another possible effect that may increase Sr upthkéng later life history may
be related to the differences in otolith surfaceaaversus the volume of endolymphatic
fluid in the saccular canal. In the early stagesockeye development the ratio between
the otolith and endolymphatic fluid is large, ahdrefore the relative size of the reservoir
of elements that can substitute in the otolithasgé and cannot be easily depleted
(Sanborn, 2003). This may also possibly explagdlevations of various other elements
in the core in relation to other regions of thelidto However, over-time the surface area

of the otolith gradually increases in relation be total volume of endolymphatic fluid,
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thereby decreasing the relative size of the elemesgrvoir. As a result, depletion of

some elements such as Ca may occur more easiyndg increased uptake of Sr.

2.6.2 Barium

Life history profiles generated using Ba were addfective for reconstructing
sockeye life history. Recent investigations inte thechanisms controlling Ba uptake to
otolith aragonite have shown that ambient chemistiy predominant factor (Bath et. al.
2000, Vries et al. 2005, Elsdon and Gillanders,&20@amer et al. 2006). In this study
Ba uptake was higher in the freshwater growth peoibthe otolith compared the marine
period which complies with the typical behavior B&—that is higher in freshwater
systems than in the marine environment (Campan9)19 However, in addition to
identifying gross differences in Ba uptake betw&esh and marine habitats, Ba profiles

also contain smaller, shorter term shifts reflegtither environmental shifts as follows:

Early Ba concentrations in the core were low retatio the freshwater growth
periods. This characteristic may be explained utimthe same way as discussed earlier
for Sr. Maternal chemistry likely influences eama concentrations in developing
sockeye embryos. However unlike Sr, Ba is notiilawd in the marine environment and
is ordinarily depleted in surface waters by biotagiactivity (Hanor and Chan, 1977).
Therefore female sockeye are unlikely to incorponatuch Ba during egg formation
while in marine water. As a result, maternal Bgnals transferred to developing
embryos and alevins may be lower in concentrati@am tthe ambient levels within the
nest or lake. There are no reports describing/ &aluptake in Pacific salmon otoliths,

and past investigations involving Ba concentrationstolith cores have predominantly
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involved marine or estuarine species (Bath et28l00, Ruttenberg et al., 2005, Vries et
al., 2005, Elsdon and Gillanders, 2006, Hamer.2@06). Ruttenberg et al. (2005) used
LA-ICP-MS to characterize Ba concentrations in¢bees of 5 marine and 1 anadromous
fish species covering a wide variety of spawningtsgies. Results indicated that —
contrary to sockeye in this study--Ba was relativehriched in the core compared to
adjacent regions of the otolith in most, but ndtsglecies. Similar results were also
detected by Clarke et al. (In Press), in the cofeBacific Eulachon. However, other
work by Clarke et al. (2007) using LA-ICP-MS lineas analysis on Artic Grayling
otoliths showed that Ba concentrations were degpletehe core. Thorrold et al. (1997),
also demonstrated that Ba concentrations in jugeiilantic Croaker increased as LA-
ICP-MS spot analysis radiated from the core torlaggions of growth on the otolith.
Perhaps the primary factor causing the wide rarigg@aoconcentrations detected in the
cores between fish is related to general differemedife history. For example, residence
within a specific water mass (e.g. pelagic ocessshiwater) prior to spawning may have
significant effects on maternal use of Ba durintelogenesis. Additionally, spawning
substrates and incubation periods between speciksalso greatly affect relative
contributions of maternal Ba to the otolith duridgvelopment. Finally, it is also
possible that variations in the physiological regoients for Ca throughout life history
could cause Ba substitution into otolith aragoritevary independently of ambient
chemistry — as described earlier for Sr — althotinghresults from this study indicate that

this is a secondary process (explained below).

Despite the wide inconsistencies between Ba coratémis in the otolith core,

freshwater uptake showed similar results to paslitbt research investigating Ba
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(Campana, 1999, and Arai and Hirata, 2006). Sazksgliths showed that Ba uptake
was highest in the freshwater growth period. Unldurface waters in the marine
environment, Ba is more conservative in freshwaterd generally at higher
concentrations (Hanor and Chan, 1977). Resulte lh@r sockeye otoliths broadly
support that Ba is reflective of the ambient enwnent as per earlier work (Bath et al.,
2000, Campana, 1999, Vries et al., 2005, Arai airdtal 2006, Hamer et al., 2006 and
Elsdon and Gillanders, 2006). However, it is emididat Ba is not invariant during fish
residence in the lakes as oscillations typicallgurced. If Ba is in fact a valid proxy of
the ambient environment, this indicates that Baopesally fluctuates in the lake. This is
not unreasonable as Ba can vary dramatically inpézate lakes. During periods of
thermal stratification (e.g. summer and winter), &ten accumulates in the bottom
layers of temperate lakes adsorbed to iron (Feali) Mn (Il) oxides (Finlay et al., 1983,
Sugiyama, et al. 1991). However, during mixingi@#s, as occur during the fall and
spring, particulate Ba is re-circulated to surfacaers where some of it may desorb,
increasing ambient concentrations. Additionalainfall can also significantly influence
ambient Ba concentrations within temperate lakaspbiysical and chemical weathering
of Ba-bearing rocks and sediments, especially c{aimor and Chan, 1977). Run-off
following heavy rainfall or snow-melt could carrgrge sediment loads into the lake,

where the sediment can desorb Ba and increasent&ntration.

Life history profiles also demonstrated that Baalgpt in freshwater varied
between the four populations. Of the four lakeam@kof Lake otoliths were most
distinctive, containing freshwater Ba concentragidhat were at least one order of

magnitude larger than Salmon, Klag, or Redoubtitbsl Interestingly, in contrast to Sr,
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water chemistry results for Ba:Ca correspondedhé¢oobserved differences in Ba otolith
concentrations from the four lakes. Water samfptea Tumakof Lake resulted in Ba:Ca
ratios that were proportional to the large differesiin otolith Ba:Ca between the other
lakes. Salmon, Klag, and Redoubt Lake water sasrghtenot have differences in Ba:Ca

ratios as dramatic as those for Tumakof Lake.

Despite the differences in Ba concentration in ithtsl during freshwater
residence, all otoliths showed clear and dramaidies during outmigration. Overall,
Ba profiles provided the most effective indicatbmugration from fresh to marine water
in this study. Yet, irrespective of the signifitalecline of Ba during marine entry, life
history profiles demonstrated peaks shortly aftetnmogration. These peaks appear to
coincide with residence in estuarine and coasedsarwhich are subject to large temporal
and spatial fluctuations of Ba (Masson, 2002, Hisdod Gillanders, 2006, Masson,
2006, and Masson and Cummins, 2007). Estuariepaiticular, are an important
physical, chemical, and biological interface foe thansformation of Ba into biologically
available forms. Barium transported into estuaaehered to suspended particulate
matter through fluvial input is desorbed from pautates via ion exchange with abundant
marine ions (Guay and Falkner, 1998). Therefoogkaye holding within estuaries
before further migration to pelagic marine wateruldo be exposed to elevated
concentrations of dissolved Ba, which may explai@ Ba peaks detected shortly after

outmigration.

In addition to the Ba peaks occurring after outmign, many otoliths also
displayed Ba increases later in the marine grovettiod. Given that Ba is on average

depleted in marine surface waters, Ba profiles ssgghat sockeye are occasionally
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exposed to elevated Ba concentrations in the ocegimilar results were attained by
Clarke et al. (In Press) for anadromous PacifiaBlubn, which displayed an oscillating
pattern while in marine water. Several possieditimay exist for the periodic Ba
elevations in sockeye and eulachon otoliths, whey include temperature mediated
effects, seasonal migrations to coastal waterged,fand seasonal upwelling, with the
latter believed to be the most likely (Clarke et al press) due to known physical and
chemical oceanography of the northeast Pacificro¢@ason, 2006). Furthermore, Bath
et al. (2000) showed that temperature did not 8ggmitly affect Ba uptake in otoliths of

Black Bream.

The dominant factor controlling upwelling and dowellmg along the coast of
the northeast in the Gulf of Alaska is wind-forcindgpuring winter periods, southeast
wind patterns promote surface Ekman transport albagoastline, causing downwelling
(Feely and Masoth, 1981). In summer, wind directchanges from southeast to
northwest, causing a change in water circulatiosiorthwesterly wind patterns move
coastal waters offshore, causing a lowering ofleeal, allowing deep cold, nutrient-rich
water to upwell along the coast (Davenne and Mas&odill). Because Ba is enriched in
deep marine waters as barite (Guay and FalkneB)18@mmer upwelling likely elevates
Ba concentrations in surface waters. This may umhér amplified by increased
sediment loads carried in fluvial discharge, asmeartemperatures increase snow and
glacial-melt from the mountains bordering the neat Pacific (Feely and Masoth,
1981). Collectively, summer upwelling and increhseutrient availability from
freshwater input increases primary productivitcoastal waters, thereby causing a large

forage base for sockeye prey items, such as zdktplan Seasonal migrations of sockeye
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to coastal areas to feed would explain the incea$eBa in the otolith during marine

residence.

2.6.3 Magnesium

The use of Mg as an indicator of ambient chemibttg produced mixed results
throughout the history of otolith microchemistriJlumerous investigations have shown
little evidence to support the use of Mg as anatiffe proxy of the ambient environment
(Thorrold et al. 1997, Campana, 1999, Arai, e806). Magnesium follows a similar
aqueous distribution to Sr, and marine concentnatiare typically two orders of
magnitude higher than freshwater (Berner and Bert@87). However, many reports
have failed to correlate Mg composition in the bolith migration between chemically
differing habitats. Thorrold et al. (1997) found consistent differences in Mg uptake in
juvenile Atlantic Croaker that migrated from pelagnarine spawning sites to low
salinity estuarine areas. Similar results were plesented by Arai et al (2006) in Chum
Salmon otoliths, which showed little difference Nhg concentration throughout life
history.

The most common explanation for the lack of coroesience between Mg uptake
and the ambient environment is physiological reuta Campana (1999) explained that
many of the major dissolved ions, including Mg, vémvariant in the blood plasma of
both freshwater and marine fish. Because all rangport to the endolymph occurs by
way of blood plasma it is logical that no signifitadifferences would exist between
freshwater and marine fish otoliths (Campana, 1999pwever, Mg profiles produced

from sockeye otoliths in this study did not exhibitmogeneity in uptake between fresh
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and marine water. Rather, they show that Mg upiakeost likely regulated by a
combination of physiological effects and ambiergroistry.

Line scan analysis consistently detected elevatmin®g in the otolith core;
however, unlike Sr and Ba, elevated core Mg signaitmot be explained as a maternal
signal. Enriched core concentrations of Mg have &lksen reported in purely estuarine
and marine fish species (Ruttenberg et al. 200%his indicates that physiological
processes during embryonic development not amlukeamistry probably affect early
Mg uptake into the otolith. Recent research hagested that the enrichment of many
elements in the otolith core is resultant of spa@aiations in the CaC{xrystal structure
(Brophy et al., 2004, Melancon et al., 2005, anttélerg et al., 2005). Although, most
sagittal otoliths are dominated by aragonite, negjiof calcite and vaterite are also known
to occur in other salmonids, such as coho and okiratoliths (Gauldie et al. 1997,
Campana, 1999, and Melancon et al., 2005).

The existence of differing CaG@olymorphs in the otolith crystal structure can
have substantial impacts on elemental uptake. mMdela et al. (2005) used Raman
spectrometry and found that aragonite, vateriteg oombination of the two occurred in
the cores of lake trouSélvelinus namaycush) otoliths. Further chemical analysis using
LA-ICP-MS showed that Mg concentrations were 3@fblgher in vaterite dominated
cores than those composed of aragonite. Gauldie €1997) showed similar effects on
elemental uptake in coho salmon otoliths, which hediergone significant vaterite
replacement. Results showed that as vaterite aeglaragonite in the otolith, Mg
concentrations increased from trace levels to wateeeding 600 pg'g Therefore, it

is possible that the elevated Mg signatures detectehe cores of sockeye otoliths are
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artifacts of early differences in crystal structurédowever, without determining the
crystal structure in the otolith, which is diffitldn the same spatial scales, relating core
signatures to vaterite or calcite is purely speotga

Regardless, of the factors controlling Mg’s occooee in the core of otoliths the
consistent presence of Mg in the core provides féacttere chemical “landmark” for
accurately determining if the microprobe analysispled the earliest regions of otolith

growth.

In addition to the detection of elevated Mg concaidns in the core, sockeye
otoliths showed that Mg uptake between fresh andnmavater varied. This result is
contrary to most investigations, which found nongigant differences in Mg uptake
between fresh, estuarine, or marine areas (Thoraetldl. 1997, and Arai et al., 2006).
Sockeye otoliths displayed that Mg uptake in frestewvwas generally lower than marine
growth periods. However, the smaller differencesmMeen chemistry of the four lakes
did not produce significant differences in Mg iretbtoliths of the four stocks. For
example, Redoubt Lake contained the highest detédtpconcentration and Mg:Ca ratio
of the four systems, but otoliths from Redoubt Lasi#en had the lowest Mg
concentrations during freshwater growth periods.

Though Mg uptake in freshwater varied between lakesst otoliths showed
gradual increases in Mg during the transition fioesh to marine water. This behavior
shows that, to a certain degree, Mg in sockeyathbsotloes correspond to changes in the
ambient environment. However, the gradual increzsMg during marine entry and

decrease that frequently occurred during later meagrowth periods indicates that Mg is



Chapter 2 92

strongly physiologically regulated by fish in comigan to other elements, such as Sr and
Ba.

Other research for other salmon species has prddcmeflicting results. Arai
and Hirata (2006), showed that Mg concentrationshimm salmon otoliths were higher
in the freshwater growth zones than those founchamine. This could be explained by
the difference in early life strategy between the species, or it may be a result also of
the different methods of analysis employed. Unldaekeye, chum salmon typically
migrate to sea directly after emergence (Groot Biadgolis, 1991). As a result, the
freshwater growth region in chum salmon otolithdl we significantly smaller than
sockeye otoliths, which spend 1-3 years in fresewafrai and Hirata (2006) used spot
analysis via LA-ICP-MS at 100 um intervals. Thigpeoach may miss the short
freshwater transition period of chum fry and unmitenally included a portion of the
core which, as discussed earlier, is often eleviatédg.

In conclusion, Mg in otoliths remains difficult tmterpret. The effects of
physiology and ambient chemistry remain difficatseparate, and so its utility as a tool
for understanding life history, or as an indicabbistock identification likewise remains

guestionable.

2.6.4 Lithium

Compared to the other elements measured in thisriement, very little is known
about Li in otoliths. Lithium concentrations inotith aragonite typically border near the
limits of detection in most beam based elementshys (< 1.0 ugy. Past research
investigating Li in fish otoliths have primarilyilited solution-based ICP-MS analysis,

due to its lower limits of detection (Campana, 19981 Sanchez-Jerez et al., 2002).
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Unfortunately, solution-based ICP-MS analysis udmtk or micro-milling methods are
spatially limited (meaning temporally limited), apdovide little information about Li
uptake across the otolith growth sequence. Thssbie@n remedied in recent years with
increased precision and detection limits in mod®araroprobe analysis. However, the

factors controlling Li uptake into otolith araganitave been rarely studied.

In these sockeye otoliths, Li was consistently cltetd during marine residence
near transitions between fresh and marine watehe groximity of the Li peaks to
transitions from fresh to marine water and vicesaesuggests that a window opens and
closes for Li uptake. This window may be caused dtgrations in the sockeye
osmoregulatory system as they move between lowhagid salinity environments. It
may be that shifts in major element chemistry & émdolymphatic fluid (Ca, Sr, Mg,
pH) that occur during these fresh-marine trans#tionake conditions for chemical

substitution of Li into aragonite momentarily mdagorable.

Other research investigating Li uptake in biogamalcites and aragonites, such as
coral skeletons and foraminifera, have shown that inodes of Li inclusion differ
between the two polymorphs. Marriott et al. (2084pwed that Li uptake increased in
calcites with increasing salinity, while no sigodnt relationship between Li uptake and
salinity occurred in aragonite. Marriott et al0Q2) went on to further to explain that Li
uptake in calcite is incorporated within the int#ia locations of the crystal lattice,
whereas Li directly substitutes for Ca in araganikgowever, this process is likely more
complicated in fish otoliths due to their isolatidrom the external environment.
Physiological factors may affect Li uptake into thlith, although Li has no known

biological function (Marriott et al. 2004). Moregearch is needed in the mechanisms
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regulating Li in the teleost circulatory system ¢ain a better understanding of
occurrences in otolith aragonite. Regardless, haset are some of the first results
reported, there may be potential for Li to be afwlsadicator of life history in otoliths—

especially as analytical methods will make it irgiagly possible to detect it.

2.6.5 Zinc

The use of Zn to reconstruct fish life history nasently become a topic of debate
in otolith microchemistry. Past reports have beeonsistent, and either attribute Zn
uptake to the availability in the environment (Haidet al., 2000, Arai et al., 2007) or as
an indicator of fish growth and physiological demhent (Miller et al., 2006). The

sockeye otoliths in this study indicate that Znalgt may be a mix of both.

Zinc concentrations in the cores of sockeye oteldid not follow any discernible
pattern, and displayed both depleted and elevaggls. Other research by Arai et al.
(2007) showed that Zn signals in the cores churmaal otoliths were consistently
depleted, although as mentioned earlier, the twithoas are not directly comparable.
Considering that Zn follows a nutrient profile asddepleted in the marine environment
relative to freshwater, it is possible that depleZa signals in salmon otolith cores are
reflective of maternal influences. As with Bajstunlikely female salmon accumulate
large amounts of Zn from marine water during vitgéinesis. However, the results from
sockeye otoliths do not support this hypothesis smggest that Zn uptake is highly

regulated by fish physiology during early incubatend development.

Zinc uptake was typically highest in the freshwageowth regions of sockeye

otoliths. However, Zn uptake did not exhibit sigrant declines immediately after
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outmigration, which would be indicative of low armabt concentrations. Rather, Zn
profiles oscillated well into the marine portion eé6ckeye life history, followed by a
gradual decline until death. The same pattern alss detected in adult chum salmon
otoliths by Arai et al (2007), which detected gradZn declines in the marine
environment. These results do not indicate thdii@amt Zn concentrations were directly
responsible for otolith uptake. It is perhaps mideely that the oscillatory pattern of Zn

is related to fish growth.

As an alternative to ambient chemistry, fast anavgjrowth periods may explain
the oscillatory pattern of Zn in sockeye otolithgvillis and Sunda, (1984) determined
that food was the predominant source (78-82%) ohaeleost fish with any deficiencies
being met by increased branchial uptake. In teatpefish species like sockeye, Zn
uptake in the otolith would be increased during s@mn periods when metabolic and
feeding rates were high. Decreased Zn concemsatimuld occur during winter when
low temperatures decrease sockeye metabolism awdtgr A similar behavior in Zn
uptake was found by Halden et al. (2000) in diaoamrus Arctic Char otoliths using a
scanning proton microprobe. Results displayed Zmafollowed an oscillatory pattern
with peaks coinciding with fast growth periods, d@hdt growth was fastest during early
life history. It was also shown that Zn uptakechmar otoliths overlapped with marine
migrations, and that Zn gradually declined as c¢hareased in age. The same gradual
decreases in Zn were also witnessed in later groegions of sockeye and chum salmon
otoliths (Arai et al., 2007). This behavior isdli indicative of slowed growth rates,
which often occurs as teleosts increase in agenagtdbolism slows (Campana, 1999).

This pattern of decreased Zn in later growth regiohsockeye, char, and chum otoliths
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corresponding to lower metabolic growth adds furthsetimony that Zn uptake is mainly

a function of growth, and not ambient chemistry.

The link between fish growth and Zn uptake into thelith has become more
provocative in recent years with the discovery #ratmay be more concentrated in the 4-
5% protein matrix. Miller et al. (2006) developadnethod for extracting otolith proteins
without the total disruption of transition metahting. Results showed that 40-60% of
Zn found in whole otoliths was bound in the orgapiotein matrix. Interestingly, this
finding does not coincide with Zn peaks, which ocduring fast growth periods in
sockeye and char otoliths. If Zn is predominasiyuestered in the protein matrix, it
would be expected that Zn peaks would coincide withter periods denoted by the
hyaline high protein/low aragonite regions of thelith (Gauldie et al. 1987)—dark
bands. Here, it seems the empirical evidence stgpfite growth based uptake model.
Further investigation may yet reveal the role @& #nagonite versus protein matrix of the

otoliths.

2.6.6 Manganese

Manganese is fast becoming a popular tool in dtohticrochemistry for
reconstructing fish life history. Several studiegve linked Mn composition in fish
otoliths to increased Mn concentrations in the @ambienvironment (Bath et al.2000,
Sanchez-Jerez et al. 2002, and Arai and Hirata6)20@nlike other transition metals
such as Zn, Mn has not been shown to be affiliatéld the protein matrix (Miller et al.,
2006). Manganese can readily substitute for Gatotith aragonite due to similarities in

valence and ionic radius. Furthermore, Mn is leszulated by fish physiology than
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many of the major ions, such as Mg, Na, K, and Chripana, 1999). These
characteristics enhance the likelihood that Mn kmptés reflective of environmental
availability. Sockeye otoliths in this study demtated that Mn was effective for
detecting differences in ambient Mn between frestt marine water, but core signals

were variable between otoliths.

Many sockeye otoliths contained elevated Mn comeéinhs in the core, whereas
an equivalent number of otoliths displayed depléedsignals in the core. Manganese
is generally a non-conservative element in the agsieenvironment. In marine water,
like Ba, it exhibits a nutrient-like profile tha¢dves surface waters depleted in dissolved
Mn. It is therefore unlikely that female sockewnson incorporate much Mn during egg
development, and it is to be expected that moditlmtoores would contain low Mn
concentrations. However, because a substantipbpion of otoliths contained elevated
Mn signals in the core, it is unlikely that thatteraal influence is a factor. A plausible
explanation accounting for the variability in Mnno@ntrations in the cores of sockeye

otoliths may be attributed to ambient concentrationthe nest.

In oxic marine and freshwater, Mn often occurs as bkide coatings (or
oxyhydroxide coatings) on particulate matter whigtimately sinks and forms bottom
sediments (Sugiyama et al., 1991). During eardgeénesis when microbial consumption
of organic matter depletes bottom and porewatersxygen, these Mn coatings are
reduced and dissolved Mn is released to bottom rgjagspecially in temperate lakes
(Davison, 1992). In fish species that utilize dtdde for spawning, close associations
between developing embryos and elevated concemigatof Mn may exist while

incubating in the nest. Though largely considesedlosed system to the external
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environment, salmon eggs are semi-permeable, anid elow Mn ions to enter the egg
(Brophy et al.,, 2004). This may be especially tfae sockeye eggs, which incubate
during winter periods when temperature stratifimatcould cause hypoxia to occur in
bottom waters. Therefore, differences in spawrlmgations (e.g. inlet stream, lake
shore) could influence early Mn exposure to devielgpsockeye embryos. However,
elevated Mn signals have also been reported nureespecies that do not utilize bottom

substrates for spawning.

Brophy et al. (2004) demonstrated that elevatedassgof Mn were ubiquitous in
the cores of demersal spawning Atlantic Herrir@gupea harengus ), and pelagic
spawning SpratJprattus sprattus). Similar findings were also produced by Ruttegbe
et al. (2005), who reported enriched Mn concerdratiin the cores of six different fish
species in marine and freshwater. Taken togeltesetresults suggest that Mn elevations
in otolith cores may not be associated to increasetdbient concentrations during

incubation.

Another possibility for the elevated concentratiaidMn signals in the cores of
sockeye and other teleosts may be related to ddferences in the otolith crystal. As
discussed earlier for the elevated Mg concentratinrsockeye otolith cores, Mn uptake
can significantly vary between different CagCablymorphs. Brophy et al. (2004) noted
that Mn has a higher affinity to substitute in @@c¢han aragonite, and could explain the
elevated Mn signals in the otolith cores of Atlarfterring and Sprat. It was also shown
by Melancon et al. (2005) that Mn concentrationgewb times higher in vateritic
portions of lake trout otoliths in comparison tagonite. Unfortunately, it is not possible

to determine mineralogy using LA-ICP-MS analysfspossible solution for determining
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if early crystal growth in the otolith core is difent than later growth regions of
aragonite could be accomplished using micro-millprgcedures combined with X-ray
diffraction and X-ray absorption fine structure sfpescopy (XAFS). Pattanaik (2005)
analyzed the bulk crystal structure of crevallekjfish (caranx hippos) otoliths using

XAFS. Analysis showed that mineralization was reyi aragonite, which was evident
from a predominant orthorhombic crystal structurelowever, considering the small
mass of core material in relation to the remaindkemtolith, it is possible that the
presence of vaterite could be obscured. Perhapsefwork attempting to relate early

element enrichments in the otolith core shouldudel XAFS techniques.

Despite the ambiguous nature of early Mn incorponainto the primordial core,
differences in Mn uptake between fresh and marirsewappear to be related to
environmental availability. Sockeye otoliths desggd greater Mn uptake in freshwater
relative to marine water, displayed by an osciigtpattern. This pattern may be related
to seasonal distributions of Mn in temperate lakégke Ba, seasonal turnover can re-
circulate Mn sequestered in particulate matter ftbenanoxic bottom waters of the lake,

periodically increasing ambient Mn ions in surfagsers.

Comparisons between Mn concentrations from wateipsss and concentrations
observed in sockeye otoliths did not coincide. ldoegr, recent research has shown that
Mn uptake may not be directly related to ambiemroistry. Sanchez-Jerez et al. (2002),
suggested that a trophic transfer of Mn took plade juvenile trumpeter Rleates
sexlineatus) residing in sea-grass beds. Results found tmatdhcentrations in sea-grass
constituents such as detritus and prey items wevegy correlated with concentrations

in the otoliths. If Mn concentrations in the otbliare reflective of dietary uptake, it
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should be possible to associate Mn signals to Bpdeeding habitats used during fish

life history.

Because, Mn concentrations in freshwater are higke&tive to the marine
environment, sockeye prey items in freshwater, agleladocerans and copepods, also
contain freshwater Mn signatures. Small suspepadeticles and organisms in lake water
are loci for Mn oxyhydroxide precipitation, andist possible that sockeye fry ingest
significant quantities of Mn through diet. This ynexplain the decline of Mn in sockeye
otoliths after outmigration in addition to ambiemater chemistry. Similar results were
obtained in the otoliths of catadromous Japanelse(&xguilla japonica) using LA-ICP-
MS analysis (Arai and Hirata 2006). Though relagioips between water chemistry and
trophic transfer were not addressed in eel otglitmalysis showed that Mn:Ca ratios
were significantly higher during freshwater resicerthan in marine water. Regardless
of the source, the consistent pattern of uptakedsst fresh and marine water shows that

Mn uptake is at least a consistent proxy for migreg between marine and freshwater.

2.7 Conclusions

This study set out to accomplish three main goalaguLA-ICP-MS line scan
analysis. These were: (1) the ability to recortiteockeye life history from fresh to
marine water using various trace elements in tbétlotgrowth sequence; (2) to examine
any elemental shifts possibly related to ontogendtictors; and (3) to provide
understanding on the mechanisms controlling eleah@ptake in fresh and marine water.

It was possible to address these questions and more
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Chemical life history profiles generated from LAREGVS time-series data
provided an effective tool for reconstructing thie lof sockeye from birth to death.
Other commonly used analysis methods, such asaspdysis, do not utilize the complete
chronological chemical record in fish otoliths, amdy fail to detect many subtle shifts
occurring during fish life history. This problesavoided using high resolution line scan
analysis. Not only was it possible to effectivédjlow sockeye migration from fresh to
marine water, but small temporal shifts in elementatake were detected, many of

which have not been previously reported.

In this study, 10 representative adult sockeyetbwlvere analyzed from each of
four separate populations located on Sitka, Alaskdl. sockeye sampled followed an
anadromous life history, spending 1-3 years inhineder before migrating into the Gulf
of Alaska to feed. LA-ICP-MS line-scans progresfedn the dorsal edge through the
core to the opposing ventral edge of transversetfianed sockeye otoliths. Otoliths
were measured for signal intensities*ia, 2°Sr, **'Ba, **Mg, **Mn, °®Zn, and’Li, and
were normalized t8°Ca. Sockeye provided an excellent candidate spémieaddressing
factors controlling elemental uptake into the dkolin both the fresh and marine
environments. Results showed that several elemsath as Sr, Ba, and to a certain
degree Mg, were effective for tracking migratioonr fresh to marine water during
sockeye life history. Manganese was also effediovedetermining migration to fresh
and marine water, however it is believed that diet, ambient chemistry is the factor
controlling uptake. Elements, such as Zn andrbivigled information related to fish
physiology, such as growth and changes in osmaagualduring transitions from low to

high salinity environments.
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The use of Sr, Ba, Mg, Mn, and Li to track sockeyigrations from freshwater
and marine habitats has several important appieatin fisheries science. In freshwater
systems containing both sympatric anadromous asihdvater-resident salmon, it can be
difficult to differentiate individuals that migradefrom fresh to marine water. Using
concentrations of Sr, Ba, Mn, Mg, and possiblyrithe otolith it should be possibly to
identify if specific individuals ever migrated tohé ocean. However, recent
developments have shown that trace element congasin fin rays can also be used to
identify if fish moved between chemically differiftabitats (Veinott et al. 1999, and
Clarke et al., (In press)). If fins rays are efifee at reflecting ambient chemistry, they

may provide an effective, non-lethal alternativetolith sampling.

It was also found that many elements were eithecteed or depleted in the core
of sockeye otoliths. For elements, such as SrBadt is likely maternal input may
control elemental uptake during incubation andyedevelopment. These elements may
also function as a discriminatory tool in mixed cétosystems where sympatric
anadromous and fresh-water resident salmon existwvever, for elements such as Mn
and Mg, maternal influence is not likely a factausing early enrichment in the core. It
is more likely that physiological and possibly dinces in early crystal structure affect
the uptake of Mg and Mn. This finding has sigrafit impacts on the practice of using
otolith core chemistry for stock identification pases. If trace element uptake is
augmented in the core region by maternal investsnant differences in early crystal
growth, using core trace element signatures asnditator of stock origin could be

inaccurate.
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As occurs in most scientific research, many of ltesabtained from LA-ICP-MS
analysis posed as many questions as answers. dbv®us that many aspects of
elemental uptake from the environment into fishlitite are still unknown. However,
this is to be expected considering that fish anmmex organisms and are constantly
regulating various physiological functions to mainthomeostasis. This is even further
complicated in anadromous fish species, such dgegecwhich change osmoregulation
twice during life history. However, from this stud is apparent that the field of otolith
microchemistry need not be limited to the fish bgist. Otolith microchemistry requires
a diverse field of scientific knowledge from didangs that include but are not limited
too, biology, chemistry, physics, geology, geoclsrgj mineralogy, limnology,
oceanography, and fish ecology. Further collalbmmatoetween these numerous

disciplines shall only increase our understandiintp® otolith as an informational source.
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Chapter 3

Stock Identification of Sockeye Salmon®@ncorhynchus nerka)

Using Otolith Trace Element Chemistry

3.1 Introduction

Sockeye salmonQncorhynchus nerka) are a prized resource of the indigenous
peoples living in the Alexander Archipelago of Swadst Alaska. This was especially
true of the Tlingit peoples living on the islandsCGhichagof, Kruzof, and Baranof, which
compose modern day Sitka. Compared to other salgpaties endemic to Sitka,
sockeye are the first species to return in largabers to spawn during late spring and
early summer. Annual returns of sockeye providedTlingit people with an important
source of protein following winter periods. Dueth® importance of sockeye as a food
resource, subsistence harvests were strictly reggulay differing Tlingit clans to ensure
that stocks were not over-fished. It has beendchtibat “higher status clans had the
prestige and responsibility of managing sockeyedakrom overuse by other clans and
early settlers (Conitz et al., 2005). Today soekaye still an important subsistence

resource to the rural communities of Sitka, bottiganous and non-indigenous.
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Modern fisheries practices in Alaska give “top pityto the subsistence use of
fish resources” (Woodby et al., 2005). Howeveis thias not always the case. From as
early as 1812, large commercial harvests of sockese documented in Sitka, and a
maximum harvest of 3,500,000 sockeye was recoraiedllf of Southeast Alaska in 1914
(Haluptka et al., 2000). Unfortunately, early sy management efforts were “weak,
poorly funded, and ineffectively enforced” (Woodey al., 2005). As a result, several
sockeye stocks in the Sitka area, as well as odggons of Alaska, were over-exploited
and depleted. Declines in returning sockeye hagraé effects on indigenous and non-
indigenous subsistence users state-wide. In regptinthe dramatic declines, the State
of Alaska applied greater restrictions on comméitcdavests.

As a result of better management practices, maskese stocks in Sitka have
recuperated to healthy and sustainable populatidgf®wvever, in many remote sockeye
systems, little is still known about stock struetur Recent low escapements in large
sockeye systems close to Sitka (e.g. Redoubt LARB-2001) prompted concern among
subsistence and sport users that stocks were imelecin response to the concerns,
State, Federal, and Tribal organizations impleneiméensive stock assessment studies
at several sockeye lakes important to the Sitkanconity. Lakes of special concern
included, but were not limited to: Redoubt, KlagyrBon, and Tumakof (also known as
Redfish) lakes. Stock assessments in Redoubt hake been rigorously conducted by
the United States Forest Service (USFS) for thé 2@&years, with the exception of 1998
(Geiger, 2003). In more recent years, collabonatibetween the Sitka Tribe of Alaska

(STA), Alaska Department of Fish and Game (ADF & &)d USFS have orchestrated
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sockeye stock assessment studies at Salmon (20®);28lag (2001-2007), and
Tumakof Lakes (2002-2004).

Sockeye stock assessments follow a similar studyigdefor all four lakes.
Mark/recapture methods are employed to estimatkeyecescapement in each system.
During the spring and summer field seasons, creamtained fish weirs in the four
watersheds, counting returning adults and markmgstimated proportion (e.g. ~ 20%)
of returning sockeye using various fin-clips orarb-loy™ tags (Lorrigan et al., 2003,
Conitz et al., 2005, and Tydingco et al., 2006)euv’ also randomly sampled individuals
from the returning population for length, weightxsand scales. In Klag and Tumakof
Lakes, a creel census was also conducted in whimhiscinterviewed subsistence and
sport fishers for the number of salmon speciesdsted, time fished, and gear used. The
data collected from these systems has used byrishbiologists and managers for
understanding the stock structure of these sockmymulations, and has supported
management practices of these resources.

The sockeye returning to these four lakes are aspatocks as they return to
geographically different watersheds and exhibifquei characteristics in run timing and
age class (Haluptka et al., 2000). It is, howeddficult for biologists and managers to
identify a specific sockeye stock when it is notthii close proximity to its natal
watershed. Age and length composition and runatinbly themselves are not accurate
methods for identifying a specific salmon stockmarine water or in large mixed-stock
freshwater systems, such as the Columbia or FRisers. Poor identification of stocks
can impact exploitation decisions, especially ieagrwhere mixed-stock fisheries occur.

“Obtaining accurate information on relative stoodngibution in most mixed stock
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fisheries, and evaluating a fishery’'s impact onsth@omponent stocks” has proven
difficult and expensive in the past (Lloyd, 1996J0 improve decision making, man-
made and natural tags have been applied in fishegence to discriminate between
differing stocks of wild salmon.

Unlike hatchery-produced salmon, it is nearly ingioke to differentiate between
wild salmon stocks. Hatcheries often apply physmarks (e.g. adipose-clip) or tags
(e.g. PIT and Coded Wire Tags) to salmon as a mehidentification (Murphy and
Willis, 1996, and Kennedy et al., 2000). More rebe hatcheries have also induced
thermal and chemical marks in otoliths during eairigubation and development
(Schroder et al., 1995, Kudzina and Chebanov, 2Qd4hn et al., 2006, and Telmer et al.
2006). This practice is especially important inssgroduction hatcheries for pink
(Oncorhynchus gorbuscha) and chum salmonQncorhynchus keta), where it is not
feasible to mark or tag each individual fish. Heee physical marks, tags, and induced
thermal and chemical marks in otoliths can onlyebsily achieved in hatchery settings.
Attempts to capture and tag wild salmon fry or as1bkefore migration to the ocean have
been successful, but are time-consuming, expensisiey for the fish, and can only
sample a limited number of the population. This pepompted natural tags to become a
subject of great interest in fisheries sciencegrdwingly popular method is the use of
otolith trace element chemistry to discriminatenssn disparate salmon stocks.

Otolith microchemistry has shown that trace elem&ghatures incorporated
during early life history can be used as an effectnatural tag or “fingerprint” for
identifying discrete stocks of wild fish (Kalish989, Campana, 1999, Sohn et al., 2005,

Veinott and Porter, 2005, and Clark et al., 2003joliths continually deposit increments
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of growth during fish life history, and are acefluland metabolically inert. This
characteristic allows any elements or compound®gisggl onto the growing surface of
the otolith to remain permanently fixed throughdish life history (Campana, 1999).
Otoliths are chemically composed of ~ 96% CaG® the form of aragonite, ~4 %
organic protein matrix, and < 1% non-organic tralgments (Campana, 2004). Many of
the trace elements accumulated into fish otoliteBvehbeen found to reflect the
environmental chemistry experienced during fisé hfstory. For example, Sr and Ba in
the otolith have been shown to reflect ambient wakemistry (Thorrold et al., 1997,
Radtke et al., 1998, Bath et al., 2000, and Vried.€2005), whereas other elements, such
as Zn and Mn, have been shown to reflect physicdddactors, including growth and
diet (Halden et al., 2000, Sanchez-Jerez et ab2,28nd Miller et al. 2006), albeit new
interpretations continue to appear. The otolitkslity to record and retain chemical
information from the environment provides a potahti powerful tool for the
identification of wild salmon stocks.

Fish stocks may be classified as a group of indizisl that share the “same
habitats or distribution, and are part of the sgeme pool through sexual reproduction of
interbreeding individuals within the population’of$ et al., 2005). This classification is
especially pertinent in anadromous Pacific salmimeks, which exhibit a life history
characteristic known as philopatry or “homing” (@uiet al., 1999). Homing simply
refers to the return of salmon to a geographicgligcific freshwater system to spawn.
Most freshwater lakes and river systems exhibitirive chemical signals influenced
by the surrounding lithology, which are often refd in the otolith (Kennedy et al.

2000, and Veinott and Porter, 2005). Since Paafémon incubate and rear in
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freshwater, it is possible to use trace elememadiges acquired in the early growth
regions of salmon otoliths to chemically discrimmdifferent stocks of fish.

Two of the most common methods currently used tocksID utilize elemental
signatures from whole dissolved otoliths or themmidial core. Solution-based
approaches using whole otoliths for bulk analysespopular for stock ID due to the ease
of preparation, the reduction of error associatét wlentifying growth increments, and
most importantly, lower detection limits than mbsiam-based assays (Campana, 1999,
De Pontual et al., 2000, and Sanborn and Telmd&3)20However, due to the relative
abundance of Sr, Ba, Mg, Zn, and Mn in otolithfedences between the detection limits
of solution-based and beam-based methods are igligThe major disadvantage of
bulk analysis is that elemental signatures aregmted from the entire lifetime of the
fish, and do not account for any differences inngical composition across the
chronological growth sequence of the otolith. Tagpect is especially important for
discriminating between fish stocks like Pacificnsah, which return to specific locations
to spawn after having migrated through differer¢roical environments during their life
history. In these instances solution and beamebasalysis of the otolith core have been
applied as a direct measure of stock origin (Camph899).

The core represents the earliest growth regionhef dtolith and provides a
defined target for analysis. This approach to kstd2 has been at least partially
successful in numerous studies (Sie and ThresB8g, Severin et al. 1995, Milton et al.
1997, and Thorrold et al. 1997; however, recerdifigs (Chapter 2) have demonstrated
that many elemental signatures in the otolith care influenced by maternal and

physiological factors (Rieman et al., 1994, Volkakt2000, Arai et al., 2006, Brophy et
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al., 2004, and Ruttenberg et al., 2005), and maijnaecurate as an indicator of stock
origin, especially for anadromous salmon. To askltlis problem, alternative regions of
the otolith growth sequence need be examined dakstentification (ID).

In this experiment, trace element concentrationghm core, freshwater, and
marine growth regions of sockeye otoliths were eraoh and compared for stock ID
purposes. Sockeye otoliths from four separateslak&itka, Alaska were analyzed using
high resolution line scans via laser ablation inodety coupled plasma mass
spectrometry (LA-ICP-MS). Each growth region wasaleated separately for its ability
to correctly classify sockeye stocks to a spedcifatershed using step-wise discriminant

function analysis.

3.2 Study Sites and Methods

3.2.1 Study Sites, Sampling Methods, Otolith Preparataomd Analysis Procedures

All study sites, sampling methods, otolith prepargtand analysis procedures are
the same as described in Chapter 2. However,Hethagia (when available) and annuli
estimates from otoliths were also used to examiree dge composition and length
distribution from each stock. Due to low sockeweapements in Salmon Lake, all
otoliths were collected from post-spawn fish. Agseault, no length data was available

from Salmon Lake sockeye due to decomposition.

3.2.2 Age Estimation
Sockeye age was visually estimated from transwersekttioned otoliths by
counting annuli. Aging methods in this study felked the European system commonly

used in Alaska, which separates periods spenesghfand marine water (e.g. 2.2 denotes
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2-years freshwater and 2-years saltwater). Howevdas important to note that the
European system standardizes all salmon birth datdanuary %, regardless of date of
hatch. For example, a sockeye spawned in thef&DO00, but hatched in the winter of
2001 is still considered a 0-aged fish from theqaeof 2001-2002. Therefore, a sockeye
denoted as a 2.2 year age class actually refeasbtyear old fish. Scale data was not
available for age validation, therefore length fregcy distributions (when available)

were used to validate the dominant age classesledrtpm each stock.

3.2.3 Data Separation

Time-series data representative of the core, fragnwand marine growth periods
were isolated using chemical life history profilgenerated by LA-ICP-MS analysis
(Chapter 2). In most cases, Sr concentration Ipsoforovided an effective means for
identifying and separating each growth period ickeye otoliths (figure 3.1). However,
in otoliths from Tumakof and Redoubt Lakes, Sr was always reliable for separating
the three growth regions. In these cases, the th@wth regions were identified based
on a combination of Sr, Ba and Mg profiles.

Barium concentration profiles followed an inversattern to Sr in sockeye
otoliths, and displayed defined decreases duringneantry (Chapter 2). This pattern
provided an effective alternative to Sr for deterimyj residence in the lake and marine
water. Core data was separated using Mg, whichaeasistently elevated in the cores
of the otoliths (Chapter 2). Magnesium peaks & c¢hbre provided a chemical mark for
distinguishing between core and freshwater growghopls in the otolith. Using the

combination of these elements, it was possible ¢pasate elemental signatures
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representative of each growth period during sockéydistory for subsequent statistical

analysis.
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Figure 3.1 Demonstration of how core, freshwatad marine data were isolated from
strontium profiles.

3.2.4 Statistical Analysis

Elemental signatures in the core, freshwater, aadma growth regions (i.e., the

average concentration for each region) of sockégitlos were differentiated using Step-

wise Discriminant Function Analysis (SPSS™ 11 adAdsthtistical software). Step-wise

discriminant function analysis (DFA) is a statiatidechnique used to predict group

membership, which in this case classifies sockeyeatspecific lake system.

A

multivariate combination of Sr, Ba, Mg, Mn, and #&ere used as predictors to classify

sockeye otoliths to a specific lake.
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The assumptions used for DFA are similar to thopplied in multivariate
analysis of variance (MANOVA) (Tabachnick and FIg2001). Unequal sample sizes
are acceptable when using DFA, and violations ofmadity are not fatal. However, data
in this study were log (In) transformed to bettppr@ximate a Gaussian distribution. A
leave-one-out cross validation classification nxatvas used to determine the proportion
of correctly classified otoliths. In a leave-ong-@ross validation matrix each case is
classified by the functions from all cases othanththat case (also known as the U-
method). The significance of each element (predidn DFA was assessed using a

Wilks’-Lambda test.

3.3 Results

3.3.1 Age and Length Composition

Age estimates from otolith annuli indicate thatndl & year old sockeye were the
dominant age groups sampled from all four lake®l@&.1). Salmon Lake otoliths from
2003 and 2005 displayed that 1.2 and 1.3 age classmprised over 60% of fish
sampled. However, in 2004, 1.2 and 2.2 aged figrewthe largest age classes
comprising 72% of the fish sampled in Salmon Lakennuli estimates from Klag Lake
otoliths in both 2004 and 2005, showed that thel@m@nant age classes sampled were
from 1.2 and 1.3 cohorts, and comprised 79% and 59%sh sampled respectively.
However, in 2005 42% of the otoliths sampled frofragk Lake could not be aged
accurately due to difficulties in identifying magimnnuli. Age estimates from Redoubt
Lake showed that a variety of different age clasgseie sampled. In 2004, 1.2 and 2.2

age classes comprised 68% of the sockeye sampieatdliths, whereas in 2005 age
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classes were evenly mixed between 1.2, 1.3, 2.12ahdged sockeye. Annuli based
estimates from Tumakof Lake otoliths showed th&tdnd 2.2 aged sockeye were the

largest age class comprising 59% of the fish satnple

Sabmon Lake 2003

Brood Year 2000 1999 1998 1990 1998 1997

Age 1.1 12 1.3 21 22 2.3 unknown All ages

Samp ke Size 1 5 1 0 2 a a 9

Percent 11% 56% 11% 0% 23% 0% 0% 100%
Sabnon Lake 2004

Brood Year 201 2000 1999 2000 1999 1998

Age 11 12 1.3 21 22 2.3 unknown All ages

Samp k Size 1 A ] ] 3 a 2 11

Percent D% 45% 0% 0% 27% 0% 158% 100%
Sabmon Lake 2005

Brood Tear 2002 2001 2000 2001 2000 19000

Age 1.1 12 1.3 21 22 2.3 unknown All ages

Samp k Size 1 & 7 i 3 a 2 19

Percent 2% 33% 36%a 0% 16% 0% 11% 100%
Klag L ake 2004

Brood Year 201 2000 1999 2000 1999 1998

Age 11 12 1.3 21 22 2.3 unknown All ages

Samp k Size a B ¥ a a 1 2 19

Percent % 423% 37% 0% 0% % 11% 100%
Klag Lake 2005

Brood Year 2002 2001 2000 2001 2000 1900

Age 1.1 12 1.3 21 22 2.3 unknown All ages

Samp k Size a 2 5 i a a 5 12

Percent 0% 17% 42% 0% 0% 0% 4% 100%
Redouhi Lake 2004

Brood Year 201 2000 1999 2000 1990 1998

Age 1.1 12 1.3 21 22 2.3 unknown Al ages

Samp ke Size a 4 3 1 Q 3 a 22

Percent 0% 7% 14% 3% 41% 14% 0% 100%
Redouht Lake 2005

Brood Year 02 2001 2000 2001 2000 1999

Age 1.1 12 1.3 21 22 2.3 unkmown All ages

Samp k Size 2 4 5 3 3 a a 17

Percent 12% 24% 20% 18% 18% 0% 0% 100%
Tumalef Lalke 2004

Brood Year 201 2000 1999 2000 1990 1998

Age 1.1 12 1.3 21 22 2.3 unknown All ages

Samp k Size i} 1 5 i 2 1 3 12

Percent 0% 2% 2% 0% 17% 0% 25% 100%

Table 3.1 Age composition estimated via otolith wnrior sockeye sampled from
Salmon, Klag, Redoubt, and Tumakof Lake (2003- 2005

The average mid eye to fork length measured frookesge was similar between
all four systems. Length data for Klag, Redoubiy &umakof Lakes are presented in
table 3.2. Length frequency histograms showed sz class corresponded with age

estimates from annuli (figure 3.2). In generad dge class sockeye were larger than 1.2
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Watershed (year) N Length
Salmon Lake 2003 * no length data available
Salmon Lake 2004 * no length data available
Salmon Lake 2005 * no length data available
Klag Lake 2004 19 535 + 34.6 (475-590)
Klag Lake 2005 12 524 + 32.6 (465-580)
Redoubt Lake 2004 22 542 + 40.2 (475-610)
Redoubt Lake 2005 17 503 £ 60.0 (380-580)
Tumakof Lake 2004 12 543 £ 23.5 (510-575)

Table 3.2 Length data (mid-eye to fork of the thol) sockeye salmon sampled from all
four lakes systems. Length was measured in mitensérom mid-eye to the fork of the
tail. Data are presented as mean +* standard d®wvitd range in parentheses.

Klag Lale 2005
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Figure 3.2 Length Frequency histograms Klag, Retand Tumakof Lake sockeye
sampled from 2004-2005.
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and 2.2 aged fish, which is most likely due to lengeriods spent in the ocean feeding

before returning to spawn.

3.3.2 Core Elemental Signatures

Core signatures correctly classified 68% of thekege otoliths to their respective
lakes (Table 3.3). Of the four watersheds, Tumadlaife core signatures were the most
distinctive and were correctly classified 100% lo¢ time. Core signatures in Salmon
Lake otoliths were also distinctive and correctlyssified in 87.5% of the cases, while a
smaller proportion of otoliths were misclassifieddlag and Redoubt Lake. The greatest
errors in classification occurred between Klag dedoubt otoliths, which greatly
overlapped in core chemistry. Over 50% of Klag é.aitoliths were classified to
Redoubt Lake, whereas 36% of Redoubt otoliths wetassified to Klag Lake. These
results demonstrate that core signatures may bfeatige for differentiating these two
lakes systems.

Results from the Wilks’-Lambda test revealed thataBd Ba were the most
important elements for separating the four stodlable 3.4). Lambda scores vary from
0-1, with 0 meaning group means differ, while valeé 1 indicate that group means are
the same. The Wilks’-Lambda test revealed thatrerBa had scores of 0.661 and Lake
and 0.191, respectively. Therefore, the use ot&@® signatures provided the greatest
elemental influence for discriminating between fingr sockeye stocks. Wilks’-Lambda
scores for Mg (0.934), Zn (0.935), and Mn (0.8649ws that these elements were not

useful for stock classification using core chengistr
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Assigned Watershed
Watershed N Salmon Klag Redoubt Tumakof
Salmon Lake 40 87.5% 10% 2.5% 0
Klag Lake 31 6.5% 38.7% 54.8% 0
Redoubt Lake 39 2.6% 35.9% 61.5% 0
Tumakof Lake 12 0 0 0 100%

Table 3.3 The percentage of correct classificatietermined by discriminant function
analysis for sockeye salmon sampled from SalmoagKRedoubt, and Tumakof Lake
otolith cores. Cross validation accuracy is exggdsas percentage. The elements
incorporated into the model were Sr, Ba, Mg, Zrd &m.

Element  Wilks'-Lambda F dfl df2 Sig.
Strontium 0.661 20.1 3 118 0.000
Barium 0.191 166.6 3 118 0.000
Magnesium 0.934 2.8 3 118 0.043
Zinc 0.935 2.7 3 118 0.048
Manganese 0.864 6.1 3 118 0.001

Table 3.4 Wilks’-Lambda test statistics displayitig significance of each element in
core signatures using discriminant function analysiVilks'-Lambda scores varies from
0-1, with 0 meaning groups differ, and 1 meanirlggedups are the same. F statistics
measure the relative importance of each elemedisoriminant function analysis.
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Figure 3.3 Discriminant function analysis plot foore signatures in sockeye otoliths.
Elements analyzed were Sr, Ba, Mg, Zn, and Mn. aDegre log transformed before

statistical analysis. Small symbols are individfisth and large symbols are the group
centroids.
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3.3.3 Freshwater Elemental Signatures

Freshwater signatures correctly classified 91.0%oakeye otoliths to their natal
watersheds (Table 3.5). Once again, Tumakof Laéktlos were the most distinctive of
the four lakes, and were correctly classified i@%0of the cases. Redoubt and Salmon
Lake otoliths also showed distinctive freshwatgnatures and were correctly classified
over 92% of the time, although some overlap witlag<lLake did exist. Klag Lake
otoliths experienced the greatest classificatiororeof the four systems, and were
correctly assigned to Klag Lake in 84% of the casBesults indicate that freshwater
signatures in several Klag Lake otoliths sharednsbal similarities to Salmon and
Redoubt Lake otoliths. Cross-validation analy$isveed that out of the 31 Klag Lake
otoliths examined, 2 otoliths were incorrectly sified to Salmon Lake, while 3 otoliths
were misclassified to Redoubt Lake. These resuiggest that Klag Lake sockeye may
experience a greater range of chemical environmetiite rearing in freshwater in
comparison to the other stocks. Unlike Tumakofim®a, and Redoubt Lakes, Klag
Lake is a complex watershed and contains a vadetgaring habitats, which will be
discussed later.

The Wilks’-Lambda test demonstrated that Ba andv&re the most important
elements for classifying otoliths to a given systéhable 3.6). As found in core
signatures, Ba composition was the most useful eh¢rfior predicting group membership
between stocks, although results also showed thdteShwater signatures were also
highly significant for classifying sockeye otoliths their natal lakes. To a lesser extent,
freshwater Mg and Mn signatures were also usefuldemtify stocks; however, the

Wilks’-Lambda scores for these elements were radftilarge, and so the utility of Mg
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Assigned Stream

Watershed N Salmon Klag Redoubt Tumakof
Salmon Lake 40 92.5% 7.5% 0 0
Klag Lake 31 6.5% 83.9% 9.7% 0
Redoubt Lake 39 0 7.7% 92.3% 0
Tumakof Lake 12 0 0 0 100%

Table 3.5 The percentage of correct classificadietermined by discriminant function
analysis for sockeye salmon sampled from Salmoag KRedoubt, and Tumakof Lake
freshwater signatures. Cross validation accura@xpressed as percentage. The
elements incorporated into the model were Sr, Bg, &h, and Mn.

Element  Wilks’-Lambda F dfl df2 Sig.
Strontium 0.203 154.3 3 118 0.000
Barium 0.077 474.3 3 118 0.000
Magnesium 0.762 12.3 3 118 0.000
Zinc 0.966 1.4 3 118 0.425
Manganese 0.882 5.3 3 118 0.002

Table 3.6 Wilks’-Lambda test statistics displayithg significance of each element in
freshwater signatures using discriminant functinalgsis.
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Figure 3.4 Discriminant function analysis plot fogshwater signatures in sockeye
otoliths. Elements analyzed were Sr, Ba, Mg, Zw, lsin. Data were log transformed

before statistical analysis. Small symbols aréviddal fish and large symbols are the
group centroids.
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and Mn for stock classification is marginal. Thelk&/-Lambda test showed that
freshwater Zn signatures did not vary between sgelatoliths, and were therefore not

useful for stock classification.

3.3.4 Marine Elemental Signatures

The use of marine signatures was the least effeatisthod of stock classification
in this study. Discriminant function analysis skemlvthat marine signatures correctly
grouped sockeye otoliths to their respective watls in only 52.5 % of the cases—not
much better than a flip of a coin (Table 3.7). sThesult was expected due to the more
homogenous nature of Sr, Ba, Mg, Zn, and Mn in neawvaters (Berner and Berner,
1987). However, it was surprising that despitehef invariant chemical composition of
marine water, signatures in Redoubt and TumakofelLatoliths correctly classified
sockeye to their natal systems in 77.5% and 81.B%eocases, respectively. Possible
explanations for this are discussed later.

Results from the Wilks’-Lambda test demonstrated #il elements had relatively
little difference in their ability to classify ofiths to a given watershed (Table 3.8). Of
the five elements examined, Ba (0.737) and Mn @). tsplayed the greatest influence
in stock classification when using marine signaur&his result may be attributed to the
fact that Ba and Mn experience greater variabilign Sr or Ba—neither were useful for

classifying sockeye otoliths to natal watersheds.
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Assigned Stream

Watershed N Salmon Klag Redoubt Tumakof
Salmon Lake 40 42.5% 25% 22.5% 10%
Klag Lake 31 22.6% 22.6%  48.4% 6.5%
Redoubt Lake 39 10% 10% 77.5% 2.5%
Tumakof Lake 12 9.1% 0 9.1% 81.8%

Table 3.7 The percentage of correct classificatietermined by discriminant function
analysis for sockeye salmon sampled from Salmoag KRedoubt, and Tumakof Lake
marine signatures. Cross validation accuracy sessed as percentage. The elements
incorporated into the model were Sr, Ba, Mg, Zrd &m.

Element  Wilks'-Lambda F dfl Df2 Sig.
Strontium 0.915 3.7 3 118 0.015
Barium 0.737 14.0 3 118 0.000
Magnesium 0.842 7.4 3 118 0.000
Zinc 0.850 6.9 3 118 0.000
Manganese 0.788 10.6 3 118 0.000

Table 3.8 Wilks’-Lambda Test statistics demonstigatihe significance of each element
for classifying sockeye stocks using discriminamtdtion analysis.



Chapter 3 124

Canonical Discriminant Functions

3
v A
2 NN -
v
vA
A Ap AQ E‘ﬁa
1- §
A O
VA\ZAAAA%AAXA v - O
04 DRV Sy g ¢ WATERSHED
o v v
v
1 & VA gV ® v v @ Group Centroids
v & v
. . v Vg VV O Tumakof Lake
N W v 2 Redoubt Lake
o) v
5 3 v Klag Lake
5
L -4 _ _ _ _ _ _ V Salmon Lake
3 2 1 2 4
Function 1

Figure 3.5 Discriminant function analysis plot foarine signatures in sockeye otoliths.
Elements analyzed were Sr, Ba, Mg, Zn, and Mn.aDadre log transformed before
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3.4 Discussion

3.4.1 Core Signatures

Despite successful stock ID applications in thet,pesre signatures displayed
poor classification results for sockeye otolith&.possible reason for this problem may
be explained by maternal influences. All of theksgye sampled for otoliths in this study
returned to their natal watersheds with well-degetb gonads. This characteristic has
been shown to have significant effects in the fiansf marine signatures to the otoliths
of developing salmon embryos and alevins. Volkle{2000) claim that core signatures
in sockeye, cohoQncorhynchus kisutch), and chinook @ncorhynchus tshawytscha)
otoliths reflected maternal associations with fresimarine water. Results revealed that
female salmon that matured in seawater had signifi¢ greater Sr:Ca core ratios than
females which had matured in freshwater. Additiigna/olk et al. (2000) presented
several case studies in systems containing sym@atadromous and freshwater-resident
salmon populations. It was found that high mateinaestments of Sr in the core
provided a distinguishable mark for separating files spawned from anadromous and
non-anadromous parents. Although maternal inve#ria the otolith core may provide
an effective method for determining maternal lireeag systems where non-anadromous
and anadromous stocks exist, it adds complexitthéo stock identification of purely
anadromous populations.

Presently, very little is known about the magnittmevhich maternal investments
actually affect the core chemistry of anadromoubnsa otoliths. Perhaps more
importantly, with the exception of Sr, it is notdwn which elements are specifically

affected by maternal investments. Core signattoesther elements, such as Ba, Zn,
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Mg, and Mn have yielded mixed results in the pasid have not always reflected
maternal associations. Recent research has shwtrseveral elements, including Mn
and Mg, are consistently enriched in the coreseghwater, estuarine, and marine fish
otoliths (Brophy et al., 2004, Melancon et al. 2088d Ruttenberg et al. 2005). At
present the reason why some elements but not o#inerkighly enriched in the otolith

core is poorly understood. Recent hypotheses baggested that spatial variations in
early crystal growth of otoliths may influence tingtake of specific elements over others
(Gauldie et al., 1997, Brophy et al. 2004, Melanetral. 2005). Alternatively, it has

been suggested that increased concentrations tdiprand lower concentrations of Ca
during early otolith growth may have significantgacts on elemental uptake (Dove et al.
1996, Murayama et al. 2002, and Ruttenberg etQfl5R Regardless of the cause, it is
apparent that the factors controlling elementalakgtin the core are fundamentally
different than the other growth regions of the itiiol The results from this study support
this assumption, and do not suggest that core tsiggg are valid indicators of stock
origin. Therefore it is advised that alternativewth regions be utilized for analysis

when available for stock ID applications. This wadane in this study by using the

freshwater growth region of sockeye otoliths.

3.4.2 Freshwater Signatures

Of the three growth regions examined, freshwatgnaures were the most
effective for correctly classifying otoliths to thenatal watersheds. Compared to other
fish species, sockeye provide a convenient lifelecyor stock ID applications using
otolith microchemistry. The fact that sockeye spamd rear in specific natal watersheds

makes it possible to use elemental signatures wexfjwiuring freshwater residence to
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discriminate between different stocks. The basis this assumption is that water
chemistry is typically unique between geographycdisparate watersheds due to local
variations in bedrock composition, vegetation coweil thickness and composition, and
precipitation (Berner and Berner, 1987, and Veimawitl Porter, 2005). As a result of
these localized differences in geochemistry, soekatpliths likewise acquire different
signatures, which can be used as natural “fingetgrifor stock ID. Our data supports
this hypothesis as results from discriminate fuorctanalysis showed that the freshwater
signatures in Salmon, Klag, Redoubt, and TumakokeLa&ockeye otoliths were
chemically distinct.

Though a multivariate combination of five elemewtss used in this study, Sr and
Ba displayed the strongest influence for classgyitoliths to their natal systems. This
result was not surprising, as the use of Sr antid®& proved to be reliable indicators of
ambient chemistry (Fowler et al., 1995, Thorroldaét 1997, et al., 2000, Kraus and
Secor, 2004, and Vries et al. 2005). Freshwatgrasures of Mg, Mn, and Zn had little
to no utility in classifying sockeye to their natakes. Presently, the exact mechanisms
controlling Mg, Mn, and Zn uptake in the otolitheaonly speculative, but research
indicates that these elements may be under gneatibolic and physiological regulation
than Sr or Ba (Thorrold et al., 1997, Campana, 129@ Halden et al., 2000). As a
result, the application of these elements for stécknay be limited.

Given the negligible influence of Mg, Mn, and Zn discriminant function
analysis, most otoliths in this study could be eotly classified to their natal systems by
Sr or Ba composition alone. This was most eviderntumakof Lake otoliths, which

contained Ba concentrations that were nearly orgeroof magnitude greater than
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Salmon, Klag, or Redoubt otoliths (Chapter 2). sTttistinctive Ba signal contributed to

the complete discrimination (100%) of Tumakof dtwdi from the other three lakes.

Strontium had similar affects in the classificatimhSalmon and Redoubt Lake otoliths.
Although Ba concentrations were similar in the lirgater growth regions of Salmon and

Redoubt Lake otoliths, Sr composition was vastlifedent between the two stocks.

Salmon Lake otoliths contained the lowest freshw8teconcentrations of the four lakes

examined, whereas Redoubt Lake otoliths contairmedesof the highest (Chapter 2).

Thus, Sr composition was sufficient for discrimingtbetween these two sockeye stocks.
Taken together, Sr and Ba signatures were cap&ldl8086 separation of the Tumakof,

Salmon, and Redoubt Lake sockeye stocks.

Of the four stocks sampled, Klag Lake otoliths eaméd the greatest error
(~16%) in stock classification. Discriminant fuioct analysis showed that freshwater
signatures in several Klag Lake otoliths could et differentiated from sockeye
returning to either Salmon or Redoubt Lake. Thdidates that some sockeye rearing in
Klag Lake share similar chemical environments tokege produced from Salmon or
Redoubt Lakes. Considering the earlier mentiondterdnces in Sr composition
between Salmon and Redoubt otoliths, such an qveslth Klag Lake otoliths is
unusual. This overlap suggests that water cheymistklag Lake significantly varies in
different regions of the lake, and that a certaiopprtion of juvenile sockeye rear in
these areas. This is reasonable considering thetywaf rearing habitats available to
juvenile sockeye in the Klag lake watershed.

The sockeye sampled in this study are assumedidevftlake-type” life histories

and rear in the limnetic zone of the lake, howe¥dag Lake is a complex watershed.
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Unlike Salmon, Redoubt, and Tumakof Lakes, which primarily comprised of one
main lake basin, Klag Lake contains several smarconnected lakes and ponds
(Figure 3.6). Klag Lake receives drainage from awms sources, which includes
several shallow lakes and ponds, as well as larggsaof muskeg (Conitz et al., 2005).
The influence of muskeg water can have significaffects on Klag Lake water
chemistry, especially salinity. Schwartz and MiHeme (1982) noted that the standing
water of muskegs is less mineralized than mostrgtas surface waters, but that salinity
significantly increases with depth. The seepagmu$keg water into Klag Lake could
alter salinity in different regions of Klag Lakejdexplain variations in Sr composition
between Klag Lake otoliths.

Two important factors that can significantly affefteshwater signatures in
anadromous salmon otoliths are that: (1) earlyhiseder movements by juveniles
between watersheds containing different chemistgines will influence trace element
signatures for stock ID, and (2) any large tempatanges in the geochemistry of a
given watershed will cause otolith chemistry towaver time. The first factor is
especially important in salmon stocks that spawdhrear in large fluvial watersheds (e.g.
Fraser River) containing multiple tributaries. d$pecies such as chinook and coho
salmon, movement in freshwater can be highly végias fish actively seek habitats
providing adequate food supplies, low competitamg protection from predators (Groot
and Margolis, 1991). During these migrations julkencan traverse water masses with
significantly different chemistry regimes, whichncaffect freshwater signatures for stock
ID. The effects of freshwater movements on otatiiicrochemistry were documented by

Kennedy et al. (2000) in Atlantic Salmasa(mo salar) otoliths from two tributaries of
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Figure 3.6 Aerial View of the Klag Lake watershed.
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the Connecticut River in central and southern Ventnd.S.A. Using stable Sr isotopes,
Kennedy et al. (2000) determined that a small pgeage of age-0 fish sampled in the
West River basin (<5%) and age-1 fish sampled ftbm White River (15%) had
migrated from their natal tributaries. The movemehthese individuals produced a
blend of isotopic signals reflective of each expedo the differing water masses, which
resulted in the misrepresentation of the site sigea(Kennedy et al. 2000). Although
this study used stable isotopes rather than tri@oeemt composition, it highlights the fact
that large spatial movements in freshwater carcaéflith chemistry for stock ID.

Movements between different watersheds did not roatithe sockeye stocks
examined in this study. Compared to large fluaatl lacustrine systems, the sockeye
lakes examined are isolated from any connectingensheds, aside from the outlet
streams which empty into marine water. Therefangh the exception of Klag Lake,
sockeye juveniles in Redoubt, Salmon, and Tumalaiiek are spatially confined within
the main lake basin, and do not migrate betweeherdifit watersheds during freshwater
residence.

The second, and perhaps most important factor tmecksID applications of
anadromous salmon involving otolith chemistry isatthelemental signatures are
temporally stable in natal watersheds. Any laggagoral variations in water chemistry
would also cause otolith chemistry to vary overetimnd make it impractical to use
freshwater signatures as a method for long-terrokstd. Fortunately, large temporal
shifts in lake water geochemistry are low in mosatural systems, though seasonal
variations do frequently occur in temperate andi@atakes. Seasonal factors such as

precipitation, evaporation, biological productioryn-off (e.g. spring-summer snow-
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melt), and spring and fall turn-over all have eféeon the chemical composition of
temperate and arctic lakes (Berner and Berner,)19B7erefore, small variations in trace
elemental signatures are unavoidable, and shoukkpected between different cohorts
of anadromous salmon otoliths. In this study,avgriations in freshwater signatures do
not appear to be a major factor, as the majoritptofiths were correctly classified to

their natal lakes, regardless of the year samplddwever, with only 3 years of otolith

data for Salmon Lake, 2 years of data from Klag Redoubt Lake, and 1 year of data
from Tumakof Lake, the assumption that otolith sigmes are temporally stable for each
stock is still premature. Regardless, the redulis this study indicate that freshwater
signatures in Salmon, Klag, Redoubt, and TumakdelLsockeye stocks are distinctive,
and can serve as effective tools for stock ID.tHrwork characterizing and monitoring
freshwater signatures from each stock is neededd®ase our understanding of the
stability of these elemental fingerprints, and howeffectively apply them as a fisheries

tool.

3.4.3 Marine Signatures

Time-series data isolated from the marine growitiores of sockeye otoliths
demonstrated the poorest (52.5%) classificatioruraoy of the three growth regions.
The chemical composition of seawater is relatiwagstant compared to freshwater, and
variations in total dissolved solids are small (§784r well over 95% of the world’'s
oceans (Berner and Berner, 1987). Therefore itmeexpected that marine signatures
would significantly vary between sockeye otolithidowever, marine signatures correctly
classified 77.5% and 81.8% of the otoliths collddimm Redoubt and Tumakof Lakes,

respectively. This suggests that elemental uptakihese two stocks was distinctive
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during marine residence, and suggests that ocelsticbution and migration may be
predisposed in Tumakof and Redoubt Lake sockeyalpbpns.

The reasons why marine signatures are distinativke majority of Redoubt and
Tumakof Lake otoliths is difficult to explain, aset factors influencing oceanic migration
of sockeye are complex. Marine migration is cdfe by physical, chemical, and
biological factors that include currents, water penature, salinity, food availability,
predation, age and size, and maturity stage (GodtMargolis, 1991, and Hodgson et
al., 2006). Because these conditions will ultimateary, it is not yet possible to
determine when and where specific sockeye stockpamei. Generalized models of
sockeye migration have been produced from pastintgggcale-pattern analysis, and
parasite studies in the Gulf of Alaska, but thesedets are limited to broad
classifications of regional population movements] are not stock-specific (Groot and
Margolis, 1991, and Halupka et al. 2000). The galimed model of oceanic migration
for southeast Alaska sockeye suggests that moskssiatermix and undertake similar
circular annual migrations in the Gulf of Alaskartimoof 46° N (Halupka et al. 2000).
Redoubt and Tumakof Lake otoliths showed little riaye with Klag or Salmon Lake
otoliths, suggesting that these stocks may follaffieident migration trajectories during
marine residence (Groot and Margolis, 1991, Halupkaal. 2000). Factors such as
marine entry timing and early residence in est@aand coastal areas will influence the
marine signatures of sockeye otoliths, and wildifgerent for each stock. Furthermore,
associations with Sitka Eddies generated off of Alexander Archipelago coast could
also affect elemental signatures in different sgekstocks during marine residence

(Chapter 2). However, as mentioned earlier, tloéofa causing these distinctive marine



Chapter 3 134

signatures in Tumakof and Redoubt Lake otoliths eoenplex, and any further
explanation will be speculative at best. Yet, velrat the case may be, marine signatures
are limited in their ability to reliably classifyoskeye stocks to their natal watersheds,

and therefore should not be considered reliablekdd tools.

3.5 Conclusion

Comparisons between the core, freshwater, and engrowth regions of sockeye
otoliths demonstrated that freshwater signaturesiged the greatest accuracy for stock
ID. Discriminant function analysis showed thatawer 90% of the cases, freshwater
signatures correctly classified otoliths to theatal watersheds. Core signatures, which
have proven useful in past stock ID studies, showedr classification results for
sockeye otoliths, including significant overlap weén Klag and Redoubt Lakes. Since
maternal, physiological, and mineralogical factare known to affect trace element
uptake in the cores of anadromous salmon otolithis, advised that alternate growth
regions (e.g. freshwater) be utilized for stock IDrace element signatures from the
marine growth regions of sockeye otoliths displayesl poorest classification accuracy
of the three growth regions. However, these resudire anticipated considering that the
chemical composition of the world’s oceans is galierinvariant, and most sockeye
stocks in Southeast Alaska are believed to followilar marine migrations. However,
marine signatures in Redoubt and Tumakof Lake s@chketoliths were distinctive
suggesting that these stocks may deviate from murogeanic migration models
predicted for southeast Alaska sockeye stocks.

Though a multivariate combination of five elementsre used as predictors in

discriminant function analysis, results showed thatind Ba were the most significant
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elements for stock ID. The uptake of Sr and Bésh otoliths has repeatedly shown to
occur in proportion to the ambient environment, akhin this study provided distinctive
freshwater signatures in the four sockeye systefaismental concentrations of Mg, Mn,
and Zn in the core, freshwater, and marine groetfions displayed little to no influence
for separating the four sockeye stocks. Unlikeasal Ba, Mg, Zn, and Mn uptake are
believed to be under greater physiological and bwacontrol by the fish, and may not
be well suited for stock ID applications.

Though freshwater signatures were successful atiglimating between the four
sockeye stocks in this study, two factors that cagnificantly affect freshwater
signatures in anadromous salmon otoliths are ({iatearly freshwater movements by
juveniles between watersheds containing differéenastry regimes will influence trace
element signatures for stock ID, and (2) any lasgeporal changes in the geochemistry
of a given watershed will cause otolith chemiswyvary over time. Neither of these
factors were encountered in this study, as eadteyedake was isolated from connecting
watersheds, and the majority of otoliths were ailyeassigned to their natal systems,
regardless of the year sampled.

In addition to otolith microchemistry, innovationsing genetic markers, namely
microsatellite DNA analysis, have been shown tcectifely discriminate between
different stocks of wild salmon in mixed-stock wateeds (Beacham and Wood, 1999).
However, research has also shown that significanetic heterogeneity can occur within
sub-populations of a specific wild salmon stockpessally among groups of fish
exhibiting unique run-timing and spawning habitétiluptka et al., 2000). Otolith

chemistry is not affected by genetic diversity agi@oub-populations which spawn and
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rear in the same watershed. Future work combiniogth chemistry and genetic data
will only improve the precision in which fisheriésologists and managers can identify
specific wild salmon stocks, and therefore enhangeent management plans used for
salmon fisheries in the Northeast Pacific.

Further research and development is needed tolisktaiiolith trace element
chemistry as a reliable stock ID method before an doe applied as a fisheries
management tool. However, the results from thiglystare promising, and show that
otolith trace element chemistry can serve as actfe method for identifying separate
stocks of wild salmon. Furthermore, results aleowsed that marine signatures may
provide a tool for determining differences in marmigration between separate sockeye
stocks. The identification of wild salmon has h®eca major preoccupation for fisheries
researchers and managers since many wild stoaksiirgg to freshwater systems in the
United States and Canada have been drasticallyceddand it is difficult for fisheries
managers to regulate the exploitation of endangsti@ks when they are intermixed with
healthy populations. Otolith trace element chempigtan provide managers with a
valuable tool for identifying discreet stocks ofrsan, even when they are far removed

from their natal systems.
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Chapter 4

Summary

A novel and versatile method was developed inttiesis for analyzing the trace
element composition of sockeye salmon otoliths. ingdaser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS), omwiis lateral ablation scans
(henceforth line scans) were performed across thigeegrowth axis of transversely
sectioned sagittal otoliths. Applications usiny fime scans provide better temporal and
spatial resolution of trace element compositiorossrthe otolith growth sequence than
other analysis methods currently used in otolitobroghemistry. Full line scans produce
a complete chemical record of fish life historyr{bito death), and provide a powerful
tool for addressing questions in fisheries scientae research presented in this thesis
utilized high resolution time-series data generditeoh line scan analysis to examine two
specific fisheries questions involving sockeye sainreturning to Salmon, Klag,
Redoubt, and Tumakof lakes in Sitka, Alaska.

In chapter 2, the life history of sockeye salmorsweconstructed using chemical
profiles produced from time series data. This expent set out to accomplish three
main goals, which included: (1) the ability to rastruct sockeye life history from fresh

to marine water using various trace elements indtadith growth sequence; (2) to
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examine any elemental shifts possibly related timgenetic factors; and (3) to provide

understanding on the mechanisms controlling eleah@ptake in fresh and marine water.

All sockeye sampled in this study followed an aoaawus life history, spending
1-3 years in freshwater before outmigrating inte® @ulf of Alaska to feed. LA-ICP-MS
line scans progressed from the dorsal edge thrthwgbore to the opposing ventral edge
of transversely sectioned sockeye otoliths. Qtslivere measured for signal intensities
of *Ca, ¥sr, *'Ba, #’Mg, >°Mn, °Zn, and’Li, and were normalized t&Ca. Sockeye
provided an excellent candidate species for aduhgssctors controlling elemental
uptake into the otolith in both the fresh and maremvironments. Not only was it
possible to effectively follow sockeye migratiororin fresh to marine water, but small
temporal shifts in elemental uptake were detectedny of which have not been

previously reported.

Results showed that several elements, such asaSgné to a certain degree Mg,
were effective for tracking migration from fresh mearine water during sockeye life
history. Manganese was also effective for detemgimmigration to fresh and marine
water; however, it is believed that diet, not ambiehemistry is the factor controlling
uptake. Elements such as Zn and Li provided mé&ion related to fish physiology,
such as growth and changes in osmoregulation durengsitions from low to high

salinity environments.

It was also found that many elements were eithecteed or depleted in the core
of sockeye otoliths. For elements, such as SrBadt is likely maternal input may
control elemental uptake during incubation andyedevelopment. These elements may

also function as a discriminatory tool in mixed cétosystems where sympatric
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anadromous and fresh-water resident salmon ekistwever, for elements such as Mn
and Mg, maternal influence is not likely a factausing early enrichment in the core. It
is more likely that differences in early crystaiusture affect the uptake of Mg and Mn.

This finding has significant impacts on the praetaf using otolith core chemistry for

stock identification purposes. If trace elementip is augmented in the core region by
maternal investments and differences in early atygtowth, using core trace element
signatures as an indicator of stock origin could ibaccurate. This question was

examined in chapter 3.

Comparisons between the core, freshwater, and engrowth regions of sockeye
otoliths demonstrated that freshwater signaturesiged the greatest accuracy for stock
ID. Discriminant function analysis showed thatawer 90% of the cases, freshwater
signatures correctly classified otoliths to theatal watersheds. Core signatures, which
have proven useful in past stock ID studies, showedr classification results for
sockeye otoliths, including significant overlapweén Klag and Redoubt Lakes. Trace
element signatures from the marine growth regiohsazkeye otoliths displayed the
poorest classification accuracy of the three growgthions. However, these results were
anticipated considering that the chemical compmsitf the world’s oceans are generally
invariant, and most sockeye stocks in Southeasskalare believed to follow similar
marine migrations. However, marine signatures @ddibt and Tumakof Lake sockeye
otoliths were distinctive suggesting that theselomay deviate from current oceanic
migration models predicted for southeast Alask&epe stocks.

Though a multivariate combination of five elementsre used as predictors in

discriminant function analysis, results showed thatind Ba were the most significant
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elements for stock ID. Elemental concentrationsMygf, Mn, and Zn in the core,
freshwater, and marine growth regions displayetk Itb no influence for separating the
four sockeye stocks. Unlike Sr and Ba, Mg, Zn, Btrduptake are believed to be under
greater physiological and metabolic control by fise, and may not be well suited for
stock ID applications.

Though freshwater signatures were successful atiglimating between the four
sockeye stocks in this study, two factors that &hdoe considered before using
freshwater signatures in anadromous salmon otolfths stock ID are: (1) early
freshwater movements by juveniles between watessktedtaining different chemistry
regimes will influence trace element signaturessfioick ID, and (2) any large temporal
changes in the geochemistry of a given watershdidcauise otolith chemistry to vary
over time. Neither of these factors were encowltén this study, as each sockeye lake
was isolated from connecting watersheds, and therityaof otoliths were correctly
assigned to their natal systems, regardless ofgaesampled.

As occurs in most scientific research, many of ltesabtained from LA-ICP-MS
analysis posed as many questions as answers. dbv®us that many aspects of
elemental uptake from the environment into fishlitite are still unknown. However,
this is to be expected considering that fish anmpmex organisms and are constantly
regulating various physiological functions to mainthomeostasis. This is even further
complicated in anadromous fish species, such dgegecwhich change osmoregulation
twice during life history. However, from this stud is apparent that the field of otolith
microchemistry need not be limited to the fish bgist. Otolith microchemistry requires

a diverse field of scientific knowledge from didangs that include but are not limited
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too, biology, chemistry, physics, geology, geoclstr mineralogy, limnology,

oceanography, and fish ecology. Further collalbamatbetween these numerous
disciplines shall only increase our understandifnidp® otolith as an informational source,
and aid in the development of otolith microchenyistis a reliable tool for managing

salmon fisheries in the Northeast Pacific.
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Appendices

Appendix I: Chemical Life History Profiles (Chapter 2)
e Strontium (pp. 153-154)
e Barium (pp. 155-156)
* Magnesium (pp. 157-158)
* Lithium (pp. 159-160)
e Zinc (pp. 161-162)
* Manganese (pp. 163-164)

Appendix II: Averaged elemental core concentrations of sockeyléles determined via
LA-ICP-MS time series data. This data has not lhesarsformed.(Chapter 3)

Appendix 1ll:  Averaged elemental freshwater concentrations ofkesge otoliths
determined via LA-ICP-MS time series data. Thistadahas not been
transformed.(Chapter 3)

Appendix IV: Averaged elemental marine concentrations of sockéyléhs determined
via LA-ICP-MS time series data. This data hashbe#n transformed.(Chapter 3).
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Appendix | 1: Averaged Core Data (ug' (SL-Salmon Lake, KL-Klag Lake, RD-
Redoubt Lake, TL-Tumakof Lake).

™Y

™Y

Sample
Name Sr Ba Mg Zn Mn
SL-05-07| 636.65 4.52 28.64 117.62 5.15
SL-05-02| 996.82 9.27 97.42 39.76 9.19
SL-05-16| 869.48 2.86 39.55 110.55 7.00
SL-05-01| 1101.73 7.41 46.41 41.84 10.21
SL-05-15| 766.43 6.00 68.73 60.08 5.86
SL-05-13| 941.65 1.81 149.66 89.56 10.7
SL-05-11| 792.07 2.57 59.88 81.98 8.59
SL-05-20| 744.15 4.21 33.98 66.79 6.49
SL-05-09| 735.75 2.83 53.77 50.00 6.05
SL-05-22| 528.34 6.81 44.33 62.08 7.71]]
SL-05-14| 478.97 3.87 27.72 106.58 10.71
SL-05-10| 656.90 6.09 105.14 87.34 6.77
SL-05-03| 572.65 8.02 40.63 91.88 6.28
SL-05-17| 714.47 23.97 35.46 84.27 9.23
SL-05-18| 780.99 9.55 49.16 58.76 7.66)
SL-05-15| 1263.18 1.80 45.64 47.25 6.99
SL-05-06| 1021.85 4.00 56.88 65.21 9.92
SL-05-08| 910.35 3.98 98.72 68.41 7.02
SL-05-21| 638.98 5.38 38.06 151.20 7.63
SL-04-01| 793.83 2.84 50.38 37.32 4.04
SL-04-15| 778.62 3.39 26.24 36.13 2.97
SL-04-10| 680.19 7.14 23.33 58.45 4.19
SL-04-19| 851.35 5.70 46.77 34.61 8.17
SL-04-05| 2174.09 7.78 255.26 28.52 4.81
SL-04-09| 1018.63 1.13 23.52 59.00 2.74
SL-04-02| 873.34 8.14 26.02 42.04 3.32
SL-04-03| 824.06 5.29 36.00 41.34 3.11]
SL-04-22| 668.24 5.38 13.40 66.69 3.24
SL-04-23| 1505.71 6.42 81.34 46.67 10.8
SL-04-16| 998.55 9.60 33.67 38.69 2.21
SL-04-18| 1085.14 15.95 46.97 47.14 4.63
SL-03-24| 1122.05 5.80 18.88 58.45 0.97
SL-03-09| 1136.91 4.46 43.20 37.10 1.2]




Appendices 166

Appendix | 1: Averaged Core Data (pngpcontinued. (SL-Salmon Lake, KL-Klag Lake,
RD- Redoubt Lake, TL-Tumakof Lake).

Sample
Name Sr Ba Mg Zn Mn
SL-03-25| 661.50 2.63 16.30 56.41 2.68
SL-03-22| 991.88 4.69 31.09 59.35 1.12
SL-03-13| 1042.93 10.22 62.06 53.01 4.57
SL-03-19| 1163.18 4.99 116.72 50.04 1.75
SL-03-08| 752.14 0.93 147.67 52.59 3.37
SL-03-21| 1061.09 11.08 57.26 62.12 2.54
SL-03-10| 1278.19 6.23 26.31 32.93 2.09
KL-05-18 | 1461.64 8.46 56.09 28.18 8.35
KL-05-05| 1399.18 16.82 45.31 163.28 8.42
KL-05-13 | 963.35 7.35 29.38 73.66 7.20
KL-05-07 | 1207.91 11.66 150.76 112.16 7.33
KL-05-06 | 1768.73 17.77 34.06 75.32 8.12
KL-05-16 | 1517.45 11.68 28.24 79.66 4.36
KL-05-01 | 1669.64 11.54 88.04 58.94 7.54
KL-05-12 | 2150.64 8.17 66.49 39.43 6.74
KL-05-03 | 1698.55 15.07 46.76 121.45 4.91
KL-05-20 | 1929.36 14.66 30.77 63.60 7.73
KL-05-14 | 1283.45 8.75 12.30 9.05 4.32
KL-05-10 | 1391.55 17.54 15.53 69.92 5.83
KL-04-02 | 1347.36 27.17 67.58 59.84 6.64
KL-04-08 | 857.65 16.72 56.37 51.07 13.07
KL-04-30| 1116.70 20.29 30.25 75.01 7.84
KL-04-14 | 884.74 13.13 42.02 54.00 5.03
KL-04-27 | 1567.73 29.93 50.95 40.45 4.81
KL-04-11| 1242.45 11.28 48.75 36.37 2.72
KL-04-09 | 1273.91 11.25 182.14 53.14 5.50
KL-04-20 | 1677.64 24.21 46.73 44.08 5.86
KL-04-12 | 828.52 22.21 46.27 52.14 4.75
KL-04-32 | 1460.45 29.99 73.83 50.36 6.18
KL-04-15| 1482.64 33.03 78.65 45.57 7.13
KL-04-25| 994.37 14.90 26.87 19.85 8.91
KL-04-26 | 947.18 19.67 67.80 63.39 5.33
KL-04-36 | 869.86 15.39 19.13 33.38 4.33
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Appendix |1: Averaged Core Data (pngpcontinued. (SL-Salmon Lake, KL-Klag Lake,
RD- Redoubt Lake, TL-Tumakof Lake).

Sample
Name Sr Ba Mg Zn Mn
KL-04-10| 994.15 16.47 28.56 56.71 6.98
KL-04-35| 1088.64 12.55 24.53 31.95 7.35
KL-04-23 | 805.17 16.41 29.85 58.65 5.67
KL-04-34 | 744.61 15.59 30.72 39.86 4.69
RD-05-20| 1259.64 14.14 22.28 101.49 9.68
RD-05-01| 1819.55 22.15 18.91 54.86 7.21
RD-05-10| 1607.27 21.72 44.37 58.21 6.27
RD-05-19| 1277.45 10.61 25.45 84.84 6.85
RD-05-05| 1577.64 12.53 17.62 120.54 9.27
RD-05-02| 1518.55 16.75 13.06 28.78 5.19
RD-05-07| 1418.00 10.65 35.45 67.87 5.88
RD-05-08| 1187.18 11.72 18.37 72.54 3.79
RD-05-13| 1562.82 10.53 25.35 53.75 4.67
RD-05-18| 1530.09 11.58 23.67 38.78 6.06
RD-05-16| 1759.09 20.18 20.41 75.75 5.33
RD-05-11| 1341.00 11.50 16.16 74.65 5.42
RD-05-03| 1449.55 6.83 54.08 51.96 7.76
RD-05-14| 1173.27 4.28 25.46 58.36 4.58
RD-05-17| 1313.45 8.87 67.66 90.52 6.95
RD-05-04| 1525.73 8.72 48.27 104.60Q 7.23
RD-05-12| 1407.18 10.26 19.97 211.71 6.20
RD-04-19| 1149.64 21.89 51.14 31.63 4.15
RD-04-37| 826.65 22.18 49.27 66.29 4.29
RD-04-36| 1096.82 21.14 69.51 78.62 5.94
RD-04-29| 1611.73 27.18 38.16 35.00 9.74
RD-04-15| 956.46 30.10 59.06 59.44 8.22
RD-04-20| 1070.09 25.17 56.34 57.33 5.92
RD-04-41| 1159.83 36.37 53.25 40.42 9.84
RD-04-42| 987.84 26.32 52.26 29.31 7.06
RD-04-05| 1125.67 13.34 29.68 69.62 5.32
RD-04-33| 1044.47 15.71 23.01 41.45 13.16
RD-04-13| 1442.09 20.97 30.77 43.87 7.94
RD-04-18| 1126.63 9.87 34.36 29.71 4.51
RD-04-12| 1106.27 19.08 45.38 32.33 5.36
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Appendix | 1: Averaged Core Data (pngpcontinued. (SL-Salmon Lake, KL-Klag Lake,
RD- Redoubt Lake, TL-Tumakof Lake).

Sample
Name Sr Ba Mg Zn Mn
RD-04-40| 1322.55 15.85 22.90 60.02 12.92
RD-04-35| 1731.27 33.00 46.25 38.15 7.24
RD-04-30| 1173.27 19.99 55.70 40.25 7.98
RD-04-09| 1314.73 21.75 23.26 47.85 13.49
RD-04-11| 1524.82 33.63 49.94 46.68 5.34
RD-04-28| 1088.18 41.05 43.78 32.92 4.62
RD-04-01| 1135.09 17.99 32.10 45.06 4.48
RD-04-22| 1158.27 11.28 39.50 33.43 4.13
RD-04-06| 1313.55 16.80 65.40 32.23 8.66
TL-04-17 | 1164.45 248.30 54.75 31.33 4.97
TL-04-32| 1351.82 218.91 49.02 34.07 3.89
TL-04-03| 996.61 233.25 65.12 53.20 3.88
TL-04-15| 1313.18 235.63 53.44 36.35 3.83
TL-04-23 | 1242.18 183.25 47.83 13.80 2.73
TL-04-02| 1118.09 128.14 42.83 34.91 3.47
TL-04-09 | 1532.90 349.12 48.62 34.55 5.71
TL-04-24 | 1241.45 187.28 62.93 36.32 3.58
TL-04-16 | 1491.91 309.52 41.19 33.95 3.74
TL-04-22 | 1065.00 215.64 56.84 34.74 3.42
TL-04-18 | 1542.18 151.95 41.26 96.77 5.16
TL-04-29 | 1869.91 344.35 38.06 55.60 4.71
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Appendix | 11: Averaged Freshwater Data (uQ)g (SL-Salmon Lake, KL-Klag Lake,
RD- Redoubt Lake, TL-Tumakof Lake).

™Y

Sample
Name Sr Ba Mg Zn Mn
SL-05-07| 473.97 5.79 14.00 93.43 5.74
SL-05-02| 442.17 4.16 34.42 147.13 8.75
SL-05-16| 479.73 4.55 25.04 238.18 7.81
SL-05-01| 759.53 8.13 19.59 55.66 8.20
SL-05-15| 429.98 3.36 26.57 65.22 7.26
SL-05-13| 427.05 5.79 34.18 175.41 10.0¢
SL-05-11| 432.80 10.57 18.40 95.61 9.60
SL-05-20| 435.18 4.49 38.85 96.91 9.35
SL-05-09| 345.45 2.55 26.22 76.64 7.37
SL-05-22| 403.71 5.70 52.07 78.22 9.87]
SL-05-14| 447.02 3.47 18.79 54.79 9.09
SL-05-10| 366.78 8.33 28.73 83.50 9.32
SL-05-03| 445.38 10.31 21.80 62.09 8.44
SL-05-17| 469.95 16.45 17.87 45.85 11.3]
SL-05-18| 593.04 6.11 30.66 25.78 9.65
SL-05-15| 516.52 5.88 13.51 86.44 8.90
SL-05-06| 562.30 4.48 22.60 64.95 10.71
SL-05-08| 477.28 5.72 20.91 74.41 6.53
SL-05-21| 546.23 5.53 19.49 48.36 8.64
SL-04-01| 474.71 3.62 20.96 55.76 4.67
SL-04-15| 515.14 3.62 21.36 15.28 5.13
SL-04-10| 428.68 3.97 19.41 11.65 4.68
SL-04-19| 438.78 7.37 20.04 11.11] 7.99
SL-04-05| 871.98 3.61 50.27 50.49 1.61]
SL-04-09| 516.21 2.62 19.77 8.47 3.26
SL-04-02| 608.24 3.92 16.94 14.37 2.27
SL-04-03| 435.06 2.84 18.47 17.77 2.71
SL-04-22| 476.15 2.94 15.49 14.91 2.27|
SL-04-23| 640.53 4.67 22.05 11.45 2.26)
SL-04-16| 880.34 8.43 32.38 27.21 3.79
SL-04-18| 585.91 3.47 19.33 6.50 2.56
SL-03-24| 516.99 2.71 13.92 36.83 2.98
SL-03-09| 644.11 4.28 31.93 40.39 3.39
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Appendix |11: Averaged Freshwater Data (ug)@ontinued. (SL-Salmon Lake, KL-
Klag Lake, RD- Redoubt Lake, TL-Tumakof Lake).

Sample
Name Sr Ba Mg Zn Mn
SL-03-25| 517.51 3.24 15.21 45.87 3.66
SL-03-22| 538.10 5.77 15.08 13.16 2.65
SL-03-13| 469.06 7.40 29.76 22.21 4.58
SL-03-19| 501.86 2.77 56.24 27.30 2.48
SL-03-08| 504.49 4.34 55.21 27.56 3.31
SL-03-21| 563.76 3.10 19.68 13.64 2.7]]
SL-03-10| 655.10 4.94 26.66 9.34 2.66
KL-05-18 | 1034.97 8.05 23.99 62.92 10.32
KL-05-05| 1097.69 11.03 21.52 41.26 10.36
KL-05-13| 716.63 6.80 16.39 96.33 9.71
KL-05-07 | 905.65 10.40 22.76 181.17 10.26
KL-05-06 | 1443.88 12.52 21.44 43.73 10.67
KL-05-16 | 1206.90 7.98 18.66 55.11 4.60
KL-05-01 | 1475.14 11.72 37.74 73.14 9.23
KL-05-12 | 1621.73 10.04 20.56 103.31 8.81
KL-05-03 | 1521.19 6.96 44.03 90.32 5.77
KL-05-20 | 1500.27 7.66 19.05 67.15 6.41
KL-05-14 | 1211.53 8.89 10.00 17.27 4.35
KL-05-10 | 1053.74 9.05 12.79 18.61 6.82
KL-04-02 | 1163.77 19.88 25.19 61.44 8.11
KL-04-08 | 867.89 15.19 39.74 61.61 17.45
KL-04-30 | 827.27 9.58 24.55 38.63 8.71
KL-04-14 | 712.00 8.40 41.21 50.32 5.45
KL-04-27 | 1107.65 16.32 28.00 61.90 6.73
KL-04-11| 813.74 7.89 22.14 25.85 4.65
KL-04-09 | 1129.42 11.96 58.76 25.07 6.24
KL-04-20 | 1001.11 10.41 17.64 41.95 6.70
KL-04-12 | 597.79 9.66 22.96 28.33 5.65
KL-04-32 | 1040.18 15.08 28.79 65.95 8.86
KL-04-15| 917.25 13.28 24.45 39.65 6.78
KL-04-25| 1042.71 14.82 27.35 25.29 6.95
KL-04-26 | 657.84 10.71 25.92 46.33 7.44
KL-04-36 | 627.42 11.76 17.58 21.29 4.55
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Appendix |11: Averaged Freshwater Data (ug)@ontinued. (SL-Salmon Lake, KL-
Klag Lake, RD- Redoubt Lake, TL-Tumakof Lake).

Sample
Name Sr Ba Mg Zn Mn
KL-04-10| 900.38 13.04 30.94 80.40 8.00
KL-04-35| 1091.56 14.51 22.39 17.02 6.81
KL-04-23 | 630.35 10.55 18.76 26.24 6.36
KL-04-34 | 651.84 10.52 20.79 26.22 5.34
RD-05-20| 1332.44 15.55 11.32 99.47 6.74
RD-05-01| 1781.57 24.94 15.62 44.55 6.77
RD-05-10| 1546.77 19.44 26.16 43.72 6.45
RD-05-19| 1238.82 11.03 13.60 147.67 4.97
RD-05-05| 1399.45 12.11 15.25 120.56 5.98
RD-05-02| 1605.78 21.96 10.61 10.29 4.33
RD-05-07| 1581.33 17.84 24.54 41.39 7.98
RD-05-08| 1403.57 18.38 12.44 12.12 3.90
RD-05-13| 1558.25 16.43 18.28 65.30 6.08
RD-05-18| 1400.51 12.52 14.95 25.69 7.58
RD-05-16| 1645.32 23.07 16.21 53.97 6.05
RD-05-11| 1404.47 13.71 13.85 39.05 5.26
RD-05-03| 1319.91 11.73 23.92 71.29 6.01
RD-05-14| 1518.93 19.79 18.17 49.50 7.06
RD-05-17| 1640.27 26.71 16.77 184.14 7.13
RD-05-04| 1576.17 22.01 18.54 163.49 6.70
RD-05-12| 1494.63 20.70 12.51 64.40 6.21
RD-04-19| 1100.48 17.17 22.64 58.98 5.65
RD-04-37| 943.83 34.64 33.52 76.61 6.19
RD-04-36| 1026.67 20.91 30.88 106.01 6.38
RD-04-29| 1577.06 32.66 19.14 33.07 8.21
RD-04-15| 1220.30 31.05 22.74 67.11 7.02
RD-04-20| 1192.00 26.61 24.88 113.47 8.12
RD-04-41| 1178.00 19.77 20.75 9.68 8.42
RD-04-42| 1072.91 22.17 23.81 50.91 7.39
RD-04-05| 1272.43 26.30 25.33 33.63 7.52
RD-04-33| 1147.14 26.20 19.88 43.63 13.70
RD-04-13| 1323.27 18.57 19.54 41.53 9.35
RD-04-18| 1091.87 16.71 19.60 47.35 3.85
RD-04-12| 1133.73 20.41 20.66 36.35 7.32
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Appendix |11: Averaged Freshwater Data (ug)@ontinued. (SL-Salmon Lake, KL-
Klag Lake, RD- Redoubt Lake, TL-Tumakof Lake).

Sample
Name Sr Ba Mg Zn Mn
RD-04-40| 1413.09 20.10 20.96 26.53 13.73
RD-04-35| 1534.88 27.78 23.82 55.26 6.38
RD-04-30| 1144.24 20.43 23.09 52.01 9.07
RD-04-09| 1148.58 21.01 24.35 45.75 11.75
RD-04-11| 1223.74 29.11 24.91 53.17 7.57
RD-04-28| 1291.58 25.11 26.06 38.25 3.78
RD-04-01| 1027.48 17.71 24.57 20.74 5.78
RD-04-22| 1445.56 17.39 32.34 49.66 4.52
RD-04-06| 1167.16 24.35 27.03 61.43 8.39
TL-04-17 | 1276.49 297.35 34.80 36.27 5.33
TL-04-32| 1358.10 271.90 39.60 40.67 5.30
TL-04-03| 997.14 280.31 45.07 59.14 5.32
TL-04-15| 1308.00 231.13 44 .54 37.77 5.34
TL-04-23 | 1203.02 155.94 47.19 13.36 3.08
TL-04-02| 1232.38 265.40 35.92 16.91 6.66
TL-04-09| 1455.71 326.38 45.84 25.82 6.91
TL-04-24 | 1335.43 261.45 41.98 46.56 6.27
TL-04-16 | 1430.18 294.96 38.39 17.51 5.99
TL-04-22 | 1132.96 297.28 42.66 28.24 5.80
TL-04-18 | 1749.23 232.03 26.67 120.0 5.93
TL-04-29 | 1837.32 350.06 34.33 65.96 5.15
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Appendix |V: Averaged Marine Data (ug'y (SL-Salmon Lake, KL-Klag Lake, RD-
Redoubt Lake, TL-Tumakof Lake).

Sample
Name Sr Ba Mg Zn Mn
SL-05-07| 1756.50 4.05 25.03 95.21 3.94
SL-05-02| 1629.50 2.26 47.85 109.1 6.99
SL-05-16| 1546.10 2.64 28.75 84.07 6.48
SL-05-01| 2272.90 1.47 29.27 42.53 8.05
SL-05-15| 1544.90 3.08 44.56 70.42 5.90
SL-05-13| 1734.95 4.58 38.98 126.8 10.2
SL-05-11| 1799.69 2.06 44.62 73.90 7.56
SL-05-20| 1568.05 3.46 41.95 60.41 6.55
SL-05-09| 1446.88 3.77 41.03 63.76 5.68
SL-05-22| 1259.67 2.32 135.3(0 96.80 7.61
SL-05-14| 1483.42 4.36 37.86 93.28 6.87
SL-05-10| 1320.89 2.84 65.57 73.74 6.57
SL-05-03| 1449.58 4.60 50.51 78.65 7.54
SL-05-17| 1465.49 3.77 26.57 21.10 8.84
SL-05-18| 2129.07 2.29 31.36 23.07 6.16
SL-05-15| 2097.48 13.30 36.80 66.41 8.92
SL-05-06| 1606.39 3.52 27.27 32.46 12.1
SL-05-08| 2049.90 7.96 35.82 59.49 5.43
SL-05-21| 1826.16 2.63 32.19 38.81 8.90
SL-04-01| 1473.84 1.60 28.72 15.70 2.93
SL-04-15| 1511.33 0.92 29.24 8.16 4.02
SL-04-10| 1671.71 1.11 23.20 4.20 2.89
SL-04-19| 1408.84 1.95 25.31 571 5.46
SL-04-05| 2323.36 1.23 25.38 11.07 0.88
SL-04-09| 1892.01 2.21 32.89 0.67 0.80
SL-04-02| 2006.12 0.93 24.79 0.84 0.56
SL-04-03| 1742.43 0.81 27.74 0.68 0.63
SL-04-22| 2015.65 2.92 25.34 0.50 0.72
SL-04-23| 2046.17 1.24 29.63 1.19 0.07]
SL-04-16| 2200.20 9.62 37.80 25.86 2.82
SL-04-18| 2282.21 4.11 32.96 0.70 0.57]
SL-03-24| 2125.24 2.18 17.38 3.16 1.36
SL-03-09| 2235.20 1.59 40.79 36.72 1.77
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Appendix |V: Averaged Marine Data (pg-ycontinued. (SL-Salmon Lake, KL-Klag

Lake, RD- Redoubt Lake, TL-Tumakof Lake).

Sample
Name Sr Ba Mg Zn Mn
SL-03-25| 1975.40 1.30 24.43 19.46 0.85
SL-03-22| 2047.38 0.88 21.49 0.42 0.44
SL-03-13| 2246.16 1.38 30.64 0.83 0.66
SL-03-19| 2087.09 0.82 39.79 7.99 0.88
SL-03-08| 1785.70 1.47 43.18 1.45 0.62
SL-03-21| 2600.55 3.69 38.98 0.62 0.46
SL-03-10| 2263.89 1.39 26.66 1.05 0.57]
KL-05-18 | 1613.67 5.48 31.74 46.12 9.07
KL-05-05| 2130.11 3.94 51.45 63.33 7.89
KL-05-13 | 1418.94 3.16 22.81 36.54 6.54
KL-05-07 | 1558.21 2.32 30.35 115.71 7.05
KL-05-06 | 2271.54 3.63 36.71 66.80 7.68
KL-05-16 | 2200.53 1.07 26.24 40.66 3.80
KL-05-01 | 2536.01 1.85 45.60 41.96 4.98
KL-05-12 | 2460.78 3.71 30.79 69.50 5.79
KL-05-03 | 2458.41 2.97 34.90 70.88 3.78
KL-05-20 | 2408.17 3.75 26.49 54.89 3.85
KL-05-14 | 2192.32 1.54 15.90 29.57 3.62
KL-05-10 | 2121.64 2.71 22.26 20.04 4.26
KL-04-02 | 2021.07 3.58 29.48 28.86 6.29
KL-04-08 | 1381.04 2.20 45.39 33.08 29.87
KL-04-30 | 1577.47 5.17 43.46 23.67 5.26
KL-04-14 | 1205.03 2.17 60.31 54.94 4.31
KL-04-27 | 2211.44 4.34 32.76 26.36 4.35
KL-04-11| 1668.01 2.63 30.88 17.67 3.03
KL-04-09 | 1663.63 5.37 81.03 26.34 7.35
KL-04-20 | 1902.77 6.80 26.44 34.58 3.83
KL-04-12 | 997.78 2.70 31.35 24.97 4.50
KL-04-32 | 1720.86 12.14 49.61 61.65 5.84
KL-04-15| 1627.75 3.86 32.92 22.73 5.37
KL-04-25| 1698.40 3.54 34.98 28.96 5.13
KL-04-26 | 1380.64 2.97 31.69 18.05 5.93
KL-04-36 | 1089.02 5.45 28.96 28.52 3.94
KL-04-18 | 1563.82 3.69 51.72 43.06 6.84
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Sample
Name Sr Ba Mg Zn Mn
KL-04-10 | 1533.02 2.69 36.18 45.90 4.37
KL-04-35| 1531.19 5.53 32.98 26.43 5.22
KL-04-23 | 1053.16 2.84 34.27 32.06 5.46
KL-04-34 | 1110.96 2.13 29.39 15.78 4.28
RD-05-20| 1949.53 4.54 22.00 80.89 5.57
RD-05-01| 2576.51 3.48 23.06 14.86 6.28
RD-05-10| 2071.09 5.07 41.08 78.93 5.65
RD-05-19| 1789.42 1.85 23.75 67.04 4.28
RD-05-05| 2026.43 2.96 25.09 79.45 4.71
RD-05-02| 2180.03 3.46 22.39 9.92 4.82
RD-05-07| 2266.10 4.37 36.68 52.02 5.63
RD-05-08| 1769.18 2.32 23.64 26.26 2.66
RD-05-13| 2068.17 2.80 33.51 58.54 4.30
RD-05-18| 1836.99 2.79 21.55 16.18 5.99
RD-05-16| 2041.73 4.55 26.43 49.43 4.79
RD-05-11| 2136.09 4.25 23.57 29.29 3.72
RD-05-03| 2028.11 2.77 37.49 55.47 6.03
RD-05-14| 1958.45 6.00 34.65 71.60 5.33
RD-05-17| 1947.09 4.09 31.63 145.36 6.91
RD-05-04| 2145.93 3.31 23.06 54.20 5.76
RD-05-12| 2277.25 4.15 23.12 162.39 4.85
RD-04-19| 1334.57 3.67 28.13 38.07 3.54
RD-04-37| 1536.57 6.97 38.31 39.24 4.14
RD-04-36| 1880.61 11.60 44.04 56.27 5.73
RD-04-29| 1953.65 4.26 30.27 35.48 6.18
RD-04-15| 1620.73 14.33 43.13 79.08 8.10
RD-04-20| 1541.53 10.03 40.29 76.13 6.64
RD-04-41| 1766.89 4.26 31.49 10.35 8.59
RD-04-42| 1544.16 4.08 35.50 43.08 7.21
RD-04-05| 1757.14 3.03 27.15 14.00 6.23
RD-04-33| 1439.69 3.51 25.34 36.92 8.75
RD-04-13| 1849.55 2.37 25.31 26.72 6.00
RD-04-18| 1673.76 1.58 26.57 18.30 4.45

Appendix |V: Averaged Marine Data (pg-ycontinued. (SL-Salmon Lake, KL-Klag
Lake, RD- Redoubt Lake, TL-Tumakof Lake).
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Appendix |V: Averaged Marine Data (pg-ycontinued. (SL-Salmon Lake, KL-Klag
Lake, RD- Redoubt Lake, TL-Tumakof Lake).

Sample
Name Sr Ba Mg Zn Mn
RD-04-18| 1673.76 1.58 26.57 18.30 4.45
RD-04-12| 1675.54 4.53 29.95 28.75 4.71
RD-04-40| 2173.71 1.81 27.23 4.73 9.52
RD-04-35| 1788.60 4.32 31.46 31.52 6.50
RD-04-30| 1785.31 10.06 41.58 48.25 11.13
RD-04-09| 1753.17 2.58 32.56 22.53 9.58
RD-04-11| 1535.16 7.33 38.98 49.54 5.55
RD-04-28| 1670.91 2.84 29.91 8.53 3.49
RD-04-01| 1559.11 3.06 34.26 21.05 3.20
RD-04-22| 2125.84 7.73 37.59 23.54 2.72
RD-04-06| 1688.01 8.48 43.03 56.39 7.20
TL-04-17 | 1447.47 8.45 46.83 28.43 1.84
TL-04-32| 1467.75 14.17 52.96 32.55 2.41
TL-04-03| 1136.55 7.96 52.73 21.86 2.44
TL-04-15| 1540.72 6.82 59.24 21.26 2.21
TL-04-23 | 1434.69 4.78 50.64 15.65 1.48
TL-04-02 | 1267.96 4.00 45.59 18.34 2.09
TL-04-09 | 1639.46 5.03 57.53 28.87 2.56
TL-04-24 | 1429.02 9.20 47.67 27.55 2.13
TL-04-16| 1371.68 5.66 51.49 18.25 3.42
TL-04-22 | 1355.94 9.26 52.99 24.77 2.27
TL-04-18 | 1736.35 7.18 34.83 69.50 1.77
TL-04-29 | 2467.57 5.76 39.63 42.38 1.81
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