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Abstract

Dolly Varden chaalvelinus malma are a dominant member of the nearshore Arctic
icthyofauna and support one of the largest sulysistésheries within Arctic coastal
communities in Alaska. Despite this importance, atoas aspects of Dolly Varden
ecology remain poorly understood, which inhibittodé to assess the biological
consequences of anthropogenic disturbances sutydascarbon extraction and climate
change within nearshore areas. The goal of tksareh was to develop and apply new
techniques to measure and assess the biologiegrityt of Dolly Varden populations.
To do so, | evaluated the precision of age detatiun generated from scales, otoliths,
and fin rays, developed and validated bioelectiiogledance analysis (BIA) models
capable of predicting non-lethal estimates of DM&rden proximate content, calculated
and correlated retrospective estimates of Dollyd¢argrowth from archived otolith
samples to broad-scale environmental variablesjraugstigated trends in whole body
and tissue proximate content among years and dexploigs (i.e. reproductive versus
non-reproductive individuals). Dolly Varden agdeatminations can be produced non-
lethally using scales for fish up to age 5, whileliths should be used for fish age 6 and
greater. Multi-surface BIA models produced estesaif whole body proximate content
with high precision. Retrospective growth analyisescated growth increased
significantly during the early 1980s, and was pesly correlated to air temperature, sea
surface temperature, and discharge and negativelglated to ice concentration.
Analyses of proximate content suggested that npredeictive fish contained greater

lipid concentrations than reproductive fish. Growanhd condition analyses suggest that



these metrics vary among years and are a functiogpeoductive cycles and
environmental variability operating at multiple teonal and spatial scales. The adoption
of scale-based aging and BIA technology will inse¢he precision of age-based
biological statistics and aid in the detection laducge within future Dolly Varden

research and monitoring.
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Introduction

The northern-form of Dolly Varden ch&alvelinus malma, herein referred to as
Dolly Varden, are distributed along the Arctic coalsNorth America from the
Mackenzie River in Canada west and south througisi to the Seward Peninsula
(Reist et al. 1997). Throughout their range, papahs are largely organized by major
river basin, and may contain both resident andrseandividuals (Craig 1977a, 1977b,
1989; Everett et al. 1997). Beginning between &asd 4, amphidromous Dolly
Varden undertake annual migrations to the marive@mment during the short summer
open-water period from roughly June to SeptembaGt et al. 1972; Yoshihara 1973;
Fechhelm et al. 1997). While at sea, individugkseanble into mixed-stock aggregates
and forage heavily within nearshore lagoonal hébitzat have turned brackish due to
freshwater input (Craig 1984; Krueger et al. 199Bhe brief sojourn at sea is a critical
period for Dolly Varden because they must acqumsecto 100% of their annual energy
budget as little to no forage is consumed durirgrémainder of the year while in
freshwater (Craig 1984; Boivin and Power 1990). phdromous fish mature between
ages 5 and 8 and are unlikely to reproduce in cutse years (Armstrong and Morrow
1980; Furniss 1975; Dutil 1986). Migrants returrfreshwater spawning and
overwintering habitats in coastal rivers during Asgand September at which time
spawning may continue until November (McCart 198B9llowing spawning, Dolly
Varden move into spring-fed overwintering habitatere they remain, subsisting upon
endogenous energy reserves until ice-out the fatigwpring (Dutil 1986; Boivin and

Power 1990).



Amphidromous populations of Dolly Varden inhabgtithe Arctic coast of Alaska
and Canada have received considerable attentioa #ie discovery and development of
hydrocarbon deposits in coastal areas during tb@4.@yoshihara 1973; Glass 1989;
Gallaway et al. 1991; Underwood et al. 1995; Br&008). Initially, this research
focused on taxonomy and distributions, but gragustlifted to address broader
ecological topics such as movement patterns aed,ratigins, habitat interactions, and
the identification of abiotic and biotic mechanisiingiting population structure and
abundance (Craig and McCart 1974; Furniss 1975gG@red Haldorson 1981; Craig
1989; Gallaway et al. 1991; Underwood et al. 199¥%erett et al. 1997; Krueger et al.
1999; Fechhelm et al. 2006). In support of theetedim, present day research has
focused on investigating biotic linkages within retere habitats and predicting the
potential consequences of climate change and ais&ciated anthropogenic
disturbances on Dolly Varden and Arctic anadronmf@lees in general (Carmack and
MacDonald 2002; Dunton et al. 2006; Reist et ab&@®Dunton et al. 2012). However,
numerous aspects of Dolly Varden ecology and timeptexity of nearshore Arctic
environments make these investigations difficult.

Assessing the effects of a changing environmephgsiological stressor requires
the formation of species-habitat relationships (Wiand Rotenberry 1981). To date, the
majority of Dolly Varden research and monitoringiates have taken place during
summer within nearshore brackish water habitatai§Cand Haldorson 1981; Gallaway
et al. 1991; Underwood et al. 1995; Brown 2008)ede sampling activities occur more

frequently at this time of year due to warmer terapees, favorable weather, and



because ice cover precludes access to fish inviieh for the majority of the year.
During summer, nearshore lagoon habitats are lsla@ad exist as a constantly
changing mosaic of temperature and salinity pat(Hake 1990; Maughan 1990).
Large-scale temperature and salinity variation-dareen by the direction and speed of
the prevailing winds and freshwater discharge, avlatal patterns are a function of
bathymetric conditions, water inflow, and the preseof barrier islands (Hale 1990;
Gallaway et al. 1991). Spatial and temporal valitgtin local conditions can be high; for
example, it is not uncommon to observe alteratiorieermal conditions upwards of 5°C
over a 2- to 3-day period (Hale 1990). Fish amegally captured using passive gears
such as fyke or gill nets, and biological statssach as length, condition, and catch per
unit effort (CPUE) are correlated to environmentaliables measured in situ at the net
site and used to infer habitat use (Gallaway €1391; Underwood et al. 1995).
However, the results of these analyses often lagkficant correlation, suggesting that
Dolly Varden do not distribute themselves relativéhe physical conditions of their
environment (Neill and Gallaway 1989; Houghtonle890; Underwood et al. 1995).
Such a phenomenon is undoubtedly not the casdikahgreflects individual behavioral
selection and the difficulties in characterizingls@a dynamic habitat at relevant temporal
and spatial scales.

While occupying nearshore areas, Dolly Vardeniooally seek temperatures
optimal to the joint conduct of their physiologigabcesses (Neill 1979). Occupation of
a particular habitat will partially depend on theafity of the current habitat relative to

adjacent habitats and the juxtaposition of patamepace. Presumably, movement will



occur as habitat patches become reorganized andiyped benefits in a new habitat
exceed realized benefits in the current habitat{f#ll and Lucas 1970). If the state of
environmental flux is so great as to preclude atafization to a particular regime,
individuals may exist in a continual state of tiai(Neill and Gallaway 1989). Because
movement is required for capture using passivesysatection of these individuals may
result in temperature occupancy data that bedles igsemblance to an individual’s
steady state preferences. Estimating other contmwogical statistics from nearshore
catch data presents similar challenges.

Passive gears, such as fyke and gill nets, aktossample Dolly Varden as they
roam nearshore habitats while organized in mixedksaggregates (Krueger et al. 1999).
Unless nets are set in the immediate vicinity wérimouths, catches will be comprised
of varying proportions of individuals from multip&ocks, each with different growth
trajectories (Craig 1977a; Fechhelm et al. 199elger et al. 1999). Furthermore,
because larger Dolly Varden tend to occupy habitatier from shore, only small
numbers of mature fish are typically captured (§emd Haldorson 1981; Underwood et
al. 1995; Fechhelm et al. 1997). Visual discrinimaof sex or demographic (i.e.
reproductive versus non-reproductive) attributesdafficult during summer, as
reproductive fish have yet to develop secondaruyaksharacteristics; stock origin is
primarily determined using genetic analysis whicymot be feasible for moderate to
large-scale research and monitoring projects (BEvetal. 1997). Therefore, using
nearshore catch data to evaluate temporal andabpratids in growth, abundance, or

population structure or responses in these vasgablenvironmental gradients can be



difficult due to net selectivity, variable and umkvn movement patterns and rates,
environmental stochasticity, and the inability éadily partition variability among
populations and demographics.

The inability to control for these additional soess of variability inhibit analyses
of length and CPUE and have likely contributeddmse findings that suggest few
statistical differences exist in these metrics dirae or space or in response to
environmental gradients (Whitmus et al. 1987; Celband Gallaway 1990; Gallaway et
al. 1991). Analyses of weight- and length-basatdemn are often used to supplement
the aforementioned analyses (Gallaway et al. 18@tlerwood et al. 1997).
Morphometric condition indices assume that chamgesorphology are met by
proportional alterations to individual energy cartevhich in fish is primarily in the
form of lipid (Shul’'man 1974; Pope and Kruse 200Apwever, during periods of
physiological stress or starvation, such as dusveywintering, lipid lost to metabolism
may be offset by water uptake (Glass 1989; Shd@&@4; Navarro and Gutiérrez 1995).
Such processes maintain individual body mass arrgmtogy despite a potentially
substantial loss in whole body energy content. aBee morphological condition
estimates cannot distinguish lipid from water weigihey are less sensitive to changes in
energy content, particularly within species thajuiee the storage and subsequent
mobilization of large quantities of lipid such aslly Varden (Glass 1989; Sutton et al.
2000). These factors may have contributed to fheian of some that traditional
condition analyses will always be an ineffectiveame of assessing the effects of

environmental variables (Colonell and Gallaway 1990



As a result of the difficulties in estimating redent biotic and abiotic variables
within nearshore environments with precision, weently have an incomplete
understanding of numerous aspects of Dolly Varaehogy including life-history
variation, habitat interactions, movement patteams], population dynamics (Neill and
Gallaway 1989; Houghton et al. 1990; Gallaway efi@B1; Underwood et al. 1995). To
improve our understanding of Dolly Varden ecologgw methods and approaches are
warranted. Reproductive Dolly Varden exhibit ppiédry to natal drainages; however,
some non-spawning and juvenile individuals may wweter in non-natal drainages
(DeCicco 1985; Crane et al. 2005). Thus, sam@ohgt fish within freshwater habitats
may reduce inter-population differences in bioladjgtatistics such as growth or
condition (Underwood et al. 1995). Furthermorsyei discrimination of demographics
may be more likely during this time as the majoatyeproductive fish will exhibit
coloration and secondary sexual characteristicecé&ssful identification may permit
variability in growth or condition to be partitiod@mongst biologically relevant
demographic groups more effectively.

Estimates of physiological well-being may be imm@o by using proximate
analysis in lieu of weight- and length-based caadiestimates. Proximate analysis may
produce more precise estimates of physiologicallaehg by estimating energy content
directly rather than inferring it from individualoerphology (Sutton et al. 2000).
However, this technique is lethal as well as tiged resource-intensive, two factors that
have likely limited its widespread use within fisies research thus far. Recent research

suggests that rapid estimates of proximate compaosiay be acquired non-lethally in



the field using bioelectrical impedance analysiBA{BCox and Hartman 2005).
Bioelectrical impedance analysis measures the iarpesl(resistance and reactance) of a
current as it is passes through a subject. Resstaeasures the opposition by a body to
the passage of an electrical current and is relatdte amount of lipid-free mass within
the subject as lipid is a poor conductor of eletiri(Kyle et al. 2004). Alternatively,
reactance measures the electrical storage capda@tyissue and is related to the cellular
volume of a subject as the lipid-bilayer of a ealts as a capacitor when excited by an
electrical current (Kyle et al. 2004). Using etezal property equations, BIA data can be
converted into numerous predictive variables thatthen be used to model proximate
composition (Khaled et al. 1988; Cox and Hartma@=®2Mafs and Hartman 2011).

Once calibrated, BIA models have produced estimatesndition that rival proximate
composition based estimates in terms of qualityteanditional estimates in terms of
speed and resources required (Cox and Hartman 2@0&yever, no such model has
been created for Dolly Varden.

Research and monitoring activities within the Aretre logistically challenging
and expensive due to the remoteness of field sitelement weather, and the short
duration of the summer open-water period. Thes®fa likely contribute to the
relatively short temporal scales over which theansj of Arctic research and
monitoring projects are conducted (Furniss 197Z51®aum et al. 1984; Wiswar and
West 1987; Underwood et al. 1995). Given the aastdifficulty of operating within
remote Arctic areas, simply extending samplingré$fes often not feasible. Instead,

temporal expanse may be lengthened by utilizingieecd growth and habitat data that



have been collected during past research and nnimgjtefforts. North Slope aquatic
research has been conducted sporadically througheytast 30 years and a wealth of
data exists on several populations of Dolly Var@atswar and West 1987; Underwood
et al. 1997; Viavant 2005; Brown 2008). Of par&wse may be growth data preserved
within the annular increments of calciferous stmoes such as otoliths. Following
sectioning, back-calculation and other techniqueshze used to produce retrospective
estimates of annual growth (Isely and Grabowski7Z20@ombined with archived habitat
data collected remotely or on the ground, thesa dan be used to assess trends in
growth over time and space or in response to bsgatk habitat alterations (Woodbury
1999; Rypel 2009; Von Biela et al. 2011)

The goal of this research is to develop and impl@mew tools and approaches
to Dolly Varden research and monitoring in ordeoldain a greater understanding of
their ecology and dynamics. To do so, I: 1) evi@dddhe precision of age determinations
produced from scales, otoliths, and fin rays, 2)etlgped and validated BIA models
capable of producing non-invasive predictions oflfpdarden proximate content, 3)
used archived otolith samples collected over tls thee past 25 years from Arctic Alaska
to calculate and then correlate retroactive grazgtimates to remotely sensed habitat
variables collected over similar time scales, anmhvestigated trends in whole body and
tissue proximate composition among demographicsyaads from Dolly Varden
collected within freshwater.

The first two objectives develop new tools with ahto efficiently partition

variability in biological statistics among cohoasd quantify physiological condition.



The evaluation and/or development of non-lethah@gnethods will permit the
collection of more aging data which may contribigtenore precise age-based biological
statistics. Furthermore, the development of Dellyden BIA models will permit the
production of non-invasive estimates of proximaiatent (Cox and Hartman 2005).
Energy-based condition metrics are superior taticahl weight- and length-based
condition metrics as they measure energy conteetttly rather than inferring it from
morphology (Sutton et al. 2000). The latter twgeabves apply new approaches to
investigating species-habitat relationships andptaal trends in Dolly Varden growth
and condition. The temporal extent of retrospeagirevth analyses may shed new light
onto broad-scale abiotic factors limiting Dolly \dan growth while analyzing proximate
content of fish captured in freshwater may clavifyiability in condition among years
and demographics. Together, these analyses waltibate to our understanding of
Dolly Varden ecology, develop new tools to bettearmtify biotic and abiotic statistics,

and guide future Dolly Varden research and momipéctivities.



10

References

Armstrong, R. H., and J. E. Morrow. 1980. The Dalgrden charSalvelinus malma.
Pages 99-14(nh U. K. Balon, editor. Charrs: salmonid fishes & tfenus
Salvelinus. Dr. W. Junk bv Publishers, The Hague, The Nethddan

Boivin, T. G., and G. Power. 1990. Winter conditemmd proximate composition of
anadromous Arctic chaBdlvelinus alpinus) in eastern Ungava Bay, Quebec.
Canadian Journal of Zoology 68:2284-2289.

Brown, R. J. 2008. Life history and demographicrahgeristics of Arctic cisco, Dolly
Varden, and other fish species in the Barter Istagibn of northern Alaska.
U.S. Fish and Wildlife Service, Alaska Fisheriesf@cal Report No. 101,
Fairbanks, Alaska.

Carmack, E. C., and R. W. Macdonald. 2002. Oceapdyr of the Canadian Shelf of the
Beaufort Sea: a setting for marine life. ArcticZ%45.

Colonell, J. M., and B. J. Gallaway, editors. 1980.assessment of marine
environmental impacts of West Dock causeway. Rdpoirudhoe Bay unit
owners represented by ARCO-Alaska, Inc. Prepared/bgdward-Clyde
Consultants and LGL Alaska Research Associates, Amchorage Alaska.

Cox, K. M., and K. J. Hartman. 2005. Nonlethalmstiion of proximate composition in

fish. Canadian Journal of Fisheries and Aquatiesms 62:269-275.



Craig,

Craig,

Craig,

Craig,

Craig,

11

P. C. 1977a. Ecological studies of anadimsrand resident populations of Arctic
char in the Canning river drainage and adjacergtabavaters of the Beaufort
Sea, Alaska. Pages 1-116 (Chapten®. McCart, editor. Fisheries
investigations along the North Slope and Beaufeet &ast in Alaska with
emphasis on Arctic char, Aquatic Environments LeadjtArctic Gas Biological
Report Series, Volume 41, Calgary, Alberta.

P. C. 1977b. Fisheries investigations inShaviovik River drainage, Alaska, with
emphasis on Arctic char in the Kavik River. Page&8iChapter 3)n P. McCart,
editor. Fisheries Investigations along the Nortbp8land Beaufort Sea coast in
Alaska with emphasis on Arctic char, Aquatic Enmimeents Limited, Arctic Gas
Biological Report Series, Volume 41, Calgary, Ather

P. C. 1984. Fish use of the coastal watktise Alaskan Beaufort Sea: a review.
Transactions of the American Fisheries Society 2853:282.

P. C. 1989. An introduction to anadromoshkds in the Alaskan Arctic.
Biological Papers of the University of Alaska 24-24.

P. C., and L. Haldorson. 1981. Fish. P&§&4s678in S. R. Johnson and W. J.
Richardson, editors. Beaufort Sea barrier islagdda ecological process studies:
final report, Simpson Lagoon, part 4. Environmeatdessment of the Alaskan
continental shelf, final report of principal inviggttors vol. 8: Biological Studies.
National Oceanic and Atmospheric Administrationté&@wontinental Shelf
Environment Assessment Program, and Bureau of Mamthgement, Boulder,

Colorado.



12

Craig, P. C., and P. J. McCart. 1974. Fall spawaimgj overwintering areas of fish
populations along routes of proposed pipeline bebwerudhoe Bay and the
Mackenzie Delta 1972-1973. Pages 1-37(Chaptar B) C. Craig, editor.
Fisheries research associated with proposed gabn@poutes in Alaska, Yukon,
and Northwest Territories. Aquatic Environments ited, Arctic Gas Biological
Report Series, Volume 15, Calgary, Alberta

Crane, P., T. Viavant, and J. Wenburg. 2005. Ovdexing patterns of Dolly Varden
Salvelinus malma in the Sagavanirktok River in the Alaskan NorthSiloferred
using mixed-stock analysis. U.S. Fish and Wild8fervice, Alaska Fisheries
Technical Report No. 84, Anchorage, Alaska.

Daum, D., P. Rost, and M. W. Smith. 1984. Fishestaglies on the North Slope of the
Arctic National Wildlife Refuge, 1983. Pages 1i8/G. W. Gamer and P. E.
Reynolds, editors. Arctic National Wildlife Refugeastal plain resource
assessment, 1983 update report baseline studg @kth wildlife, and their
habitats. U.S. Fish and Wildlife Service, Anchorafjaska.

DeCicco, A. L. 1985. Inventory and cataloging obdgish and sport fish waters of
western Alaska with emphasis on Arctic char lifsthiy studies. Alaska
Department of Fish Game, Federal Aid in Fish Resiton, Project F-9-17,
Annual Report 1984-1985, Fairbanks.

Dunton, K. H., S. V. Schonberg, and L. W. Coop@12 Food web structure of the
Alaskan nearshore shelf and estuarine lagoonsedBéaufort Sea. Estuaries and

Coasts 35:416-435.



13

Dunton, K. H., T. Weingartner, and E. C. CarmadO& The nearshore western
Beaufort Sea ecosystem: circulation and importaficerrestrial carbon in Arctic
coastal food webs. Progress in Oceanography 713382-

Dutil, J. D. 1986. Energetic constraints and spagmnterval in the anadromous Arctic
charr Galvelinus alpinus). Copeia 4:945-955.

Everett, R. J., R. L. Wilmot, and C. C. Krueger9Z19Population genetic structure of
Dolly Varden from Beaufort Sea drainages of Nonh&laska and Canada.
American Fisheries Society Symposium 19:240-249.

Fechhelm, R. G., J. D. Bryan, W. B. Griffiths, dndR. Martin. 1997. Summer growth
patterns of northern Dolly VardeBg]velinus malma) smolts from the Prudhoe
Bay region of Alaska. Canadian Journal of Fisheaigs$ Aquatic Sciences
54:1103-1110.

Fechhelm, R. G., G. B. Buck, and M. R. Link. 20¥6ar 24 of the long-term monitoring
of nearshore Beaufort Sea fishes in the Prudhoe&gagn, 2006. Report for BP
Exploration (Alaska) Inc. by LGL Alaska Researcls@siates, Inc., Anchorage.

Fretwell, S. D., and H. L. Lucas. 1970. On terrgbbehavior and other factors
influencing habitat distribution in birds. I. thebical development. Acta
Biotheoretica 19:16-36.

Furniss, R. A. 1974. Inventory and cataloging ofthrarea waters. Alaska Department
of Fish and Game, Federal Aid in Fish Restoratitmject F-9-6, Annual Report

of Progress, Anchorage.



14

Furniss, R. A. 1975. Inventory and cataloging ofthrarea waters. Alaska Department
of Fish and Game, Federal Aid in Fish Restoratimject F-9-7, Annual Report
of Progress, Anchorage.

Gallaway, B. J., W. J. Gazey, J. M. Colonell, A. Medoroda, and C. J. Herlugson.
1991. The Endicott Development Project - prelimyjnassessment of impacts
from the first major offshore oil development iretAlaskan Arctic. American
Fisheries Society Symposium 11:42-80.

Glass, D. R. 1989. Changes in the condition andiplogical parameters of anadromous
fish species in the central Beaufort Sea duringotregwintering period. Part |,
Chapter llin Endicott Environmental Monitoring Program - 198 2pRrt by
Envirosphere Company for the U.S. Army Corps ofikegrs, Anchorage,
Alaska.

Hafs, A. W., and K. J. Hartman. 2011. Influencesleictrode type and location upon
bioelectrical Impedance analysis measurementsoafkairout. Transactions of the
American Fisheries Society 140:1290-1297.

Hale, D. A. 1990. A description of the physical idweristics of nearshore and lagoonal
waters in the eastern Beaufort Sea. National Ocesard Atmospheric
Administration, Office of Oceanography and MaringsAssment. Report to U.S.

Fish and Wildlife Service, Anchorage, Alaska.



15

Houghton, J. P., C. J. Whitmus, and A. W. Maki.@99abitat relationships of Beaufort
Sea anadromous fish: integration of oceanograpifecrmation and fish-catch
data. Pages 73-88 R. M. Meyer and T. M. Johnson, editors. Fisheries
oceanography-a comprehensive formulation of teehmiojectives for offshore
application in the Arctic. United States Departmeinthe Interior, Minerals
Management Service, OCS Study MMS 88-0042.

Isely, J. J., and T. B. Grabowski. 2007. Age aragn. Pages 187-248 C. S. Guy and
M. L. Brown, editors. Analysis and interpretationfr@shwater fisheries data.
American Fisheries Society, Bethesda, Maryland.

Khaled, M., M. J. McCutcheon, S. Reddy, P .L. PearnG. R. Hunter, and R. L.
Weinsier. 1988. Electrical impedance in assessimgam body composition: the
BIA method. The American Journal of Clinical Nutyit 47:789-792.

Krueger, C. C., R. L. Wilmot, and R. J. Everett929Stock origins of Dolly Varden
collected from Beaufort Sea coastal sites of Arateska and Canada.
Transactions of the American Fisheries Society 42&7.

Kyle, U. G., I. Bosaeus, A. D. De Lorenzo, P. Bberg, M. Elia, and J. M. Gomez.
2004. Bioelectrical impedance analysis - part ttew of principles and methods.
Clinical Nutrition 23:1226-1243.

Maughan, O. E. 1990. Habitat. Pages 85KBIBC Applied Environmental Sciences,
editors. A synthesis of environmental informat@ncauseways in the nearshore
Beaufort Sea. United States Department of theiomeMinerals Management

Service, OCS Study MMS 89-0038, Anchorage, Alaska



16

McCart, P. J. 1980. A review of the systematic aoology of Arctic charSalvelinus
alpinus, in the western Arctic. Canadian Technical Repbfisheries and
Aquatic Sciences No. 935, Winnipeg, Manitoba.

McCart, P., P. Craig, and H. Bain. 1972. Repartisheries investigations in the
Sagavanirktok River and neighboring drainages.esla Pipeline Service
Company, Bellevue,Washington.

Navarro, I., and J. Gutiérrez. 1995. Fasting aadsation. Pages 393-434P. W.
Hochachika and T. P. Mommsen, editors. Biochemestiy molecular biology of
fishes, volume 4, metabolic biochemistry. Elseviensterdam.

Neill, W. H. 1979. Mechanisms of fish distributionheterothermal environments.
American Zoologist 19:305-315.

Neill, W. H., and B. J. Gallaway. 1989. "Noise"tire distributional responses of fish to
environment: an exercise in deterministic modetmgivated by the Beaufort Sea
experience. Biological Papers of the Universitytdska 24:123-130.

Pope, K. L., and C. G. Kruse. 2007. Age and groRtges 187-22% C. S. Guy and M.
L. Brown, editors. Analysis and interpretation mgghwater fisheries data.
American Fisheries Society, Bethesda, Maryland.

Reist, J. D., J. D. Johnson, and T. J. Carmici&&l7. Variation and specific identity of
char from Northwestern Arctic Canada and Alaskae#fioan Fisheries Society

Symposium 19:250-261.



17

Reist, J. D., F. J. Wrona, T. D. Prowse, M. PoW@eB. Dempson, R. J. Beamish, J. R.
King, T. J. Carmichael, C. D. and Sawatzky. 200én&al effects of climate
change on Arctic fishes and fish populations. An5c370-380.

Rypel, A. L. 2009. Climate-growth relationships fargemouth basd\icropterus
salmoides) across three southeastern USA states. Ecologyeshwater Fish
18:620-628.

Shearer, K. D. 1994. Factors affecting the proxex@@mposition of cultured fishes with
emphasis on salmonids. Aquaculture 119:63-88.

Shul'man, G. E. 1974. Life cycles of fish, physigyjoand biochemistry. Wiley, New

York.

Sutton, S. G., T. P. Bult, and R. L. Haedrich. 2(R@lationships among fat weight, body
weight, water weight, and condition factors in wi{tlantic salmon parr.
Transactions of the American Fisheries Society 32p:538.

Underwood, T. J., J. A. Gordon, M. J. Millard, L. Bhorpe, and B. M. Osborne. 1995.
Characteristics of selected fish populations oftiareVildlife Refuge coastal
waters, final report, 1988-1991. U.S. Fish and WéddService, Alaska Fisheries
Technical Report No. 28, Fairbanks, Alaska.

Underwood, T. J., D. E. Palmer, and L. A. Thor@97. Weight-length relationships and
condition of Dolly Varden in coastal waters of thestic National Wildlife
Refuge, Alaska. American Fisheries Society Symposi9:295-309.

Viavant, T. 2005. Eastern North Slope Dolly Vardéock assessment. Alaska

Department of Fish and Game. Fishery Data Seriesk¢u 05-07, Anchorage.



18

Von Biela, V. R., C. E. Zimmerman, and L. L. Mouit®2011. Long-term increases in
young-of-the-year growth of Arctic cis€@oregonus autumnalis and
environmental influences. Journal of Fish Biolo@y3P-56.

Whitmus, C. J., T. C. Cannon, and S. S. Parker7 188e, growth, and condition of
anadromous fish. Pages 14841985 Final report for the Endicott Environmental
Monitoring Program, volume 7. Report of Envirosgh@ompany to United
States Army Corps of Engineers, Anchorage, Alaska.

Wiens, J. A., and J. T. Rotenberry. 1981. Habgabaiations and community structure of
birds in shrubsteppe environments. Ecological Moaplys 51:21-42.

Wiswar, D. W., and R. L. West. 1987. Fisheriesstigations in Beaufort Lagoon,
Arctic National Wildlife Refuge, Alaska, 1985. Resg778-800n G. W. Garner
and P. E. Reynolds, editors. Arctic National WikellRefuge coastal plain
resource assessment, 1985 update report, baselthed the fish, wildlife, and
their habitats. U.S. Fish and Wildlife Service,chorage, Alaska.

Woodbury, D. 1999. Reduction of growth in otolitbfsvidow and yellow rockfish
(Sebastes entomelas andS. flavidus) during the 1983 EI Nio. Fisheries Bulletin
97:680-689.

Yoshihara, H. T. 1973. Monitoring and evaluatiorAoftic waters with emphasis on the
North Slope drainages. Alaska Department of Fish@ame, Division of Sport
Fish, Federal Aid in Fish Restoration, Project b;%nnual Progress Report

1972-1973, Juneau



19

Chapter 1: Precision analysis of three aging structuresfor amphidromous

DollyVarden Char from Alaskan Arcticrivers'

Abstract

The accuracy of population statistics, and theditgliof management actions they
motivate, are in part dependent on the acquistaiaquality age determinations. Such
data for northern-form Dolly Varden ch@alvelinus malma have been traditionally
garnered using otoliths, despite little researslestigating the consistency of this, or
alternative non-lethal techniques. To addressetidesa gaps, the precision of age
determinations generated from scales, otoliths fingys was examined for 126
amphidromous Dolly Varden collected from two Araticers. We used three
independent readers, age-bias plots, coefficiemination (CV), and percent agreement
(PA) to estimate bias and precision for within-rea@Gmong-structure and among-reader,
within-structure comparisons. Among-reader, wisiiructure tests of CV suggested that
otoliths produced more precise age determinatioaus fin rays, while scale and otolith
aging precision were similar. Age-bias plots sisgee scales consistently
underestimated age relative to otoliths beginntrgge 6. Underestimation was also
apparent, but less distinct, within fin ray-otolghd scale-fin ray comparisons. Potential
sources of error and management implications a®udsed. Because scale and otolith
ages exhibited little bias within cohorts youndeart age 6, age may be determined non-

lethally in these cohorts using scales; otolithsuth be used otherwise.

! Stolarski, J. T., and T. M. Sutton. North Americanurnal of Fisheries Management (submitted).
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Introduction

Northern-form Dolly Varden chealvelinus malma, herein referred to as Dolly
Varden, are distributed along the Arctic coast oftN America from the Mackenzie
River in Canada, west and south through AlaskaedSeward Peninsula (Reist et al.
1997). Throughout their range, populations argdiarorganized by major river basin,
and may contain both resident and sea-run indilsdiMcCart 1980; Everett et al. 1997).
Amphidromous fish are generally larger and morendbant than residents and support
one of largest and most important traditional sstiesice fisheries within Arctic coastal
communities of Alaska (McCart 1980; Pedersen ama i005). Concerns regarding the
potential ecological impacts of oil and gas expioraand climate change in the Arctic
have strengthened the need for sound management@mtbring practices
(Hachmeister et al. 1991; Reist et al. 2006). Vdlality of such practices are, in part,
dependent upon the acquisition of quality age datetions as they are often developed
using age-specific biological data.

Northern fish species, such as Dolly Varden, goectlly aged using calcified
structures due to their longevity and slow rategrofvth (McCart 1980; Howland et al.
2004). For a structure to be useful for age ddatetion purposes, it must produce ages
that are both accurate (not addressed herein) r@atsp. Dolly Varden age is almost
exclusively estimated using otoliths, either viewdtble or broken through the nucleus
(Heiser 1966; Yoshihara 1973; Armstrong 1974; M¢Q8a80; Underwood 1995). Scale
techniques have been largely disregarded due ¢an@s within Arctic chagalvelinus

alpinus suggesting scale circuli patterns are unreliabeliptors of fish age (Barber and
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McFarlane 1987; Baker and Timmons 1991); fin rapteques have rarely been used
(Heiser 1966; Barber and McFarlane 1987). Nonalefchniques using scales and fin
rays conserve fish and allow age data to be celieitbm a greater proportion of
individuals within a population. This may be peutarly advantageous when aging
Dolly Varden, as the length ranges of successihets typically display considerable
overlap (Underwood et al. 1995). Such overlapamantribute to error in age-specific
biological statistics when extrapolating age dabtafa sub-sample to a larger population
as is often the case when using age-length keypsvelder, before nonlethal techniques
can be employed, the precision of scale, otolitldl, fn ray techniques must be
compared.

In the only study that could be found investiggtine reproducibility of age
determinations for Dolly Varden, Barber and McFaelg§1987) concluded that otoliths
generally produced older age determinations redatvpectoral and anal fin rays.
However, this research did not determine age ustates, used a single reader which
limited analyses to comparisons among structureswaas conducted on pooled samples
containing both Dolly Varden and Arctic char (Reastl. 1997). As a result, the
precision of Dolly Varden aging techniques bothhmtand among structures remains
poorly defined. To address this data gap, theobilge of this study was to estimate the
precision of scale, otolith, and fin ray age deteations for within- and among-structure

comparisons.
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Methods

Study site

This study was conducted at spawning and overvingdabitats of
amphidromous Dolly Varden on the Ivishak and Hulahivers, located on the coastal
plain of the Alaskan Arctic (Figure 1.1; Daum et#84; Viavant 2005). The Ivishak
River is a north-flowing tributary of the Sagavamnik River, the second largest river on
the North Slope of Alaska. Both rivers originatehe Brooks Mountain range and drain
into the Beaufort Sea, the Sagavanirktok RiveratiRoe Bay and the Hulahula River
near the coastal community of Kaktovik. Both rivepntain resident and amphidromous

populations of Dolly Varden.

Fish sampling

Post-smolt Dolly Varden were captured via angfragn the Ivishak River during
sampling events in early September 2009, 201028ad. Pre-smolt fish were collected
using minnow traps from the Hulahula River duringg@ist 2011. Sampling exclusively
within habitats known to be frequented by large hara of amphidromous fish
minimized the likelihood of capture and inclusidiresident fish into the study. Upon
capture, individuals were sacrificed, weighed ® tlearest 1 g, and measured to the
nearest 1 mm in fork length. Each fish was indraidly labeled, wrapped in plastic, and
transported to the University of Alaska Fairbankseve they were frozen. In the
laboratory, scales were sampled from an area paosterthe dorsal fin and above the

lateral line using a scalpel, then stored on waterpaper (DeVries and Frie 1996).
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The right pectoral fin was removed from each fréfised in water, and stored in a similar
fashion in a well-ventilated area to facilitate idg: Sagittal otoliths were removed using
the “open the hatch” method of Secor et al. (19688%ed in water, dried, and stored dry

in individually labeled plastic vials.

Structure preparation

Fifteen to 20 scales from each fish were wet medion a glass slide and viewed
with a compound microscope under transmitted leglt0X magnification. After
screening the sub-sample for the presence of regfexdescales, an image of a
representative scale was captured using a 3.3 me&gagpicroscope-mounted digital
camera (Quantitative Imaging Co., Burnaby, Canada).

Fin rays were embedded in Epoxycuspoxy resin (Buehler, Lake BIuff,
lllinois) following methods outlined in Koch and @t(2007). Multiple transverse
sections, each 0.5 to 0.75 mm in thickness, weresing an Isomé&tlow speed saw
(Buehler, Lake Bluff, lllinois), equipped with a 20nm diameter diamond wafering
blade rotating at 240 revolutions per minute. Geas taken to assure the first thin
section encompassed or was slightly posterioreartfiection point of the ray (Beamish
1981). Sections were affixed to a glass slidegi€irystalbon8 thermoplastic cement
(Structure Probe Inc., West Chester, Pennsylvamd)viewed with a compound
microscope. A digital image was captured of aesentative fin ray at 20X and 40X
magnifications under transmitted light.

The right sagittal otolith of each fish was affix a glass slide using

Crystalbon® thermoplastic cement perpendicular to the long akithe otolith. Each
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otolith was ground to the core in the transvers@@lusing a thin section machine
(Hillquist Inc., Denver, Colarado) and remountedtte slide flat side down before being
ground to a final thickness of approximately 0.3 mhme otolith was hand polished with
a 1um diamond abrasive and viewed with a compound reeape under transmitted
light. Digital images were captured at 20X and 46Xgnifications. If the mounted
otolith section was deemed inadequate for age metation, the left sagitta was

processed in the same fashion.

Age determination

Age determinations were produced by three indepeinetaders trained in
annulus identification. Each reader estimateddigé from scales, otoliths, and fin rays.
Readers were provided with the capture date ofishe but had no knowledge of fish
length. Scale annuli were identified as areag@aigr circuli density or when successive
circuli cut over each other. Annuli in fin ray aatblith sections were identified as
alternating opaque and hyaline zones (DeVries aied1®96). Fin ray age estimates
were derived from the first or second ray. Imagese organized into separate libraries
by structure and no reader was allowed to deterageefrom multiple libraries within a
single day. To our knowledge, scale, otolith, einday age determinations for Dolly

Varden have yet to be validated.

Statistical analysis
Age-bias plots were used to assess among-reaieinstructure and within-

reader, among-structure bias (Campana et al. 199¢¢-bias plots depict the mean age
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of fish determined by one reader that are assigrggden age by a second reader.
Cohorts displaying complete agreement among agegn&sl by each reader will fall on
the 1:1 line of equivalence. Thus, bias is detketsually as persistent (> 2 successive
years) deviations of the 95% confidence intervaftsainding each mean from the line of
equivalence. Detection of among-reader, withinettire bias is important as it indicates
if readers are using unified criteria to identifydacount annuli. If one or multiple
readers consistently over- or under-estimates elgéve to others, precision within that
structure will reflect variability in aging methodsther than the reproducibility of age
determinations. If bias is detected, the critegiavhich annuli are identified and counted
must be revisited and agreed upon by readers axlmgst be redetermined.
Alternatively, within-reader, among-structure bcas be used to evaluate the relative
strength of any under- or overestimation of agewéen the techniques. Precision of
among-reader, within-structure and within-readerpag-structure comparisons was
estimated using percent agreement (PA), percereaggnt to within one year (PA1),
and coefficient of variation (CV). Percent agreatrsatistics were calculated as the
number of pairwise comparisons in which age wastal agreement (in the case of PA)
or the number of pairwise comparisons in which&ge in agreement to within one year
(in the case of PA1) divided by the total numbecahparisons made. Percent
agreement statistics, once the predominant meaassetsing the precision of aging
structures, are slowly being replaced with statgssiuch as CV as the latter measures do

not account for age structure variation among gse@eamish and Fournier 1981). As
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such, these statistics are only mentioned brieftyiacluded primarily as a means of

comparison to past research. The coefficient ahtian was calculated as:

ZR: (Xij - Xj)z
5 R-1
CV, =100 = ™ : 0L

i

where X is theith age determination for thth fish, X is the mean age of the jth fish,
and R is the number of times the age of the figsisnated (Chang 1982). The
coefficient of variation was averaged across ah fior each structure in the case of
among-reader, within structure comparisons andsacspecific comparisons (i.e., scales
versus fin rays) for within-reader, among-structtwenparisons. Potential differences
among structures and comparisons were tested asgigsis of variance with a post-hoc
Tukey’s honest significance test when significaffedences were detected. All
statistical analyses were conducted using thesstati software package R (R

development Core Team 2012) and evaluated at=a0.05.

Results

Of the total 143 pre- and post-smolt Dolly Vardeat were collected over the
three years of sampling, 126 of these fish werkuded into the final analyses.
Individuals ranged in fork length from 63 to 680 ramd encompassed ages 0 to 14
(Figure 1.2). Annuli were identified from digitmhages for all three structures (Figure
1.3). Scale circuli patterns varied substantib#yween the freshwater and marine

periods of growth, with the marine phase exhibifi@ggreater spacing between
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successive circuli. Visual examination of amongeer, within-structure age-bias plots
showed little persistent (> 2 consecutive years)al®n from the 1:1 equivalence line,
indicating readers used similar standards in ifgng and counting annuli (Figure 1.4).
Mean PA and PA1 of among-reader, within-structupgarisons were similar among
structures (Table 1.1). However, mean PA did moted 55% for any structure while
mean PA1 exceeded 90% for all structures (Table JAge-bias plots of within-reader,
among-structure comparisons indicated that scagarbto underestimate fish age
relative to otoliths beginning at age 6 (Figure) 1véth errors increasing with age. These
plots also indicated that fin rays tended to unskareate age relative to otoliths and that
scales tended to underestimate age relative t@ys also beginning at age 6, with errors
generally remaining constant with increasing adgguife 1.5). However, these trends are
less pronounced relative to scale-otolith compassaviean PA and PA1 of within-
reader, among-structure comparisons were simil@ngncomparisons but were
generally lower than among-reader, within-strucesemates (Table 1.1). No
differences in CV were detected for within-readanong-structure comparisons (Table
1.1: k 373=0.347, p = 0.707). The coefficient of variatmiramong-reader, within-
structure comparisons differed among structurebl€Ta.1; F 373= 3.143, p = 0.044). A
post-hoc Tukey test indicated that otoliths wergemecise predictors of Dolly Varden

age than fin rays.
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Discussion

This research contributes to a growing body efditure indicating that scales
typically underestimate fish age relative to otdi(Silkstrom 1983; Hubert et al. 1987;
Sharpe and Bernard 1988; Graynoth 1996; Kruse &88l7; DeCicco and Brown 2006;
Stolarski and Hartman 2008). The onset of scatlerestimation corresponded well with
estimates of the age at first reproduction for pMarden, suggesting underestimation
was a result of ontogenetic reductions in growtth éne formation of a “dense edge” on
the scale margins (Nordeng 1961; Yoshihara 1978igGnd Haldorson 1981). A
similar artifact was often present in the intebthe scale and was most likely a result
of slow pre-smolt growth while in freshwater (Mc€4880). These features highlight
the importance of training readers in both fresiewand marine annulus identification as
scale morphology and annuli appearance will chalegending upon the growth rate of
the fish (Carlander 1974).

Within-reader comparisons of fin ray and otolifealeterminations suggested
that fin rays underestimated age relative to disllieginning at age 6. Barber and
McFarlane (1987) noted similar results studying dgirminations from a mixed sample
of Dolly Varden and Arctic char. Fin ray underasttion has also been reported in
Arctic graylingThymallus arcticus (Silkstrom 1983), rainbow tro@ncor hynchus mykiss
and brown trougalmo trutta (Graynoth 1996), cutthroat tro8almo clarki (Hubert et al.
1987), and brook troualvelinus fontinalis (Stolarski and Hartman 2008). However,
Zymonas and McMahon (2009) reported no bias amongparisons of ages derived

from pelvic fin rays and otoliths of bull tro&lvelinus confluentus. Chronic
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misidentification of the first few annuli in fin yasections is commonly cited as a
potential cause of underestimation (Silkstrom 1983hert et al. 1987). Working with a
population of slow-growing white sucke@atostomus commersoni, Beamish (1973)
noted that the first fin ray annulus was often ¢tasely associated with the ray center to
be consistently identified, particularly within eldfish. For Dolly Varden, interior
annuli clarity was often diminished within oldestiiand also declined as the location
where the fin ray section was cut moved furthemftbe inflection point of the ray. The
effect of the latter phenomenon was minimized hyviteg ages from one of the first
three fin ray sections of the series. Howeverjence of more constant errors within
older fish suggests that misidentification of fresler annuli could be occurring within
these cohorts.

Within-reader comparisons of scale and fin ray dgferminations suggested that
scales often underestimated fish age, again begjratiage 6. However, this
relationship was less pronounced relative to sotéth and fin ray-otolith comparisons.
Previous research involving similar comparisonshbeen generally inconsistent, with
some studies confirming (Silkstrom 1983; Stolaeskil Hartman 2008), and others
refuting (Hubert et al. 1987; Copeland et al. 200 results. Given suspected sources
of error within each of the two structures (seevapothe lack of a consistent trend could
be a function of the proportion of instances inabhieader errors are isolated within a
single structure versus when errors occur simudtasky in both.

Percent agreement of among-reader, within-straatamparisons were generally

low compared to previous research (Graynoth 1996 ahas and McMahon 2009).
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However, such inter-species comparisons are mdfieuttiby the fact that PA varies as
a function of the age structure of the speciedligstion (Beamish and Fournier 1981).
The low percent agreement seen here could be b oé$hie age structure of the sample
(Beamish and Fournier 1981; Zymonas and McMaho®2@be use of multiple readers
instead of multiple reads by the same reader (#mieChittenden 2011), the relatively
slow growth rates of high latitude fishes (Silkstrd983), or a combination of the three
factors. Percent agreement of among-reader, wdinucture comparisons of scales,
otoliths, and fin rays for species with similar ageictures such as Arctic grayling and
bull trout have been found to range between 506819d and are more comparable to PA
observed in Dolly Varden (Silkstrom 1983; Zymonad & cMahon 2009). Despite
these contentions, PA1 was greater than 90% fatralttures, suggesting that gross
disagreements in Dolly Varden age were infrequent.

Tests of among-reader, within-structure CV sugggethat otoliths were more
precise estimators of Dolly Varden age than firsragimilar results have been reported
in other species and are likely a result of misidieation of interior fin ray annuli as
previously discussed (Graynoth 1996; Stolarskildadman 2008; Zymonas and
McMahon 2009). However, the precision of age deieations garnered from scales and
otoliths were found to be similar, which is conyrém the findings of numerous studies
indicating that scale-based age determinationsféea less precise than otolith
determinations (Silkstrom 1983; Kruse et al. 199&Cicco and Brown 2006; Zymonas
and McMahon 2009; Schill et al. 2010). This figlimay be a direct result of the

intensity and duration of Dolly Varden grow throwgih the year. Dolly Varden acquire



31

nearly 100% of their annual energy budget durireggdimort Arctic summers, while the
remainder of the year is spent overwintering istingater where little to no food is
consumed (Craig 1984, Boivin and Power 1990). rRdaeproductive age, the intensity
of growth within these periods and the consistarfayeir occurrence likely contribute to
the distinctiveness of scale annuli. The annubushéd following a fish’s first migration
to sea is particularly distinguishable due to tbetast between it and the adjacent
freshwater annuli. The consistency of annulus &irom in scales stemming from this
seasonal pattern likely rivals that of otoliths iotree same time interval, and contributes
to the similarity in precision observed betweentthie structures. However, if our
sample had contained a larger proportion of oldr dur results might have differed.
This research suggests that Dolly Varden age reajebermined non-lethally
using scales within individuals age 5 and yound@ur assertion is a result of data
indicating that bias of within-reader, among-stanetcomparisons of scales and otoliths
is minimal within cohorts less than age 6. Funth@re, no statistical differences in CV
calculated from among-reader, within-structure carigons of scale and otolith age
determinations were detected. However, beyondbagwliths should be used to
generate age determinations for Dolly Varden. miagority of Dolly Varden research
and monitoring projects have been conducted witk@rshore coastal areas using fyke
nets. These catch data suggest Dolly Varden biig&ithemselves along shore in relation
to size, with smaller individuals occupying shalevhabitats closer to shore (Craig and
Haldorson 1981; Hachmeister et al. 1991; Underwififeb; Fechhelm et al. 1997,

Brown 2008). Age data collected from random sugeéthis catch indicate that up to
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70% of the individuals are less than age 6 (Undednt al. 1995). While age
composition likely varies over time and spaces itdasonable to assume that many Dolly
Varden captured in nearshore fyke nets can be mgedethally using scales. Scale-
based age determination may be particularly vatutdslidentifying first year smolts.
This demographic is often pooled for analysis pagsoand can be easily and quickly
identified using scales due to the contrast betvweswater and marine circuli patterns
(Fechhelm et al. 1997). Smolt identification haem previously accomplished using
graphical methods; however, these techniques drasnsuccessful when sampling
locations are distant from river mouths (Fechheiral €1997; Brown 2008). Non-lethal
age determination will also allow age data to biéected from a greater proportion of the
population, which may increase the precision ofgggcific statistics. Additional
research may be required to assess potential Settsaresulting from fin ray excision
within Dolly Varden (Zymonas and McMahon 2006). #ways, it is important to
independently verify the consistency of scale,ititpbr fin ray based age determinations

in the field within a subset of fish prior to impientation of a particular technique.
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Table 1.1: Coefficient of variation (CV), mean percent agneat (PA), and mean
percent agreement to within 1 year (PA1) of amagagder, within-structure and within-
reader, among-structure comparisons of age detations based on scales, otoliths, and

fin rays for Dolly Varden sampled from the Ivishakd Hulahula rivers.

Comparison type Structures Cv* Mean PA Mean PAl
Among-reader, within-structure Scales 9.08%® 55.91 94.35
Among-reader, within-structure Otoliths 7.9 55.02 94.18
Among-reader, within-structure Fin rays 11.9F 52.38 94.18
Within-reader, among-structure  Scale-otolith 14.2¢ 33.87 81.18
Within-reader, among-structure  Scale-fin ray 14.1F¢ 40.05 81.74
Within-reader, among-structure ~ Otolith-finray ~ 13.59 33.07 83.33

*Within each comparison type, CV estimates witHet#nt alphabetical superscripts are

significantly different (P < 0.05).
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Figure 1.1: Map of the Eastern North Slope of Alaska withoars indicating the general

locations where post-smolt (A) and pre-smolt (B)Ip¥arden were sampled from the

lvishak and Hulahula rivers, respectively.
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Figure 1.2: Compositdength (A) and age (B) data plotted against sarpportion for
Dolly Varden collected from the Ivishak and Huladulers between 2009 and 2011.

Age data in panel B were derived from otoliths.
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Figure 1.3: Digital image of a northern-form, amphidromous, Dolly Varden scale (A), otolith (B), and fin ray (C) collected
from the Ivishak River, Alaska. Each structure depicts 4 annuli. Note the “cutting over” of scale circuli at labeled annuli

and the proximity of the first and second annulus on the fin ray.
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Chapter 2: Bioelectrical impedance modeling of amphidromous Dolly Varden char?

Abstract

The physiological well-being, or condition, of fishmost commonly estimated
from aspects of individual morphology. Howeveggsh metrics may only be weakly
correlated to nutritional reserves stored as lifhd, primary form of accumulated energy
in fish. We constructed and evaluated bioeledtimpedance analysis (BIA) models as
an alternative method for assessing condition iptadromous Dolly Varden char
Salvelinus malma collected from nearshore estuarine and lotic b#bif the Alaskan
Arctic. Electrical resistance and reactance wegasured on the lateral and ventral
surfaces of 192 fish and tissue lipid, water, prmgtand ash content was determined using
standardized laboratory methods. Prior to analyssstance and reactance were
standardized to a constant temperature using ledrgrderived correction equations
developed from a subset of fish. Resistance aamctarce were not affected by
reproductive status (i.e., spawner versus non-segvam by differences in water ion
concentration between estuarine and freshwatetdiabiBioelectrical impedance
analysis models incorporating electrical varialdalsulated from multiple surfaces
displayed the strongest associatioh €R0.73 to 0.81) between observed and model

predicted estimates of proximate content. Thesgetscexplained between 7 and 20%

! Stolarski, J. T., F. J. Margraf, J. G, Carlsorg @anM. Sutton. North American Journal of Fisheries
Management (in preparation).
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more of the variability in laboratory-derived eséites of proximate content relative to
models developed from single-surface BIA data ofliis research provides further
evidence of the validity of the BIA technique, itat models developed here are capable
of generating high quality predictions of perceaséd proximate constituents for Dolly

Varden.

Introduction

Estimating the physiological well-being, or conditj of an individual fish or a
population is a common goal of fisheries reseaRdpé and Kruse 2007). Traditionally,
condition has been estimated from aspects of aaithal’'s morphology such as length
or weight, with the assumption that changes in t@rdare reflected by changes in
morphology (Gallaway et al. 1991; Brown 2008). loological approaches, including
Fulton’s condition factor (K), and relativistic meaes, such as residuals from a linear
regression of log-transformed weight and lengtladate often preferred as they are non-
lethal and can be easily calculated from commoaliected field data (Brown 2008).
Although these data are easy to collect, the assomef a proportional link between
physiological well-being and morphology may not ayjw be appropriate (Novinger and
Martinez Del Rio 1999; Sutton et al. 2000; Hartraad Margraf 2006).

Lipid is the primary form of accumulated energyl aaspiratory substrate in fish,
and on a percentage basis, is inversely relatdtetamount of water (energetically inert)

contained within an individual (Shu’'man 1974; Stegd 994; Hartman and Margraf
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2008). During periods of physiological stresstangtion, such as overwintering and
migration, lipid may be metabolized at rates fattean water is lost (Sutton et al. 2000;
Breck 2008). Other research suggests furthemtiegbolized lipid may actually be
replaced with water (Shearer 1994; Novinger andtidez Del Rio 1999). These
physiological processes may aid in the maintenahadividual body weight and
morphology despite potentially large changes inyjbmminposition and energy content
(Glass 1989). Because morphological conditiomestes cannot distinguish lipid from
water weight, they may be insensitive to changesngrgy content, particularly within
species or life stages that require the storagesabsequent mobilization of large
quantities of lipid.

Amphidromous northern-form Dolly Varden ctaalvelinus malma, herein
referred to as Dolly Varden, inhabit spring-fed staarivers and nearshore areas of the
Beaufort Sea in Alaska and Canada (Reist et alZ)19%dividuals aquire close to 100%
of their annual energy budget during the shortehm®nth sojourn at sea, as the
remainder of the year is spent overwintering istingater where little to no forage is
consumed (Craig 1989). Such asynchrous peaksiygmvailability and expenditure
require adult fish to store, and eventually mobilizast quantities of lipid (Dutil 1986).
For example, Dutil (1986) found that non-spawningt& charS. alpinus lost on average
30% of their energy stores during winter, and thase stores were replenished and even
bolstered following a single summer foraging at sBacause these processes have the

potential to disrupt the relationship between ligidl water content, relativistic condition
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metrics may not adequately characterize physiotgiell-being within these and other
capital breeding Arctic fishes (Glass 1989). Wipiteximate analysis may permit the
estimation of proximate constituents such as lgnd water directly, it is time
consuming, expensive, and requires sacrificingstiigect. What is needed is a link
between simple and economical field-based apprsaghe costly, more complicated but
sensitive lab-based methods. Recent research bisiagctrical impedance analysis
(BIA) suggests that this technique may provide timkt (Cox and Hartman 2005; Willis
and Hobday 2008; Hafs and Hartman 2011).

Bioelectrical impedance analysis (BIA) has beezdusa the assessment of human
body condition since the 1970s, but has only régdr@en applied to fish (Cox and
Hartman 2005; Duncan et al. 2007; Pothoven et0882Willis and Hobday 2008;
Hanson et al. 2010; Rasmussen et al. 2012). Ritvelal impedance analysis measures
the resistance and reactance of an electrical muofeknown frequency and amperage as
it is passed through a subject. Resistance meathegepposition by a body to the
passage of an electrical current and is relatéde@mount of lipid-free mass within the
subject as lipid is a poor conductor of electri¢kyle et al. 2004). Alternatively,
reactance measures the electrical storage capmdatyissue and is related to the cellular
volume of a subject, as the lipid bilayer of a eeits as a capacitor when excited by an
electrical current (Kyle et al. 2004). Using etexdl property equations, BIA data can be
converted into numerous predictive variables tlaat then be used to model proximate

composition (Khaled et al. 1988; Cox and Hartma®X2@Mafs and Hartman 2011).
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To date, the majority of BIA research has focusegbredicting mass-based
proximate constituents (Cox and Hartman 2005). élaw, as pointed out by Pothoven
et al. (2008), this may be less desirable thanigtiad percent-based constituents, as
prediction of the former may be largely driven bhg underlying weight-length
relationship (Lukaski et al. 1985; Cox and Hartr2805; Hartman et al. 2011).
Bioelectrical impedance analysis models predictiagcent-based constituents are rare;
however, the majority of these studies suggestBhatis capable of predicting percent-
based proximate constituents with relatively higeféicient of determination scores
(0.72 to 0.86; Hafs and Hartman 2011; Hartman.e2@l1; Rasmussen et al. 2012; but
see Pothoven et al. 2008). Additionally, thera lack of research investigating the
potential effects of confounding variables suclsexs ontogeny, species, reproductive
status (i.e., spawner versus non-spawner) andsotimeBIA measures (Hafs and Hartman
2011; Rasmussen et al. 2012). The objectivesi®tdisearch were to: (1) determine if
reproductive status or differences in the ionicrabter of the habitat in which an
individual was sampled affects BIA measures ofstasice and reactance; and (2) build
and validate statistical models relating BIA datdatboratory-derived estimates of Dolly
Varden proximate composition. These analysesfurither our understanding of
potential drawbacks to the BIA method and provigdistical models that will permit

non-lethal estimation of Dolly Varden proximate temt in the future.
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Methods

Sample collection

Dolly Varden were captured from nearshore brackiater (10-25%o) and lotic
habitats of the Alaskan Arctic (Craig 1989; Fig@r#&). Nearshore sampling was
conducted using fyke nets set in Kaktovik and Jagoons located near the coastal
community of Kaktovik. Fyke nets consisted of arBlead line set perpendicular to
shore leading to a mesh trap anchored in shallov§<m) water equipped with two 15-
m mesh wings emanating from each side. Nets wereked daily (weather permitting),
and fish were sampled throughout the summer opearwariod from mid-July to early-
September 2005. Dolly Varden were also sampletgusbok and line from
overwintering habitats in the Ivishak River duri@gptember sampling events from 2009

to 2011.

Field methods

Upon capture, fish were sacrificed via cranialamsion, measured to the nearest
1-mm fork length (FL), weighed to the nearest argj internal body temperature
measured to the nearest 0.1°C through the venlly Marden were then immediately
blotted dry and placed on a nonconductive surfadbe left-lateral recumbent position
in preparation for BIA measurements. Electricaisgnce and reactance were measured
at consistent locations on both the lateral andraésurfaces of the fish using a BIA
analyzer RJL Systems, Detroit, Michigafigure 2.2). The analyzer consisted of two sets

of needle electrodes (stainless, 28 gauge, 5 nlangth), each containing a signal-
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emitting and -detecting electrode spaced 10 mntapanr lateral measurements, one set
of electrodes was set in the anterior dorsal regimhthe second set in the caudal
peduncle (Cox and Hartman 2005; Figure 2.2). \&mieasurements were obtained by
inserting one set of electrodes posterior to tHesghmus and the other anterior to the
vent, both on the ventral midline (Figure 2.2). c®m place, the BIA analyzer sent a
current (80QuA, AC, and 50 kHz) through the signal electrodethie proximal
detecting electrodes measuring the voltage dragsidRance and reactance in Oh®¥ (
and the distance between anterior and posteriotreties, or detector length (DL), was
recorded to the nearest 1 mm. Fish were theniohaiMy labeled, placed on ice or

frozen, and returned to the laboratory for storage analysis of proximate composition.

Laboratory methods

In the laboratory, fish were thawed and stomachevexcised, flushed, and then
replaced to minimize potential among-fish differem@n energy content due to the
guantity and quality of stomach contents. Fisheaart into sections to increase surface
area, then desiccated in a freeze drier until #edyeved a constant weight, which
typically took between 7 and 10 days, dependinfjisinsize. Percent water was
calculated as the quotient of wet weight and tlieidince between wet weight and dry
weight for each fish. Each fish was homogenizedguan industrial blender, and
subsamples (~0.5 to 1.5 g) were then taken foryaisabf proximate composition
following standardized methods (AOAC 1990). Limds extracted using the Soxhlet

method and protein content was estimated from giincanalysis following the
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application of a nitrogen:protein conversion faab6.25. Ash content was determined
from weight differences following the combustionao§ubsample in a muffle furnace
operating at 550°C for 24 hours. All samples werein triplicate, averaged, and
expressed as a percentage of the dry weight cfithsample.

Temperature correction equations were developmd & subsample of 10 Dolly
Varden collected via angling from the Ivishak Ridgerring fall 2012. Biological data
were collected (as described above) and fish wenedadiately placed on ice and
transported back to University of Alaska Fairbal#fsratories. In the laboratory,
multiple measures of resistance and reactance sodiexted on the lateral and ventral
surfaces of each fish (as described above) atdegree temperature increments spanning
3to 19 °C. To speed tissue warming, fish wereptanarily placed in water baths at the
next temperature increment, then blotted dry gonaneasurement. Tissue temperature
was monitored using a digital meat thermometerrtedeb mm into the musculature on
the lateral line, proximal to the gills, and wammed prior to each electrical
measurement. Total experiment time, beginningrag bf capture, did not exceed 6

hours for any fish (Cox et al. 2011).

Statistical methods

To promote the adoption of standardized methodthfostatistical treatment of
BIA data, analyses followed those of Hafs and Hartr(fR011) and references contained
therein wherever possible. All statistical proceduwere conducted using the statistical

software program R version 2.15 (R Development Je@m 2012) and were evaluated
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at an alpha = 0.05. Lateral and ventral resistamckreactance were modeled as a
function of temperature using ordinary least sgsiaegression (OLS). Temperature
correction equations were developed following Haf¥11), and lateral and ventral
resistance and reactance were standardized to 1@¥iGr. to modeling procedures,
analysis of covariance (ANCOVA) was used to testifferences in raw measures of
resistance and reactance among fish capturedshvitlager and estuarine habitats. While
Dolly Varden maintain osmo- and ionoregulatory hostasis when exposed to salt
water (Finstad et al. 1989; Arnesen et al. 19933, unknown if differences in the ionic
character of a habitat affect BIA measures. Analgécovariance was also used to test
for differences in raw resistance and reactancealtige presence (or absence) of ripe
ova (i.e., spawner versus non-spawner) within neafiL > 400 mm) females
(Underwood et al. 1996). Differences in males wertetested due to the low numbers of
spawning males within the sample. Because resistand reactance are sensitive to
among-fish variability in lipid content and circléingth (DL), these variables were
included as covariates into the aforementionedyaeal(Kyle et al. 2004; Cox and
Hartman 2005; Hartman et al. 2011).

Electrical resistance, reactance, and detectgthenere used to calculate a suite
of electrical parameters for ventral and lateraadadependently (Khaled et al. 1988;
Cox and Hartman 2005; Hafs and Hartman 2011; Talle With the exception of
phase angle and raw measures of resistance ardme@ceach parameter was

standardized to electrical volume by dividing itby?. Standardized phase angle was
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computed by multiplying phase angle by detectogtlen In addition to these electrical
variables, biological data such as fork length,ghtiand a body mass index (BMI;
Khaled et al. 1988) were also included into thedodette variable set (Gudivaka et al.
1996; Cox and Heintz 2009; Hartman et al. 2011).

To evaluate the predictive ability of BIA data ealted on the lateral, ventral, and
combined surfaces of the fish, three independemilvia sets were formed. Each of
these sets, herein referred to as lateral, vemtnal,combined, contained the
aforementioned BIA data and biological variabl®soximate components were modeled
separately as a function of each of the three iedéent variable sets using multivariate
OLS regression in the R software package rms (Repment Core Team 2012).
Mallows’ C, was calculated for all subsets of the global modeig the R software
package leaps (R Development Core Team 2012). Nledae organized by length, and
models with the lowest Mallows’ $Score for each unique length were retained for
further analysis. These models were validatedgugia procedure validate, located
within the R software package rms (R Developmened@am 2012). Over a
predefined number of iterations (set at 10,00 vihlidate procedure selected random
training subsets of the data, fit a user defined@ehahen applied the model to the entire
data set. Cross-validated coefficient of deterima(R aigad @and root mean square
error (RMSE) were calculated and averaged amonatib&s to measure the performance

of the model. Akaike’s information criterion withe small sample correction (AJC
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was used to determine the final model from the submodels previously selected by

Mallows’ C, (Akaike 1974; Hurvich and Tsai 1989).

Results

A total of 192 Dolly Varden, ranging from 131 to@G8m in fork length, were
included in the study (Figure 2.3). This samplewamprised of 95 females, 67 males,
and 30 fish of unknown sex, and included multigleroductive classes (i.e. spawners
versus non-spawners), and juveniles. Resistarsteeattance measurements taken in
the field were collected at temperatures ranginghfB to 18°C, with a mean temperature
of 11°C. As a result of temporally-stratified sdmg@ and the inclusion of multiple
demographics, proximate-composition data exhibitéigh degree of contrast (Figure
2.4). Lateral and ventral measures of resistande@actance displayed a significant
negative relationship to temperature (Table 2.8ufg 2.5). Furthermore, regression
slopes of both the resistance and reactance neshijos with temperature were quite
similar among data collected laterally and vengralFollowing standardization to a
constant 10°C (Table 2.2), analysis of covarianmggested that both lateral and ventral
measures of resistance, (lpo= 0.76, p = 0.385; fF190= 3.03, p = 0.083) and reactance
(F1,100=0.07, p = 0.786; fF190= 0.93, p = 0.333) were not affected by differenice
water chemistry among capture locations. Sim#aults were found for reproductive

status in that lateral estimates of resistangg{E 0.77, p = 0.385) and reactance (5=
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0.68, p = 0.411) and ventral estimates of resigtdhcss= 1.75, p = 0.191) and reactance
(F1,55=0.22, p = 0.639) were not affected by the presef ripe ova.

The predictive ability of single-surface BIA modefaried slightly depending
upon the proximate constituent modeled and the ¢ypiata included (Table 2.3). In
general, best-fit protein and lipid models devetbpsing ventral BIA data displayed
better fit lower AICc and RMSE and greatetdd Ry aiqad relative to models
developed using lateral data. The opposite wasftouwater, with models developed
using lateral BIA data exhibiting better fit. Tleewas little difference between ash
models developed using lateral or ventral BIA dadaong all proximate constituents,
BIA models containing both lateral and ventral Blata (the combined data set)
displayed lower AICc and RMSE and greatéraRd R, ajqae relative to models
incorporating either lateral or ventral data al¢hable 2.3; Figure 2.6). In general,
models containing combined BIA data explained betwé% and 20% more of the
variability in laboratory-derived estimates of proate content than models using either
lateral or ventral data alone. Regression coeffits for best-fit single-surface BIA
models can be found in Table 2.4, while multi-scef8IA model coefficients are located

in Table 2.5.

Discussion
Bioelectrical impedance analysis assumes the bidbtissues of a subject are

organized into cylinders of uniform conductivityyl¢ et al. 2004). Clearly, fish are not
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homogenous in compaosition, nor are they cylindribat may be more similar to
biological cylinders relative to most terrestriajanisms (Hundertmark and Schwartz
2002). Statistical analyses permit empirical retathips between BIA measures and
body condition by matching these metrics througbrapriate coefficients, assuming
individual deviations in body geometry and interoamposition from theoretical norms
are constant. Among-fish variability in morphologyconductivity may be introduced
by sampling spawning and non-spawning fish fromfedént habitats (i.e. estuarine
versus freshwater). However, the affect of thisateon on resistance and reactance has
yet to be quantified in BIA research.

Analysis of covariance results suggested that laaénal and ventral measures of
resistance and reactance were not affected byreiiites in the ionic character of the
water in which fish were captured. Dolly Varderspess a highly advanced
hypoosmoregulatory ability that permits successfuhoregulation and occupation
within waters exhibiting a wide range of saliniti€nstad et al. 1989; Arnesen et al.
1993). While the transfer to salt water may ebatite short-term changes in blood ion
concentration (Arnesen et al. 1993), the first PMarden sampled from estuarine
environments were not captured until the seconkwéduly. Considering Dolly
Varden typically migrate to sea during the lattelf lof June (McCart 1980; Fechhelm et
al. 1997), it is unlikely that individuals usedanr study were not acclimated to estuarine
conditions. Additionally, Cox et al. (2011) foutitht pouring a cup of salt water under

the subject prior to measurement resulted in Sigamt changes to resistance and
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reactance. When numerous electrical pathwaysvaitahle, as is the case when the
subject is in contact with salt water or placecaaonductive surface, ohms law dictates
that current will tend to follow the least residtanurse, which may not include the
internal surfaces of the fish. However, becauste ifi our study were thoroughly blotted
dry prior to the collection of BIA measurementssttype of error was likely minimized.
Analysis of covariance results also suggestedhbtt lateral and ventral
measures of resistance and reactance were noteaffieg the presence of ripe ova. The
electrical pathway of lateral measurements is ViklEiminated by muscle tissue and
bone. While the amount of bone does not changengmeproductive classes, spawning
fish may mobilize lipid from muscle tissue and ath®rage areas to facilitate gamete
production and migration to spawning areas (Aksies. 1991; Jgrgensen et al. 1997).
In fact, the carcasses of spawning Dolly Varderta@oed significantly greater
proportions of water (inversely related to perdgnd; Hartman and Margraf 2008)
relative to the carcasses of non-spawners (J.rSknl&niversity of Alaska Fairbanks
[UAF], unpublished data). However, this differerveas small and similar to the RMSE
of the best predictive water BIA models, which abatcount for the lack of significance
in the model. Alternatively, the electrical pathyat ventral measurements most likely
includes peritoneal tissue and possibly organs asaonads. The gonads of spawning
fish were on average 30 times larger by weight@ained 14% less water relative to
non-spawning fish (J. Stolarski, UAF, unpublishedad. However, no differences in

ventral measures of resistance or reactance wésetdd among reproductive groups.
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These results are difficult to interpret, as thecsiic current pathway of the ventral
measurements is less defined. If the current neadawithin the peritoneal tissue, these
results mirror what was observed in the lateralsuess of resistance and reactance.
However, if the current traveled through gonadugssesistance and reactance might be
expected to decrease as lipid-rich tissues offeatgr resistance to the passage of current
(Liedtke 1997). The fact that this did not occuggests that the current pathway did not
intersect gonad tissue and that BIA measures araffaxted by the presence of ripe
gonads.

Coefficient of determination scores of the besBfiA models developed using
both lateral and ventral (combined data set) Blfadanged between 0.73 and 0.81.
These models are generally consistent with theigiree ability of other BIA models
predicting percent-based proximate content of brtomkt Salvelinus fontinalis and blue
fish Pomatomus saltatrix, which displayed Rvalues ranging between 0.72 and 0.86
(Hafs and Hartman 2011; Hartman et al. 2011; Raserust al. 2012). However, our
results conflict with those of Pothoven et al. (80@ho reported coefficient of
determination scores of 0.18, 0.31, and 0.53 fér Bbdels predicting percent lipid
content for yellow percPerca flavescens, walleyeSander vitreus, and lake whitefish
Coregonus clupeaformis, respectfully. These differences could be a tesfudpecies-
specific differences in BIA performance and/or noetblogical differences as well.

Recent research has demonstrated that factorsasuelectrode needle location,

needle type, procedure deviation, time after deatherience, and most notably,
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temperature, can effect BIA measurements (Cox @0dl1; Hafs and Hartman 2011).
Temperature may be controlled for by maintainirgyshbject at a constant temperature,
a task made difficult in field applications of Blparticularly when sampling is
temporally stratified (Hafs and Hartman 2011). eAfatively, BIA measures can be
standardized to constant temperature post hocjggdadequate corrective equations are
available (Cox et al. 2011). Pothoven et al. (3@08 not control for fish temperature,
collected a relatively small sample exhibiting loantrast in proximate constituents, and
used hollow hypodermic needles as electrodesf athah could, at least, partially
explain poor model performance. However, BIA reslkean general is fraught with
procedural variations in the collection and stetgdttreatment of BIA data. For example,
considerable variation exists in the number, types, combinations of electrical
variables used to model proximate constituentse mhjority of research uses
volumetric-based calculations of electrical varesylhowever, confusion exists as to the
relationship between these parameters and totadamce. The electrical circuit formed
when a current is applied to biological tissue barthought to be arranged in serie$£Z
R*+X.%) or in parallel (Z = Ry*+X¢p%; Liedtke 1997). Some researchers choose to
model proximate content as a function of seriegs(Russen et al. 2012) or parallel-
based (Pothoven et al. 2008) calculations in ismiathile others use both (Cox and
Hartman 2005; Duncan 2007; Hafs and Hartman 20&ttnkan et al. 2011).
Furthermore, phase angle, which is the ratio otweevector components &d X (see

Table 2.1), has shown to be a good predictor of/lwmehdition but is often left out of
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analyses (Pothoven et al. 2008; Cox and Heintz ;2d@8son et al. 2010). Considering
the variability in methods used by researcheiis,nbt surprising that there is some
contention regarding the utility of the BIA techo&(Pothoven et al. 2008; Hanson et al.
2010). Comparative research investigating variondeting and measurement
techniques is required.

Among all proximate constituents, BIA models depeld using lateral and
ventral data (combined data set) were more pressmators of Dolly Varden proximate
content than models developed from either laterakatral data alone. Hafs and
Hartman (2011) also noted that brook trout modeigetbped using BIA data collected
on multiple surfaces were superior to models deyadausing single-surface data.
Multisurface models incorporate greater amounisformation about the internal
composition of a subject, which likely improves glictive ability. However, single-
surface BIA models developed by Rasmussen et@l12(2were capable of predicting
proximate content with a relatively high degreemcision (R = 0.72). Decisions
regarding the number of surfaces on which to colB#A data should be made only after
research goals and data quality requirements deendi@ed.

These results suggest that BIA is capable of primduhigh quality predictions of
Dolly Varden proximate content. However, the vitjidf these BIA models should be
confirmed on a subset of fish using the methodseapuibment outlined here prior to
implementation in field studies. Additional resgars required to gain a greater

understanding of how variability in equipment sashelectrode type (needle gauge,
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separation, and depth), and other potentially aamdiing factors such as ontogeny, gut
fullness, and size affect BIA measurements andjéimerality of models. Furthermore,
research investigating BIA model output among défe formulations and combinations
of independent electrical variables using parameind nonparametric techniques would
aid in the development of standardized modelingtpres for BIA data. These efforts
would standardize practices for the collection atadistical treatment of BIA data,
improve the quality of model predictions, and faate BIA model comparisons among

species.
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Table 2.1: Electrical parameters, their units, and associated equations used in the calculation of BIA electrical variables.

Electrical parameter Symbol Units Equation

Reactance X Ohms Measured by Quantum Il analyzer
Resistance r Ohms Measured by Quantum Il analyzer
Reactance in parallel Xep Ohms DL?/(x + (r/x))

Resistance in parallel R, Ohms DL?/(r + (x*/r))

Impedance in parallel Z, Ohms DL?/(rx/(r* +x%)°)

Reactance in series X, Ohms DL?/x

Resistance in series R, Ohms DL/r

Impedance in series Z, Ohms DL?/(r +x*)°°

Phase angle PA Degrees Arctan(x/r)-180/m

Standardized phase angle DLPA Degrees DL-(arctan(x/r)-180/m)
Capacitance Cot Picofarads DL/((1/(2:t:50,000-1))-(1-10"%))
Body mass index BMI Ohms (((r2 + xz)"0'5)weight)/DL2

€L
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Table 2.2: Regression slopes, t values, and associatedues/ibm ordinary least
squares regressions of lateral and ventral measumtsrof electrical resistance and
reactance and temperature (°C) developed from tdly Darden collected from the
lvishak River. In the temperature correction eauret developed from the regressions, T
= the temperature (°C) in at which the electricelasurement was taken ang=Tthe

standardized temperature (°C) that is being caecettd.

Variable Slope t p value Correction equation
Lateral

Resistance (r) -7.8025 -11.1585 < 0.001 -7.8025*(TsT) +r

Reactance (x) -1.7600 -8.2461 <0.001 -1.7600*(TsT) + X
Ventral

Resistance (r) -7.3175 -6.7609 <0.001 -7.3175*(TeT) +r

Reactance (x) -1.0750 -3.3333 0.002 -1.0750*(TeT) + X
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Table 2.3: Model fit and cross-validation statistics of BiAodels for all proximate
constituent and independent variable set combingtid/odel fit statistics include
number of parameters (K), Akaike’s information enon with the small sample
correction (AIG) and coefficient of determination R cross-validation statistics include
root mean squared error (RMSE) and meanfRobserved and cross-validated predicted

values (R aidatd.

Proximate component and data se K AlIC, R’ RMSE R%aidate
Lipid
Lateral 9 1325.78 0.57 7.40 0.55
Ventral 5 1310.76 0.59 7.21 0.57
Combined 16 1220.65 0.77 5.57 0.74
Water
Lateral 10 917.78 0.66 2.56 0.64
Ventral 6 972.50 0.53 2.99 0.51
Combined 15 883.04 0.73 2.32 0.70
Protein
Lateral 10 1238.42 0.57 5.90 0.54
Ventral 6 1206.27 0.62 5.47 0.61

Table 2.3 continued:



Combined

Ash

Lateral

Ventral

Combined

14

7

6

12

1152.18

549.68

550.56

472.03

0.74

0.70

0.69

0.81

4.69

0.99

1.00

0.80

76

0.71

0.68

0.68

0.79




Table2.4: Single-surface BIA model coefficients for bestrfiodels developed using either lateral or verBitél

data organized by proximate constituent. Eledtocaiological variables not included are indightey a series of

dots.
Proximate component
Lateral data Ventral data
Parameter Lipid Water Protein Ash Lipid Water Protein Ash
Intercept 65.9535 45.1752 20.2392 1.4602 52.4281 52.4943 42.7139 7.8730
Biological variables
FL -0.3909 0.1310 0.2608 0.0290 0.0173 -0.0143
Weight 0.0095 -0.0044 -0.0089
Body mass index (BMI) 9.9899 -3.6379 -5.9804 -0.6048
Electrical variables
Reactance (x) -0.3739 0.1721 0.2443 0.0265 -0.2185 0.1250 0.1842 0.0189
Reactancein parallel (Xcp) -53.8870 24.0874 65.1811 0.0992 -0.3968 -2.0111 -0.0473
Resistancein parallel (Rp) -448.0030 187.1088 499.0031
Impedancein parallel (Z) -346.6878 328.0952
Reactancein series (Xc) -0.8248 0.4117 1.2242 -0.0282 0.0100 0.0014
Resistancein series (Rs) -285.3004 116.4487 310.0435 0.0278 6.4655
Impedancein series (Zs) 745.4179 -309.1565 -824.6681 -6.0060
Phase angle (PA) 0.7446 1.5762 0.5067
Standardized phase angle (DLPA) 0.0273 -0.0114  -0.0227 -0.0044 0.0010
Capacitance (Cpf) 2.7499 -1.3539 -2.0905

LL



Table2.5: Bioelectrical impedance analysis model coeffitseior best-fit models developed using combined Béfa

organized by proximate constituent. Electricabiofogical variables not included are indicatedabseries of dots.

Proximate component

Parameter Lipid Water Protein Ash
Intercept 56.9367 57.9891 41.3514 0.5354
Biological variables
Fork length -0.1976 0.0956 0.1481 0.0154
Body mass index (BMl) 6.1901 -2.8534 -4.8834 -0.6168
Lateral BIA variables
Reactance (x) -0.2187 0.1801 0.2289 0.0301
Resistance (r) -0.0723
Reactance in parallel (X.,) -53.9209 22.8374 50.9030 0.1233
Resistance in parallel (R;) -417.8390 176.4037 385.8771
Impedance in parallel (Z,) -579.9346
Reactance in series (X.) -0.9154 0.3735 0.9295
Resistance in series (R;) -260.1150 109.3261 238.5641
Impedance in series (Z;) 690.5391 -290.9841 -636.5997
Phase angle (PA) 0.4406
Standardized phase angle (DLPA) 0.0184 -0.0090 -0.0138 -0.0042

8.



Table2.5 continued:

Ventral BIA variables
Reactance (x)

Resistance (r)
Reactance in parallel (X,)

Resistance in parallel (R;)
Impedance in parallel (Z,)
Resistance in series (R;)

Impedance in series (Z,)
Standardized phase angle (DLPA)

0.0606
2.2431

-1086.9941
-4.8567
4.5407

-0.0116

-0.0123

21.9520
484.1092

19.6177

-41.5593
0.0032

46.6852
1152.4623
42.4412
-89.0604

0.0059

-0.0335

0.0078
-0.1322

413.8573

0.0030

6.
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Figure 2.1: Map of the Eastern North Slope of Alaska withoars indicating the general
locations where Dolly Varden were collected. Nbare sampling occurred in summer

2005, while freshwater habitats were sampled inofa2009, 2010, and 2011.
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Figure 2.2: Electrode placement schemes of BIA electrodeshi®icollection of lateral
(solid arrows) and ventral (hollow arrows) measuwgnata of resistance, reactance, and

detector length on Dolly Varden.
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Figure 2.3: Sample proportion plotted as a function of conmedength data for Dolly

Varden collected from Kaktovik and Jago lagoonsrip2005, and the Ivishak River

between 2009 and 2011.
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Chapter 3: Temporal trends and environmental correlates of amphidromous Dolly

Varden growth inferred from otoliths.

Abstract

The Arctic is warming at rates that exceed glolvarages; however, little is
known regarding how altered thermal regimes orrodlssociated environmental changes
will affect fish. Recent research using long-tegrawth data derived from otoliths has
shown promise in clarifying relationships betweeoadl-scale environmental
characteristics and fish populations. Using diaditowth as a proxy for fish growth,
temporal trends and environmental correlates ofyDédrdenSalvelinus malma growth
were examined from 202 otoliths collected from Mi@skan Arctic over the past 25
years. Annual estimates of Dolly Varden growthréased significantly from 1980 to
1989, which coincided with similar increases exgeced by other Arctic fishes.
Significant positive correlations were found betwé@&mlly Varden growth and air and
sea surface temperature and river discharge; itraginice concentration was negatively
associated with growth. Temporal patterns in thength of correlations between Dolly
Varden growth and sea surface temperature andatgelsuggest these environmental
characteristics become increasingly important dukite summer and early fall. Growth
implications of nearshore estuarine habitat quamality, and persistence and
methodological and study design limitations areussed. Future research should

determine if, or the degree to which, Dolly Vardezhaviorally thermoregulate as this
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information will greatly improve our understandiofjhow Dolly Varden may respond to

future climate warming.

Introduction

Amphidromous northern-form Dolly Varden ctgalvelinus malma, herein
referred to as Dolly Varden, inhabit spring-fed st@arivers and nearshore areas of the
Beaufort Sea in Alaska and Canada (Reist et al719®dividuals spawn and overwinter
in freshwater and undergo annual migrations totebasackish waters to forage during
the short, three month Arctic summer (Craig 1989Wring this brief period, Dolly
Varden must consume close to 100% of their anmuaigy budget, as little to no forage
is consumed in freshwater (Craig 1989; Boivin and/& 1990). Energy consumed fuels
growth and daily metabolic demands, but is alsausstgred for subsequent mobilization
during spawning and the lengthy overwintering peri@ecause Dolly Varden forage
exclusively in nearshore areas and access to ahisah is temporally limited, it is likely
that nearshore habitat quality and quantity impasgstantial consequences on every
aspect of the annual life cycle of adult fish, udihg growth, fecundity, and overwinter
survival (Craig 1989).

Recent observations and climate-model predictsuggest that the Arctic is
warming at rates that exceed global averages (&eeateal. 2000; Solomon et al. 2007).
Elevated atmospheric temperature has the potdatater ocean and terrestrial ice

dynamics, hydrology, water temperature and salipitynary and secondary production,
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and food-web interactions, which will, in turn, elitly and indirectly alter the biotic and
abiotic structure of nearshore coastal environmeditisnately affecting fish (Magnuson
et al. 2000; Carmack and Macdonald 2002; Prowsé @006; Reist et al. 2006; Wagner
and Benndorf 2007). While it has been suggestatctinges in thermal regimes and
associated losses in sea ice may ultimately resalimore productive Arctic, species
specifically adapted to Arctic conditions may bgaievely affected (Reist et al. 2006;
Pabi et al. 2008). For example, Arctic-dwellingl®d/arden inhabit the northern
fringes of their geographic distribution and maydokpted to operate most efficiently
within narrow temperature tolerances (Jarvela dmardteinson 1997; Reist et al. 2006;
Mortensen et al. 2007). Considering the importasfdemperature to ectothermic
organisms and the short length of the growing seaseen small increases in nearshore
water temperature have the potential to elicitddoglogical responses (Brett 1976;
Craig 1989).

Assessment and prediction of the population-le¥ielcts of an environmental
stressor require knowledge of species-habitatiosistips (Wiens and Rotenberry 1981).
Currently, these relationships are poorly undegtoo Dolly Varden. While this is
partly a result of the complexity of Dolly Vardeoodogy and the highly dynamic nature
of their habitats, logistical challenges associatétl operating within remote and often
extreme environments have impeded the collectidorgf-term data (Neill and Gallaway
1989; Hale 1990; Krueger et al. 1999). Recentare$eusing otoliths to derive long-term
growth histories has shown promise in elucidatelgtronships between fish populations

and environmental regimes (Guyette and Rabeni 1BR&k et al. 2005). These
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methods assume otolith growth represents a ruravegage of fish growth, with
individual growth chronologies reflecting the intated outcome of age-specific
physiological, behavioral, and environmental chemastics experienced by an
individual. Using otolith growth as a proxy fosffi growth, long-term chronologies have
been applied to evaluate the effects of broad enmental phenomenon such as El Nino
events, as well as the effects of individual enwinental characteristics such as water
and air temperature, precipitation, and ice coadgion fish growth (Guyette and Rabeni
1995; Woodbury 1999; Lebrenton and Beamish 200@eR009; Von Biela et al.

2011).

Due to the absence of detailed field or laborattata regarding Dolly Varden
habitat relationships, there is a poor understandfrhow Dolly Varden may be affected
by anthropogenic stressors such as climate ch&gjst(et al. 2006). Recent research
extracting long-term growth histories from otolitigs shown promise in describing
relationships between fish growth and broad scal&@nmental characteristics (Guyette
and Rabeni 1995; Woodbury 1999; LeBrenton and Bga2000; Rypel 2009; Von
Biela et al. 2011). Such relationships for Dollgrden would provide an initial first step
toward a greater understanding of the potentiaequences of anthropogenic stressors
such as climate change for these fish. Thus, ¥lkeadi goal of this work is to explore
growth data extracted from both archived and coptaary Dolly Varden otoliths within
the Alaskan Arctic over the past 25 years. Theifipeobjectives are to: 1) examine
temporal trends in growth and compare these dageoteth of other Arctic fishes during

similar time intervals, and 2) correlate growthadtt broad-scale environmental
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characteristics to gain a greater understandiridpodlyy Varden-habitat relationships. Itis
important to emphasize the exploratory nature e$¢hanalyses given the reliance on
samples collected during previous work which, atttime of collection, were not
intended to be applied to a retrospective anabysggowth. However, while tenuous in
nature, these analyses are unrivaled in the litezgatind may guide future research
investigating the effects of anthropogenic stressoch as climate change on Dolly

Varden.

Methods

Sample collection

Archived Dolly Varden otoliths were gathered frgim research projects and
surveys conducted within nearshore and freshwatleitdts of the Alaskan Arctic during
the past 25 years (West 1987; Thorsteinson e®Ball;1Underwood et al. 1995; Wiswar
and Fruge 2006; J. Carlson, University of Alaskalfeanks, UAF, unpublished data; J.
Stolarski, UAF, unpublished data; Figure 3.1). idbare habitats were primarily
sampled using fyke nets supplemented by variablghgél nets set within 50 to 60 m
from shore, typically in depths less than 1.5 mdemvood et al. 1995). While sampling
occurred throughout the open-water season (Juepte®ber), the majority of fish were
captured in July and August. Freshwater sampliag @onducted during September
using hook and line at overwintering habitats ia ishak River, a tributary of the

Sagavanirktok River. While the objectives and mdthof each study varied, in general
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individuals were measured to the nearest 1-mml&argth and weighed to the nearest 1
g following capture. Otoliths were removed andgbg of mature fish was recorded after
examination of external characteristics or follogvotissection. While date of capture
was known for every fish, accompanying informatonlength, weight, or sex was
occasionally incomplete. However, fish length wwaewn for more than 85% of

samples.

Structure preparation

In preparation for sectioning, otoliths were adfikto glass slides using
Crystalbond thermoplastic cement (Structure Prolbe West Chester, Pennsylvania)
perpendicular to the long axis of the otolith. s were ground to the core in the
transverse plane using a thin section machinedtst Inc., Denver, Colarado),
remounted to the slide flat side down, and ground final thickness of approximately
0.3 mm. In preparation for viewing with a compounitroscope, otoliths were hand
polished using a un diamond abrasive. Mounts were viewed and digitalges
captured at 10X and 40X magnifications using a bpcblisher 3.3 mega pixel
microscope mounted digital camera (Quantitativegimg Co., Burnaby, Canada) under
transmitted light. If, after inspection, the moeshtolith section was deemed inadequate
for age determination, it was discarded and theradhgitta was processed in the same

fashion if available.
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Annuli identification and measur ement

Annuli were identified as alternating opaque awpdline zones (Devries and Frie
1996). Annuli were counted on two separate ocoasiy a single reader trained in
annulus identification. When age estimates weiisagreement, the sample was
revisited with the aid of a second trained readkage remained in contention, the
sample was discarded. The birth year of eachviesh determined by subtracting fish age
from the year in which it was captured. All otbliheasurements were taken using
Qcapture pro image processing software (Quantédthaging Co., Burnaby, Canada) to
the nearest 0.0001 mm. Otolith diameter was medsatr 10X magnification as the
longest axis that bisected the focus. Annularanments each consisted of one opaque
summer growth zone and one translucent winter draehe, and were measured along a
standard transect at 40X magnification (Figure.3®)e transect on which
measurements were collected was chosen based lonipagy data suggesting greater
measurement precision relative to other transested (Figure 3.2). Annular
measurements were only collected from otoliths widar annular delineations.

Following annuli measurement and the assemblgaizidual increment width
chronologies, ontogenetic growth effects were tsaldrom environmental effects and
removed from each chronology. Typically, ontogengtowth effects are removed by
fitting a negative exponential or similar but mememplex function to each chronology
(Black et al. 2005; Rypel 2009). Detrended anmagglisted increment widths are then
calculated as the observed increment width mineeipected increment width predicted

by the function (Black et al. 2005; Rypel 2009)ovitver, these methods were
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inappropriate for Dolly Varden for two reasonsrsEibecause Dolly Varden are a
relatively short-lived species, the temporal scopeach individual chronology was
limited, spanning on average only 6 years. Assaltewe lacked sufficient degrees of
freedom to fit moderately complex or even simplections to the majority of
chronologies. Second, Dolly Varden experienceyaiscant habitat shift when they
migrate to sea for the first time, and as a raadividual growth chronologies may not
conform to the simple negative exponential modebusy some researchers when
applying these methods to short-lived species (R3@@9). Seaward migration is
initiated between ages 1 and 5; however, the mgjofifish enter the sea for the first
time between the ages of 2 and 3, with 95% ofigil having migrated at least once by
age 4 (Yoshihara 1973; Underwood et al. 1995; Felohlet al. 1997). Upon the onset of
amphidromy, somatic and thus otolith growth mayéase substantially as a result of
productivity differences between marine and freslewanvironments (Craig 1977). The
magnitude of this anomalous otolith increment dagkifect on the fit of the function
applied to each growth chronology will likely diffdepending on the age at which fish
first migrate to sea. Because these dates areupétiown and variable among
individuals, their effect cannot be accounted fAs a result, applying a function to
remove the effects of size at age from Dolly Vardemement width chronologies may
be inappropriate.

In lieu of applying a mathematical function to twhfor ontogenetic growth
effects, a single index of growth for each indivatlwas calculated by dividing the sum

of increment widths of the age-0 to -3 cohortshmy width of the age-4 increment. This
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method attempts to control for age and size affiecteo ways. First, by examining only
a single year of growth, ontogenetic affects maynir@mized as they are more likely to
be similar among individuals of the same age. Beécby standardizing the width of the
age-4 increment by the summed width of the otalttthe beginning of the fourth year,
age-4 growth differences resulting from variabilitysize at the beginning of the growing
season may be minimized. For example, fish thasaraller at the beginning of their
fourth year may be less efficient swimmers and gessmaller gapes, two characteristics
that could impede piscivory and growth as fishgeperally a higher quality forage
(Mittelbach and Persson 1998). The age-4 incremvastchosen as the basis for the
index because previous research indicated that&5aaividuals had migrated to the sea
at least once by this age and assessment of mguangng conditions was desired
(Yoshihara 1973; Underwood et al. 1995; Fechhelal.et997).

These methods represent a conservative approataridardizing growth among
individuals as they ignore growth data containedtalith increments beyond age 4.
Cross-dating techniques used to validate age estimeere also not possible due to the
collection of only one year of growth informatiaom each individual (Black et al.

2005). However, the removal of samples with combers age estimates and indistinct
annular boundaries may help to prevent aging errBusthermore, because measurement
of the entire age-4 increment is required to caleuthe growth index, fish must be at
least age 5 to be included in the study. Whils¢hsonstraints will likely reduce the

number of individuals included in the study, wel fibey are the most suitable for
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standardizing increment widths and growth estimatésin a relatively short-lived

species that undergoes a substantial habitat shift.

Collection of environmental data

Broad-scale environmental data from the Alaskacti@mwere collected from a
variety of sources and expressed at time lagstof2Qyears to attempt to account for the
multi-year life cycles of common prey items suchmassid shrimp, amphipods, and fish
(Craig et al. 1982; Boudrias and Carey 1988; Weskad989; Von Biela et al. 2011).
The growth and abundance of such prey speciepantecular year is potentially a
function of environmental conditions experiencegiavious years. Thus, correlations
between Dolly Varden growth and environmental cbads can be out of phase. To
account for potential delays in the biological eegsion of environmental conditions
resulting from the storage of biological productammong years, lags were incorporated.
Unless otherwise specified, environmental data watbered exclusively from the
portion of the year encompassing the open watéogh@and monthly and seasonal (open-
water period) means were used to summarize eadtoemental characteristic. The
open-water period lasts from June to Septembecarrdsponds with annual peaks in
Dolly Varden growth (McCart 1980). Thus, environtad data collected during this
time should explain the greatest amount of vanmatimoDolly Varden growth.

Air temperature (°C), wind speed (km/hr), and wilireection (degrees; Table
3.1), collected at the airport in Deadhorse, Alaskere assessed from the on-line

database of the National Climate Data Center (20I2pically, measurements were
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collected hourly; however, during periods of incearthweather, multiple observations
per hour may have been recorded. To equalize sagngifort within hours, only the
observation recorded at or closest to the beginoiregach hour was retained for analysis.
Wind speed and direction were converted to lineardinates (x and y), with the x axis
representing the east-west component and the yepissenting the north-south
component (Fechhelm et al. 2007). Only the east-wesl component was retained for
analysis due to its effect on nearshore produgtoitring the open-water period
(Gallaway et al. 1991; Fechhelm et al. 2007).

Discharge data (ffsec) from the Sagavanirktok and Mackenzie riveesaw
gathered due to their influence on the quantity guality of nearshore estuarine habitat
during summer (Table 3.1; Carmack and Macdonal@p08agavanirktok River
discharge was measured at USGS gauging stationerutB®08000 and accessed from
the on-line National Water Information System dats(2012). Mackenzie River
discharge was measured at station 10GC001and adcieem the online database of the
Water Survey of Canada (2012). Analysis of disgbatata from both rivers was
conducted on monthly averages during the open vpateod but also on an annual
average. The Mackenzie River flows year round thiluring winter, results in the
formation of a large freshwater lake within coasti@as proximate to the river’'s mouth
(Carmack and Macdonald 2002). The water is rete&dowing breakup in spring, and
may move west along the Beaufort Sea coast alt¢éhmgemperature and salinity of

nearshore habitats (Carmack and Macdonald 200R)s,Tbecause winter flow may
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affect summer habitat conditions and ultimatelylip®arden growth, it must be
accounted for.

Arctic Oscillation Index data were accessed viaNIiBAA National Weather
Service Climate Prediction Center (2012) from tlosifline database (Table 3.1). The
Arctic Oscillation Index is a broad-scale statigtisummary of air pressure anomalies
over the Arctic Ocean. The index displays negadive positive phases associated with
high and low pressure anomalies that reflect th@mmode of climate variability in the
Arctic, affecting conditions such as air temperefuvind speed and direction, sea ice,
and ocean currents (Thompson and Wallace 1998)im@Om interpolation sea surface
temperature (SST) and ice concentration versioat2 @were provided by the
NOAA/OAR/ESRL PSD, Boulder, Colorado, and accedsaah the online database of
the NOAA Earth Systems Research Laboratory (204BJel'3.1). These data
incorporate in-situ and remote measurements of (83S)land ice concentration (% area
covered) that are optimally interpolated over alldegree grid (Reynolds and Smith
1994). Data were obtained from the coordinateS &971.5°N by 134.5 to 152.5°W,
which encompassed a broad swath of some neardhdrerimarily marine habitat

between Barrow, Alaska, and the mouth of the MazikeRiver, Canada, excluding land.

Statistical analyses
To confirm the relationship between otolith andhatic growth, otolith diameter
was modeled as a function of capture length usidgary least-squares linear

regression. The potential effect of capture aggromwth estimates was evaluated using
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one-way Analysis of Variance (Von Biela et al. 2P1Based on the findings of Lee
(1912), the selective removal of the largest aistefst-growing individuals of a
population by fishing may restructure populationshsthat the oldest and largest
members display the smallest rates of growth. ®Jhié amount of fishing pressure
exerted on these populations is unknown, the ifieation of capture age effects is
warranted because they may bias growth estimathe dge distribution of samples
varies among years. Data were standardized byasuioig the mean and dividing by the
standard deviation and ordinary least squarestlireggession, weighted by sample size
within years, was used to evaluate change Dollyd¥argrowth over time. Pearson’s
product-moment correlations were used to measudéemt the strength of associations
between standardized growth and environmental ddtmlinear associations among
pairwise comparisons were evaluated visually usoaiter plots fitted with Loess
smooth functions. Statistical procedures weregueréd using the statistical software
package R (R Development Core Team 2012) andadisstal tests, including sequential
tests of Pearson’s correlation coefficients, wetawated at alpha = 0.05 (Cabin and
Mitchell 2000). However, when evaluating the sigraince of multiple comparisons
using an unadjusted alpha, the probability of tiypeor increases as the number of

comparisons increase.
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Results

A total of 349 otoliths collected from six genel@atations within freshwater and
nearshore estuarine habitats of the Alaskan Avegie included in the study (Figure
3.1). These fish ranged in length from 91 to 678 and encompassed ages 1 through 14
(Figure 3.3). Retrospective growth data werewdated for 202 fish following the
exclusion of samples younger than age 5 and indalglwhose age-4 growth increment
was assigned to a calendar year with fewer thandbservations. These fish ranged in
length from 285 to 672 mm, encompassed ages 5, tantilwere collected from the
aforementioned locations, minus Pokok Bay (Tahk®e Bigure 3.3). Capture length and
otolith diameter data were not available for athpées due the absence of length data,
poorly mounted otoliths, or both. Following exatusof samples with incomplete
records, a significant positive relationship wasrd between otolith diameter and
capture length (F2gs= 2988, B = 0.91, p < 0.001; Figure 3.4). Analysis of vatea
results suggested capture age had no effect ortlyestimates §195= 1.49, p = 0.184).
Sex data were not collected or reported for theonitgjof samples, thus it was not
included as a covariate in any analyses.

The reliance on otoliths collected during previoesearch and surveys resulted in
several research design difficulties as once that® sources were exhausted, it was not
possible to procure additional samples. In genénalspatio-temporal distribution of
samples mirrored the discrete nature in which mebegarojects and surveys are designed
and implemented. Due to limited sample sizesy degre pooled among locations within

years to extend the temporal record of the dataa Pesult, growth data were available
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for two general periods, the first spanning fron8Q% 1989 and the second from 2003
to 2009, with the exception of 2005 (Table 3.2)uelo the large gap in growth data
between the years 1990 and 2002, separate weilyad models were fit to each
general period. Linear model results suggestedbhly Varden growth increased
significantly from 1980 to 1989 (Fo:= 19.48, R=0.16, p < 0.001). A decreasing
trend is noted from 2006 to 2009, but was not $icgmtly different from zero (Fs1=
2.52, R =0.03, p = 0.116; Figure 3.5). Pearson’s coti@iecoefficients were computed
for a total of a total 86 pairwise comparisons lestw Dolly Varden growth and
environmental characteristics expressed at vatimeslags. Sequential tests of
Pearson’s correlation coefficients indicated siigaifit correlations between Dolly
Varden growth and SST and air temperature, iceaunation, and discharge (Table 3.3;
Figure 3.6). While sample size was limited, viserehmination of scatter plots fitted
with Loess smooth functions did not reveal evideoicihe presence of non-linear
relationships among pairwise comparisons of graamith non-significant or significant

environmental characteristics (Figure 3.7).

Discussion

Our results suggest that Dolly Varden growth insegbsignificantly from 1980 to
1989. Unfortunately, there are few data availableompare to our results. Fechhelm et
al. (2004) noted that Dolly Varden smolt growthresed from 1985 to a peak in 1989,

then declined to 2003. Our results also suggestblly Varden growth increased to a
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peak in 1989, but data limitations prevent assessimesubsequent years. Growth of
age-0 Arctic cisc&Coregonus autumnalis collected from the Colville River delta also
increased during the 1980s (Von Biela et al. 20M/ile the authors did not investigate
the presence of non-linear trends, Arctic ciscomgincappears to asymptote beginning
around 1990. Although the causes of growth smft3olly Varden smolts and Arctic
cisco around 1990 are unknown, they do correspomhen a major climatic regime
shift was reported in the North Pacific Ocean aedi®) Sea (Hare and Mantua 2000;
Minobe 2002). Unfortunately, assessment of simikamds in adult Dolly Varden growth
post 1989 is not possible here due to data linomasti

Analyses of correlations between Dolly Varden gioand environmental
characteristics tested 86 multiple comparisonstutiveight were found to be
significant. Based upon number of tests that veesduated, four significant results
would be expected by chance alone. However, ibaf@&roni correction was applied
there would be no significant results. Given tkpleratory nature of these analyses and
the general lack of information regarding long-térends in Dolly Vaden growth we
feel our methods are appropriate. However, caudimuld be used when applying the
results of these analyses to similar species atiloas.

Correlations of Dolly Varden growth and environnamharacteristics suggest
the importance of three broad types of environmeattaracteristics: air and water
temperature, ice concentration, and freshwatehdige. These analyses incorporated 86
multiple comparisons of which eight were found &dignificant. However, based on

the number of tests, 4 comparisons would be exgeaotexhibit significant correlations
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by chance alone. Dolly Varden are ectothermg@anisms whose physiological
processes are largely dictated by the temperafuresurrounding environment (Jobling
1994). As such, significant positive correlatidretween growth and air temperature,
through its influence on water temperature, and 8@y seem intuitive, provided
unlimited forage (Murphy et al. 2007). Additionglthe strength of association between
SST and growth increases from June to August, stiggethat thermal environments
become increasingly important as summer progresSesimer Dolly Varden growth
may be sigmoidal in shape, with early and late @e&dls potentially resulting from an
ecological strategy favoring migration over foragifrechhelm et al. 1997). Beginning
in August, nearshore areas are marked by decre@simueratures and increasing
salinities as declines in freshwater input leattagmentation of estuarine habitats and
the slow dissolution of the estuarine band. Latessen variability in thermal conditions,
coupled with the energetic consequences of thialitity on migration costs and the
efficiency in which forage is captured and assitedlamay magnify the effect of
temperature on growth, potentially resulting inghter temperature-growth relationship
during this period (Brett 1976; Beamish 1980; Juipli994).

Increased temperature of nearshore areas is oclgamem by which growth of
Arctic amphidromous fishes may be affected by ctene@hange (Reist et al. 2006). Dolly
Varden and other stenothermic Arctic fishes maplngsiologically adapted to operate
most efficiently at relatively cold temperaturegftson 2005; Reist et al. 2006;
Mortensen et al. 2007). The general relationskigvben salmonid growth and

temperature is nonlinear in form with growth in@eg from zero at the lower thermal
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threshold to the thermal optima, then decliningkidaczero again as temperature
approaches the upper thermal threshold; growtlkegative outside threshold values
(Brett 1976; Jobling 1994). The specific tempemadlof the upper and lower thresholds
vary by fish size and ration and are unknown follyp@arden; however, it is believed
these fish are capable of growing at temperatdos®¢o zero (Larsson and Berglund
1998; Reist et al. 2006). While our data are kajtvisual examination of growth and
temperature plots do not convincingly indicate pnesence of non-linear relationships
that would suggest nearshore thermal conditiong lkeaceeded upper threshold values.
However, the relationship between growth and teatpee may be far more complex if
individuals behaviorally select for, or avoid sutssef, available thermal habitat (Neill
and Gallaway 1989; Bevelhimer and Adams 1993; Neaerand Wurtsbaugh 1994).
Dolly Varden are highly mobile and, within heteeogous thermal landscapes,
capable of selecting conditions most beneficidhjoint conduct of their physiological
processes (Neill 1979; Krueger et al. 1999). Ifl{pyarden disproportionally select for
a subset of available thermal habitats, estimdtesean SST may have little relationship
to growth. This is further exacerbated by the ilitgtof SST estimates to capture the
thermal profile of the water column. Because neanes areas may thermally stratify
during parts of the summer, SST estimates mayailatct the true diversity and
abundance of thermal conditions available to fl3al¢ 1990). However, despite these
difficulties, the presence of significant lineasasiations between growth and SST
suggest that Dolly Varden are at least, in pagpoading to changes in SST or other

correlated, but unmeasured, variables. Withoutedge of the degree to which Dolly
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Varden behaviorally thermoregulate, and given thiemtial error associated with SST
measurements, assessment of the quality of neartiiermal habitats for Dolly Varden
growth is not possible.

Significant positive correlations between freshevatischarge and Dolly Varden
growth highlight the importance of coastal rivgrarticularly the Mackenzie River, to
nearshore ecosystems. Mackenzie River dischangelemented by additional
freshwater contributions from smaller systems sagthe Sagavanirktok River, largely
influences the abundance of estuarine habitat alom@eaufort Sea coast during
summer (Gallaway et. al 1991; Carmack and Macdo2@0i?). These waters are
generally warmer and less saline (5-10°C, 10-25%i tadjacent marine waters (-1-3°C,
27-32%0), which afford Dolly Varden occupying thdssitats several physiological
advantages that may allow them to grow more efiitygCraig 1989; Jobling 1994;
Larrson 2005). Furthermore, freshwater runoff eorg substantial quantities of
dissolved organic carbon and other nutrients whely be important drivers of
production within nearshore food webs (Dunton e2@0D6, 2012). Thus, Dolly Varden
growth may be inherently linked to freshwater desgje of the Mackenzie River and
other rivers through their effect on the quantitg guality of estuarine habitat. In
addition, as evidenced by significant correlatibesveen Dolly Varden growth and late
summer discharge, freshwater inputs may becomeasargly important as the open
water season comes to a close. Increased late sudischarge may contribute to the
persistence of estuarine habitats into fall andrdfDolly Varden access to favorable

foraging and growing conditions for longer periadgime. As a result, predicted
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changes in Arctic precipitation, air temperatured ¢he amplitude and timing of annual
discharge events have the potential to affect Dé#lyden growth through alterations in
the quantity, quality, and persistence of estuaniagtat along the Beaufort Sea coast
during summer (Maxwell and Barrie 1989; Miller aRdssell 1992; Solomon et al.
2007).

Sea ice concentration over the southern Beautatiis June was negatively
correlated with Dolly Varden growth. A declinesea ice concentration may result in
greater phytoplankton production through increasgtdent and light availability and
decreased production of ice algae (Carmack and Miaald 2002). Increases in primary
productivity associated with decreased ice coneéintts may facilitate greater Dolly
Varden growth, and vice versa, if this productionléck thereof) is transferred through
adjacent trophic levels (Arrigo et al. 2008). Adunhally, sea ice cover likely contributes
to the thermal characteristics of the underlyingenaLower concentrations of ice in
June may contribute to higher water temperaturatsddin facilitate increased growth
through reductions in swimming costs and increas#se rate at which forage is
captured, assimilated, and evacuated (Brett 19@&anish 1980; Jobling 1994).

While the results of this research are intriguseyeral limitations imposed by
the opportunistic nature by which samples wereeagathlimit our conclusions. First, the
temporal and spatial continuity of growth data usetthis research reflected the discreet
nature by which most biological studies are degigaed implemented. Limited sample
sizes among locations and years necessitated paidita among locations so that even

the most basic statistical analyses could be impided. By pooling data, we introduced
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the assumption that growing conditions, primardyaige abundance, temperature, and
salinity experienced by Dolly Varden, were similaroughout nearshore areas during
summer months. Evidence of high forage densitielscietary overlap among secondary
consumers suggest that forage may not be limitdrgig 1989). However, given our
knowledge of the physical structure of nearshostesys, the homogeneity of other
abiotic conditions is unlikely (Hale 1990; Gallawetyal. 1991).

The nearshore estuarine environment has beerelikiena constantly changing
mosaic of temperature and salinity patches (Maud!980). At large scales, the
proximity to and quantity of freshwater inputs ughces the size of the estuarine band
while prevailing winds modify its location and coasition by pushing or pulling it to
and from shore (Gallaway et al. 1991; Carmack aadDbnald 2002). Broad-scale
conditions are modified locally by lagoon bathymegnd barrier islands that trap or
promote water exchange between the lagoon and éhi@enenvironment (Hale 1990;
Gallaway et al. 1991). As a result of these maddyfactors, nearshore habitats are
diverse and highly dynamic in both spatial and terapscales (Hale 1990). However,
the dynamic and spatially heterogeneous natureafshore habitats may not translate
directly to variability in the collective environmtl conditions experienced by fish if
individuals select for preferred subsets of avéddaonditions. Assuming that
individuals of the same age have similar habitatgrences, directed occupancy of a
selected subset of preferred conditions may dardpfarences in individual
environmental histories (Neill 1979). Howeveliisinot currently known if, or the degree

to which, Dolly Varden behaviorally select habitahile behavioral regulation may
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mediate some differences among individuals, it seentikely that this mechanism could
completely homogenize environmental histories aaddtlate our assumption that the
biotic and abiotic environments experienced by &st similar among locations.

Despite pooling samples across locations withergesample sizes remained
small. Overwintering aggregations of Dolly Vardeom the Ivishak River have been
estimated to be in excess of 20,000 individuaksoime years (Viavant 2009). Sampling
only 12 fish, on average, within each year mosliks not representative of North Slope
Dolly Varden populations, especially consideringttthe lvishak River aggregation is
but one, albeit the largest, of many overwinteggregations on the North Slope
(Viavant 2009). Because of the reliance upon thtslcollected in previous research and
surveys, little control could be exerted over thenber of samples available for use.

Environmental data were also limiting, not in tirbet in space. For example, air
temperature and wind data were only available fteenDeadhorse airport. By using
these data we were forced to assume that air tetyperand wind conditions in
Deadhorse were representative of conditions througthe roughly 300 km of Beaufort
Sea coast where Dolly Varden were sampled. Suassumption is unlikely to be valid
given variability in topography and local weathenditions throughout such a vast area.
New weather stations have recently come onlineiwiinctic Alaska, and will aid in the
description of environmental variability over spacel time. However, it will be many
years before such stations can accumulate a tehmpoad suited to more robust long-
term analyses. Sea surface temperature and icewwation data, while spatially

adequate, were quite coarse. These data weretenllen a 1 x 1 degree grid (Reynolds
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and Smith 1994), which translates to an averadesizel of roughly 64 by 64 km. At this
resolution, each cell is dominated by marine infation as nearshore environments only
comprise a small fraction of the area of such gdaell. In using these data, we must
assume that marine SST is representative of ne@&®T which may be unlikely given
the influence of freshwater input within nearshbabitats (Hale 1990). Finer resolution
images, such as those collected by the Landsdlitester the Advanced Very High
Resolution Radiometer (AVHRR), may be more capablmeasuring nearshore SST.
However, persistent cloud cover over coastal ané#se Alaskan Arctic inhibits the
collection of a spatially or temporally continuddST record (Prakash et al. 2008).
Analysis of partial records will be further inhibd by thermal stratification and our
incomplete understanding of Dolly Varden behavidinakrmoregulation and movement
patterns.

The application of growth chronology techniquesuch an ecologically complex
and short-lived species is not ideal. In gengpalywth-chronology techniques are
reserved for long-lived sedentary species (Stroal. ¢2004; Black et al. 2005). The
otoliths of long-lived fishes contain greater numsbef increments which permit the
application of flexible functions to these datautéag in a more comprehensive analysis
and removal of age and growth effects (Black e2@05). Furthermore, correlating these
detrended data to environmental conditions may beerstraightforward within
sedentary fishes as growth will most likely be mspve to environmental variability at
local scales. For Dolly Varden, first seaward ratgm represents a significant habitat

shift that, due to productivity differences betwdeshwater and marine habitats,
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magnifies growth (Craig 1977). Relative to juvergirowth in freshwater, marine growth
at the age at first migration, and in subsequeatsygepresents a substantial shift in the
lifetime growth trajectories of individual fish this recorded in the increment widths of
otoliths (Bain 1974). However, variability in tlage at first migration and the onset of
the marine growth shift can result in very diffearentogenetic growth patterns among
individuals. Rigid negative exponential functidgpically applied to increment
chronologies of short-lived fish may not be suitatdl account for the presence of this
marine growth shift or variability in its locatiomithin each chronology. As a result, a
different method to isolate and remove ontogersgjnals was needed. Assuming
ontogenetic growth effects are similar among indlinals of the same age, a single year of
growth data from each individual was isolated foalsgses. These growth data were
standardized to the size of the otolith at the fr@igig of that year to account for potential
differences in growth resulting from size differes@among individuals. While this
approach may be supported in theory, its applinasdargely unprecedented in the
literature (Boehlert et al. 1989).

In conclusion, Dolly Varden growth data inferredrh otoliths were tabulated for
two general periods: 1980 to 1989 and 2003 to 2@@8,the exception of 2005.
Increases in Dolly Varden growth observed duriregXB80s were mirrored in age-0
Arctic cisco and Dolly Varden smolts captured frdma Alaskan Arctic over similar time
intervals (Fechhelm et al. 2004; Von Biela et 8lLP). Significant correlations were
observed between growth and air and sea surfaqeetatare, discharge, and ice

concentration. However, due to limitations in séargize and methodology, these results
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should be considered tenuous, but may be usefitte future research investigating
Dolly Varden-habitat interactions. Future effagsteould focus on investigating if, or the
degree to which, Dolly Varden behaviorally reguitteir exposure to the abiotic
environment. This information may provide insigttb the ability of Dolly Varden to
avoid deleterious thermal environments, a behah@r may become increasingly
important if projected temperature increases withictic environments are realized

(Solomon et al. 2007).
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Table3.1: Summary of environmental data incorporated imalysis including units, location collected, cooaties

collected, and online source

Environmental data Units Location described Coordisate Data source

Wind speed and direction kmv/hr Deadhorse, AK 70.1911A48.4722W www.ncdc.noaa.gov/oa/dataaccesstools.html

Discharge
Sagavanirktok River frsec Alyeska pump station 3 69.839722N -148.806944W tp:Mivaterdata.usgs.gov/nwis
Mackenzie River Msec Fort Simpson, NWT 61.86833N -121.358889W wwwatlenweatheroffice.gc.ca

Arctic oscilation NA Throughout the Arctic NA http://wacpc.ncep.noaa.gov

Sea surface temperature °C Barrow, AK to MakenzieRwouth, NWT  69.5to 71.5N by -134.5 to -152.5W phittvww.esrl.noaa.gov

Ice concentration % area covered Barrow, AK to Mal@Rwer mouth, NWT  69.5to 71.5N by -134.5 to -B5% http://www.esrl.noaa.gov

[4A)
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Table 3.2: Sample sizes of Dolly Varden otoliths age 5 aleolorganized by location
and year in which age 4 growth occurred. Calegdars with fewer than four samples

have been omitted.

Year Beaufort Bullet Camden Ivishak Jago and Total
Lagoon Point Bay River Kaktovik
Lagoons
1980 7 0 0 0 0 7
1981 13 0 0 0 0 13
1982 7 0 0 0 0 7
1983 7 2 4 0 1 14
1984 2 0 4 0 1 7
1985 1 0 9 0 1 11
1986 1 0 8 0 2 11
1987 1 0 3 0 12 16
1988 4 0 2 0 3 9
1989 8 0 0 0 0 8
2003 0 0 0 0 3 5
2004 0 0 0 1 10 11
2006 0 0 0 4 0 4

2007 0 0 0 22 0 22
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Table 3.2 continued:

2008 0 0 0 32 0 32

2009 0 0 0 26 0 25

Total 51 2 30 87 33 202
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Table 3.3: Pearson’s correlation coefficients and p valdesignificant pairwise

comparisons of environmental characteristics aaddsrdized Dolly Varden growth.

Environmental characteristic Pearson’s r P-value
June SST 0.576 0.031
July SST 0.607 0.021
August SST 0.649 0.012
August air temperature 0.714 0.004
June ice concentration -0.598 0.024
August discharge Mackenzie River 0.636 0.008
Mean discharge Mackenzie River 0.504 0.046
September discharge Sagavanirktok River 0.596 0.024
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Figure 3.2: Transverse section of a Dolly Varden otolith @#ipg transects, each

emanating from the focus, on which preliminary (dastlines) and final (solid line)

annuli measurements were taken. Transect B bifeetsngle created by radii A and D
joining at the focus and transect C bisects théeacrgated by radii B and D joining at

the focus.
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Figure 3.3: Stacked length-frequency histogram of Dolly Vargampled from
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Chapter 4: Dolly Varden whole body and tissue ener gy content: demographic effects

and reproductive investment.

Abstract

Seasonal and ontogenetic cycles of lipid storagedapletion likely influence
Dolly VardenSalvelinus malma population structure and abundance through trésleof
between reproductive output and post-spawning aedaontering mortality. To our
knowledge, no data exists regarding variation itly\p@arden whole body or tissue
energy content among years or demographics (peodective versus non-reproductive
individuals). We quantified percent-based wholdyoproximate and tissue water
content of reproductive and non-reproductive abally Varden (N = 90) collected in
2010 and 2011 from the lvishak River, Alaska. gbeadal somatic index of
reproductive and non-reproductive females increaggdficantly with fork length, but
no significant trends were apparent for males thfegireproductive status. Dolly Varden
captured in 2010 were in overall poorer conditielative to 2011 and displayed
significantly lower whole body estimates of lipidcagreater estimates of carcass and
viscera water content. In both years, non-reproageidéish contained greater proportions
of lipid relative to reproductive fish, likely reftting differences in freshwater residence
times among the two groups. Furthermore, reprogeifish exhibited significantly
greater percentages of carcass and viscera wateEmtsuggesting energy is mobilized

from these tissues during reproduction and fresbmrasidence. Despite substantial
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differences in whole body lipid content among yeegproductive fish invested similar
amounts of energy (as a percentage of body weigiiotgamete production. Tradeoffs
between reproductive investment and post-reprodeieind overwintering mortality are

discussed.

Introduction

Amphidromous northern-form Dolly Varden ctalvelinus malma (herein
referred to as Dolly Varden) are a dominant menalbéine nearshore Arctic ichthyofauna
and support one of the largest traditional subscsdisheries in coastal Arctic
communities (Craig et al. 1984; Pedersen and LO0B2 During summer, adults
undertake two to three month sojourns to sea wiheneforage heavily upon marine
invertebrates and fish (Craig et al. 1984). Thamer foraging season is a critical period
for Dolly Varden as these fish must acquire clas#d0% of their annual energy budgets
while at sea (Craig 1989). The remaining portibthe year is spent subsisting upon
endogenous energy reserves (primarily lipid) witthéep pool habitats and spring areas
of coastal rivers where little forage is consumigdiyin and Power 1990). Seasonal
patterns in lipid concentration, and to a lesseertx morphological-based estimates of
condition (Glass 1989; Brown 2008), often mirroegh patterns in resource availability,
with annual peaks and depressions occurring inslatemer and early spring (Jobling et

al. 1998).
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Seasonal limitations in resource availability @mergy costs associated with the
lengthy overwintering period tax individual enemggerves within any given year (Glass
1989). Reproductive fish face a greater burdetheg must allocate additional resources
for gamete production and the formation of secopdaxual characteristics (Shul’'man
1974; Dutil 1984). For example, Dutil (1986) notedt mature, non-reproductive Arctic
charSalvelinus alpinus lost close to 30% of their energy reserves duninger compared
to 52% for reproductive fish. High reproductivestoamid a temporally limited resource
landscape likely inhibit Dolly Varden from accumtihg energy reserves sufficient to
reproduce in consecutive years (Furniss 1975; DO986). Thus, interwoven within the
annual cycle of lipid accumulation and depletioamnsontogenetic lipid cycle operating at
multi-year intervals and characterized by fishvio different states of energy
accumulation, one en route to, and the other reacoy&om, reproduction.

To our knowledge, there are no data describingitteeor magnitude of annual
variability in Dolly Varden lipid content both witthhand among fish. Endogenous lipid
dynamics reveal the relative importance and stocageacities of different tissues,
including energy invested into gonads (Jgrgensah &097; Jobling et al. 1998). At the
organismal level, variability in lipid content angeexes and demographics (i.e.
reproductive versus non-reproductive individualgjgest possible mechanisms (post-
reproductive and overwintering mortality) respotesitor the regulation of population
abundance or structure (Dutil 1984, 1986; Jonssah €997). Of particular importance
may be the relationship between parental conddimhreproductive investment as

research suggests a linkage between parental mmamdiva quality, and recruitment (as
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reviewed by Kamler 2005). To obtain a greater ustd@ding of Dolly Varden energy
dynamics and their potential effect on mortalitglaaproductive investment, we
guantified whole body and tissue composition am@egographics, sexes, and years for

Dolly Varden collected from the Ivishak River in@Dand 2011.

Methods

Fish sampling

Sampling occurred at overwintering habitats onltighak River, Alaska. The
lvishak River originates in the Brooks Mountainganand is a north-flowing tributary of
the Sagavanirktok River, which empties into thelBesd Sea at Prudhoe Bay (Figure
4.1). The Ivishak River is generally thought totzon the largest overwintering
aggregation of Dolly Varden on the North Slope ddgka (Viavant 2005).

Mature Dolly Varden (> 400-mm fork length) wergtared by angling during
multiple sampling events in late August and eadpt®mber 2010 and 2011 (Underwood
et al. 1996). The sample was to be partitionecdyggamong combinations of
demographic and sex. Reproductive fish were ddfasethose that contained ripe
gonads and would spawn that year, while non-reptgkifish were defined as fish that
contained developing gonads and would not spaviindigiven year. Sex and
demographic were determined visually from exteomaracteristics, such as coloration
and presence or absence of secondary sexual atrestics. The first 12 to 15

individuals caught within each combination of demagdpic and sex were retained for
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this study. Upon capture, fish were sacrificedaranial concussion, weighed to the
nearest 1 g, and measured to the nearest 1 mmkitefogth. Each fish was individually
labeled, wrapped in plastic, and transported tdtheersity of Alaska Fairbanks where

they were frozen at -40°C prior to subsequent laooy analyses.

Laboratory methods

In the laboratory, fish were thawed and dissecamachs were excised, and
forage items were removed to eliminate variabilitgnergy content associated with the
guantity or quality of forage. Viscera, includitige stomach and swim bladder, gonads,
and the remaining carcass, were weighed sepatatéhtg nearest 1g. Egg diameter was
measured as the mean length in mm of 10 non-watgie ova, and fecundity was
assessed using the gonadal somatic index (GStylastd as the ratio of the wet weight
of the gonads versus the wet weight of the fiSectioned carcasses, gonads, and viscera
were desiccated in a freeze drier to a constarghweiPercent water content was
calculated as the quotient of the difference betnssample wet- and dry-weight and wet
weight. The carcass, viscera, and gonads werecthrabined and homogenized using an
industrial blender, and subsamples (0.5 to 1.5ayewaken for analysis of proximate
composition following standardized methods (AOA®QP Lipid was extracted using
the soxhlet method, and protein content was esgidnbm nitrogen analysis following
the application of a nitrogen:protein conversioctda of 6.25. Ash content was

determined from weight differences following thexdmustion of a subsample in a muffle
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furnace operating at 550°C for 24 hours. All saspkere run in triplicate, averaged,

and expressed as a percentage of the dry weighe&ubsample.

Statistical analyses

Prior to analysis, all dependent variables weesine square root transformed to
meet assumptions of normality. Differences in vehmbdy proximate composition (i.e.,
percent lipid, protein, water and ash) and wateteat of anatomical subdivisions (i.e.,
carcass, gonad, and viscera) among sex, demogrgehic and their interactions were
assessed separately using multivariate analysiara@ince (MANOVA) at an alpha =
0.05. If interaction effects were significant, geqtial tests of analysis of variance
(ANOVA) were used to test each dependent variadgparately (Jonson and Wichern
2007). Sequential tests were evaluated at a Bamfiecorrected alpha = 0.05/t, where t
= the number of sequential tests performed. Lebgs8ed trends in GSI were tested
using ordinary least squares regression and ewal@tan alpha = 0.05. All statistical
analyses were conducted using the statistical softywackage R (R development Core

Team 2012).

Results

A total of 90 Dolly Varden were collected in 20406d 2011 and were apportioned
somewhat unequally among different combinationdeshographic and sex (Table 4.1).
Reproductive males were particularly difficult tapture and thus were poorly

represented in the sample. Furthermore, visuaticihation between reproductive and
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non-reproductive females was also difficult andtabated to sample inequality. Dolly
Varden included into the study ranged in lengtiwieein 400 mm (the lower size limit for
inclusion) and 680 mm and in weight between 530@d6 g (Figure 4.2, 4.3).
Gonadal somatic index was significantly relatefort length within reproductive (F =
7.55; p = 0.011) and non-reproductive (F = 11.79;(p002) females (Figure 4.4). No
significant trends were observed in GSI data imadpctive (F = 0.46; p = 0.519) or non-
reproductive (F = 1.70; p = 0.204) males (Figur® 4.

Multivariate analysis of variance of whole bodyimeates of proximate
constituents (i.e., lipid, protein, water, and asldjcated significant interactions among
the independent variables sex, demographic, and yesaa result, each dependent
variable was tested separately using ANOVA. Analg$ variance indicated that whole
body estimates of lipid, protein, and water diftesggnificantly (P < 0.013) among years
and demographics while ash content differed sigaifily only among demographics
(Table 4.2). More specifically, lipid content wsignificantly lower in 2010 relative to
2011(F = 98.63; p < 0.001) and among both yeans;raproductive fish exhibited
significantly greater percentages of lipid (F =&8B.p < 0.001) relative to reproductive
fish (Figure 4.5). Whole body estimates of protmal water content were significantly
greater in 2010 relative to 2011 (F = 74.20; pG0Q; F = 108.03; p < 0.001), while
among both years, non-reproductive fish exhibiigdiBcantly lower percentages of
protein (F = 36.45; p < 0.001) and water (F = 7{8¢;0.007). Reproductive fish
exhibited significantly greater percentages of @sh 14.81; p < 0.001) relative to non-

reproductive fish among both years (Figure 4.5).
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Multivariate analysis of variance of tissue suliglon (i.e., carcass, viscera, and
gonad) water content also indicated significargrattions among the independent
variables sex, demographic, and year. Analysisadance results of carcass and viscera
water content suggests these metrics were significgp < 0.017) greater in 2010
relative to 2011 (F = 84.78; p < 0.001; F = 117436;0.001; Figure 4.6). Among both
years, reproductive fish exhibited significantlegter percentages of water within
carcass (F =15.12; p < 0.001) and viscera (F =361 p < 0.001) tissues (Figure 4.6).
Significant interactions between sex and demogaptompted analysis of gonad water
content to be conducted separately among demogsaphio differences in gonad water
content within non-reproductive fish were deteaetbng sex, year, or their interaction.
Gonad water content of reproductive females wasifsigntly (P< 0.01) lower than that
of reproductive males (F = 549.20; p < 0.001) aiddnhat differ among years (F = 0.03; p

= 0.858; Figure 4.7).

Discussion

During periods when metabolic costs exceed rdtesergy consumption, stored
energy (primarily lipid) is allocated to cover dgfs resulting in a decline in proportion
of body lipid (Shul’'Man 1974). Research suggelsét many salmonids may reduce or
completely curtail foraging activities for some @&rprior to reproduction (Brett 1995;
Kadri et al. 1996; Tveiten et al. 1996). WithinmdoSlope Dolly Varden populations,

reproductive fish generally precede non-reprodectish at spawning and overwintering
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grounds by up to a month (Glova and McCart 1974ChKit 1980). Certain segments of
Dolly Varden populations in northwestern Alaska lanewn to forgo seaward entry
entirely during the summer in which they are torogjpice (DeCicco 1997). Upon or
possibly prior to freshwater entry, Dolly Varderase to consume forage (Boivin and
Power 1990; J. Stolarski, University of Alaska Baimks [UAF], unpublished data).
Thus, the lower lipid content observed within rehrctive relative to non-reproductive
Dolly Varden may be a result of longer freshwaesidence periods. However,
differences may also, in part, reflect energy desfimcurred during vitellogenesis and the
endogenous processing and transport of lipid ipstmf morphological alterations and
the development of ova (Jonsson et al. 1991; Jplil#94; Tocher 2003). Regardless of
their origin, energetic deficits within reproduaifish likely contribute to greater rates of
post-reproductive and overwintering mortality withihis demographic (Furniss 1975;
McCart 1980). Boivin and Power (1990) noted tidate winter, reproductive Arctic
char exhibited lower body condition relative to reproductive char. Given that these
fish had already spawned, reduced condition mighexpected due to the energetic costs
of agonistic behaviors, ova release, and the dpuatnit of secondary sexual
characteristics (Jonsson et al. 1991). Howevarreaearch suggests that energetic
deficits within reproductive fish may already exiskearly fall, prior to the release of
gametes. These results suggest that the cesséfimraging and freshwater residency
may play a larger role in energy depletion of reluaive fish than previously thought

(Dutil 1984).
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Trends in other whole body proximate constituem®ng years and
demographics are more difficult to interpret dué¢hteir inherent interrelationships.
Lipid, protein, and ash content were expressedms@ntage of dry weight, thus
changes to one component will invariably alterriglative values of others (Shearer
1994). During fall, lipid undergoes the greatestgent change as it is selectively
consumed in the early stages of starvation anahguhie production of gametes
(Shul'Man 1974; Navarro and Gutierrez 1995). Altdively, ash content may change
relatively little among fish of similar sizes (Shea1994). Trends in protein content
among years and demographics are opposite thgtidfwhich suggests these trends are
more reflective of lipid dynamics rather than terergetic phenomenon (Shearer 1994).
Previous research suggests that protein metabolmmases during the latter stages of
starvation after lipid stores have been largelyletep (Shul’'man 1974; Castellini and
Rea 1992; Navarro and Gutierrez 1995; Hendry é1C410).

Estimates of water content among tissues inditetgroportion of energy
(primarily lipid) contained therein due to the imse relationship between whole body
and tissue energy and water content (Medford anck®a1978; Jonsson et al. 1997;
Hartman and Margraf 2008). Greater proportiongater within the carcasses of
reproductive Dolly Varden suggest that the cartaas important store from which
energy is mobilized within reproductive fish (Jargen et al. 1997; Jobling et al. 1998;
Hendry et al. 2000). The majority of this energyriost likely used to fuel gamete
production in the case of females and to coventh&abolic costs of agonistic behavior

and the development of secondary sexual charatsris males (Shul’'man 1974;
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Jonsson et al. 1991). Viscera water content etddlsimilar trends among years and
demographics as carcass water content, suggekthgpid is mobilized from this depot
as well (Shul'man 1974; Boivin and Power 1990).wduer, relative to contributions
from muscle or skeletal tissues, visceral lipid nsagnprise only a small fraction of
mobilized energy (Jgrgensen et al. 1997; Jobliral. €t998).

Given the energetic differences between ova aitigl itvis not surprising that
reproductive males exhibited greater gonad watetecu relative to reproductive females
(Wootton 1998). However, no relationship existetileen whole body lipid and
reproductive investment (gonad water content) wigpawning fish. For example, Dolly
Varden collected in 2010 exhibited significantlyvier whole body and tissue energy
content relative to 2011, yet reproductive investipresumably remained similar
among years. The parental effects hypothesis pespthat parental condition is
conveyed to offspring through alterations in theoant of energy allocated to
reproduction and predicts that reproductive fisgreater condition should invest more
energy into gamete production, resulting in higieality products (as reviewed by
Kamler 2005). While seemingly intuitive, suppanst this hypothesis has not been
universal, and may not apply to Dolly Varden (Kdsket al. 2000; Ouellet et al. 2001;
Bunnel et al. 2005; Moles et al. 2007; Wiegand.€2@07; Muir et al. 2010). However,
such a relationship might be masked if reproduativestment, or the decision to
reproduce at all, was dependent upon lipid statgsrae point earlier in the seasonal

cycle (Moles et al. 2007).
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Dutil (1986) and others have hypothesized thattlegists a threshold body
condition below which gamete production is notiatgd (Kadri et al. 1995; Tveiten et al.
1996). Temporal patterns in egg diameter amongdetive and non-reproductive
Dolly Varden captured in nearshore habitats in@i¢aat ova begin to ripen in early
summer (Craig and Haldorson 1981). This sugglstsréproductive decisions (i.e., the
assessment of endogenous energy stores) are miagg shring, prior to marine
residence. These periods correspond to seasadias maDolly Varden condition
resulting from the exclusive reliance upon endogenesources during the previous
winter (Dutil 1986; Boivin and Power 1990). Thtise decision to mature will largely
depend upon energy reserves acquired in past ([@ati$ 1986). Individuals not
meeting energetic thresholds will defer maturatishile maturing fish will begin to
allocate resources according to the abundanceeofitidividual internal stores.
Sampling data suggests that reproductive fish nmyy spend brief amounts of time
within marine environments the year they are tongpaf they migrate to sea at all
(Glova and McCart 1974; DeCicco 1997). Dolly Vardequire close to 100% of their
energy from the marine environment, thus, the faito fully exploit this resource may
suggest that, in spring, reproductive fish alrepdysess the majority of energy required
for spawning later that fall. Individuals with egg levels close to but not exceeding
critical thresholds may then undertake protractaihvard migrations to supplement
energy stores with failure to acquire sufficienérgy resulting in gonad reabsorption.
By scaling reproductive effort according to bodgewres, this strategy would maximize

individual reproductive effort. However, if durirtlgis process somatic growth is not
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realized or overwintering energy stores are comjsed) future reproductive effort may
be affected through reductions in fecundity andeased post-spawning and
overwintering mortality (Dutil 1986; Wootton 1998Because reproductive decisions
may be made at a time when Dolly Varden are atosedsadirs in condition, the amount
of energy invested into reproduction may alwaysdbatively small, especially if
maturing fish undertake only limited seaward exmns the year they are to reproduce
(Johnson 1980).

The lack of a clear relationship between bodylignd gonad energy content and
similarities in reproductive investment among yearsld also indicate an upper limit to
gonad energy density. Energy accumulated in exafeagproductive requirements might
then be allocated to somatic growth or used totbots/erwintering reserves. Because
gonad size increases with fish size, absolute grniaugstment will increase with fish
size and possibly lead to reductions in somatievgfipcondition, and senescence within
older fish (Dutil 1986). Given temporal limitatistio forage and the energetic costs of
the lengthy overwintering period, a conservativd eautious approach to the
maintenance of sufficient energy stores is ceryavdrranted. Future research should
attempt to collect Dolly Varden during spring whittefreshwater. The tissue and whole
body energy content of these fish may reveal, @atar detail, reproductive investment
strategies and the critical energy level that nbbesattained before reproduction is

initiated.
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Table4.1: Sample size of Dolly Varden collected from theslhak River in 2010 and

2011 for each demographic and sex combination.

2010 2011

Sex Spawner Non-spawner Spawner Non-spawner

Male 5 14 5 11

Female 13 9 15 18
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Table4.2: F values and associated p values for signifigart 0.013) coefficients of

ANOVA models investigating differences in whole lyqatoximate constituents as a

function of sex, year, demographic and their irdBoas.

Demographic

Constituent F p value F p value
Whole body lipid 98.63 <0.001 36.9 <0.001
Whole body protein 74.2 <0.001 36.45 <0.001
Whole body water 108.03 <0.001 7.38 0.007

Whole body ash 14.82 <0.001
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Figure4.1: Map of major rivers on the Eastern North Slopélaiska, with a black

arrow indicating the general location on the IvisRaver where adult Dolly Varden were

captured in 2010 and 2011.
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reproductive (open points) Dolly Varden collecteahi the Ivishak River in fall of 2010
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Figure 4.4: Gonadal somatic index of reproductive (solid p&imnd non-reproductive
(open points) individuals plotted as a functiorfark length for female (A) and male (B)
Dolly Varden collected from the Ivishak River inDand 2011. Trend lines are
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(broken line) and non- reproductive (solid linesffi



160

o _
0
Y+D
YD 7

2 =
c
9 7 _
.a . —
o
£
Q2 =
o Y+D
c
Q]
g | 2

7

- D
° 2010 2011 2010 2011 2010 2011 2010 2011

Lipid Protein Water Ash

Figure 4.5:Percent composition (with standard error barsylodle body estimates of
proximate constituents from reproductive (stripadsh and non-reproductive (empty
bars) Dolly Varden collected in 2010 and 2011 fritwe Ivishak River. Letters signify
significant (p < 0.013) differences in a particytercent constituent among years (Y)

and/or demographics (D).



161

(=
()]
| -
o
© Y+D
g 2
I= Y+D T
5 Z T
o 77 _
O R =
a"™ / /
-
1T
o
0 2010 2011 2010 2011

Carcass Viscera

Figure 4.6: Carcass and viscera water content of reproducsiviped bars) and non-
reproductive (empty bars) Dolly Varden expressed psrcentage of tissue wet weight
with standard error bars. Letters signify sigrafic (p < 0.017) differences in percent

water content of a particular tissue among yeajsatd/or demographics (D).



162

8,
S

0} o T == T _
T T T
= /
s 1
o
q)o,
ﬂ.l\

o

i M F M F M F M F

2010 2011 2010 2011

Gonad

Figure 4.7: Gonad water content of reproductive (striped Yoansl non-reproductive
(empty bars) Dolly Varden expressed as a percermtbiggesue wet weight, with standard
error bars. Letters signify significant (p < 0.@ilfferences in percent water content

among sexes (S).



163

Conclusion

With this research, | have developed and applead tools and techniques with
which to measure and partition variability in Do\Warden biological statistics among
ecologically relevant sub-groupings. Scale-baggagatechniques will permit the
collection of age information from a greater prapmr of individuals within population,
which will contribute to more precise age-baseddgjiwal statistics such as growth and
condition. Furthermore, the successful identifwabf trends in Dolly Varden energy
content among years and demographics (i.e. reptiodugrsus non-reproductive
individuals) highlight the utility of proximate alyais. Future efforts examining this
metric will be greatly simplified by the use of bilectrical impedance analysis (BIA)
models developed here to predict estimates of grmngtent from easily collected field
data (Cox and Hartman 2005). Finally, retrospectixowth analysis identified
environmental variables correlated to Dolly Vardgowth which may serve as the
impetus for more in-depth studies of growth dynamicthe future.

Despite this work, however, substantial gaps rarmmaour current understanding
of Dolly Varden ecology and life history that wilamper future research and monitoring
programs (Holland-Bartels and Pierce 2011). Fostramong these is a lack of
information regarding migration timing and patteam&l movement rates within North
Slope Dolly Varden populations, particularly thateproductive fish. Egg size and
testes weight data indicate that at least som@deyotive fish enter nearshore habitats
during the summer they are to spawn (Griffithslel@77; Craig and Haldorson 1981).

Catch per unit effort of these fish is generaityad relative to non-reproductive
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individuals, which may in part reflect sampling ©iédut could also indicate that
relatively fewer reproductive fish frequent margmvironments the year they are to
spawn (Craig 1977; Craig and Haldorson 1981). myfall, reproductive Dolly Varden
precede non-reproductive fish by up to a monthmesthiwater spawning and
overwintering grounds, suggesting that if thesle éie migrate all the way to sea,
residency within the marine environment must batdheed (Glova and McCart 1974,
Griffiths 1975). Particular segments of Dolly Vardpopulations within Northwestern
Alaska may defer seaward migration entirely ther yeavhich they are to spawn
(DeCicco 1997). Following break-up, these fishemscfrom overwintering habitats in
lower river reaches to spawning grounds where dption occurs during July and
August (DeCicco 1997). The presence of matureyDédirden within North Slope rivers
during summer is largely supported by anecdotalenie and observations (McCart
1980), and has been recently confirmed scientifidal a single fish in the Hulahula
River (R. J. Brown, U. S. Fish and Wildlife Servicmpublished data). However, the
significance of this life-history variant within X Slope populations is unknown, as
large numbers of mature summer freshwater residergsmmer spawning populations
have not been confirmed scientifically. Effortadentify such aggregations during
summer are hampered by high water, turbidity, peeather, and the logistical
challenges and costs associated with samplingmote locations (West and Wiswar
1985; Wiswar 1994). These investigations will fignt our understanding of life-history
variation within North Slope populations and pravichportant information to managers

charged with the protection and sustainabilitylbDally Varden populations.
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Once at sea, Dolly Varden roam nearshore halideaging upon epibenthic prey
during which time relatively little is known regand their specific movements, habitat
preferences, or foraging ecology (Craig 1984). I\Ddarden temperature preference
may be of particular interest as external tempeegblays a dominant role in regulating
key physiological rates, including growth, withictethermic organisms (Brett 1976;
Elliot 1976; Jobling 1994). Nearshore environmengs/ be warming as a result of
global climate change which, all things being egbak the potential to dramatically alter
the growth rates of a stenothermic species su@olyg Varden (Zhang et al. 1998; Reist
et al. 2006). Assessment or prediction of the maeeffects of this warming is made
difficult by the general lack of data regarding thermal spectrum of Dolly Varden.
Reist et al. (2006) hypothesized that greater teatpees would initially result in higher
growth rates, but if temperatures began to exceédcha, growth would decline.
Potential growth effects may be mediated, howat&volly Varden are capable of
behaviorally regulating their thermal environmefiNegill 1979). During summer,
nearshore habitats offer a diverse array of theenaironments to occupy (Hale 1990;
Maughn 1990). Thus, by restricting habitat occupatd only those thermal
environments optimal to the joint conduct of phiagical processes such as growth,
Dolly Varden may be capable of avoiding any deletes growth effects (Neill 1979;
Bevelhimer and Adams 1993; Neverman and Wurtsba9§s).

Recent investigations using acoustic and sate#lids to collect temperature and
depth data remotely may provide more accurate thlgpneference and tolerance data

than previous research using passive capture ggavghton et al. 1990; Underwood et
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al. 1995; Spares et al. 2012; A. Seitz, Universftplaska Fairbanks, unpublished data).
However, satellite and acoustic tags are relatilaiye, which restricts investigations to
all but the largest and oldest members of a pojamatArchival tags, on the other hand,
are smaller and can be surgically implanted withimider range of fish sizes. Capturing
information over a range of fish sizes is warrardaedemperature preference likely varies
as a function of ontogeny (Jobling 1994). Howe¥@rjnformation to be retrieved from
archival tags, individuals must be recaptured &edags removed. This will likely
restrict such analyses to relatively small rivard & complicated by the tendency of
some Dolly Varden not to return to the same drareagnually (Crane et al. 2005).
While difficult to collect, thermal occupancy dasaessential to understanding how a
warming environment will affect the growth Dolly X#en on the North Slope of Alaska.
Temperature and depth occupancy data may alsoionight into aspects of
Dolly Varden foraging ecology within nearshore enaments (Spares et al. 2012).
During summer, Dolly Varden aggregates roam neaesaeas feeding heavily upon
epibenthic prey such as mysid shrimp and amphifedisiss 1975; Craig and
Haldorson 1981). However, it is unknown if theaensner movements exhibit any
directional patterns. One hypothesis suggestsnbatiduals simply travel within
prevailing water currents (Hachmeister et al. 198)ch a strategy would minimize
energy expenditure while maintaining proximity twdge as the same water currents are
thought to transport the majority of prey item®iand out of nearshore areas (Craig et
al. 1984). This hypothesis conforms to sampling aehich suggests Dolly Varden show

affinity to habitats immediately adjacent (< 40 tm)shore (Craig and Haldorson 1981;
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Craig 1984). However, more distant and deeperta@hiparticularly those outside
barrier islands, are rarely sampled (Craig 198d;ela and Thorsteinson 1999).
Satellite, acoustic, and archival tags offer a haveans by which to collect habitat
occupancy data which may shed new light onto mowempatterns, their motivations,
and the ecology of Dolly Varden within nearshoresar (Spares et al. 2012).

Obtaining a more detailed understanding of Dollydésm ecology within
nearshore areas is important given the rate athwhictic habitats are changing.
(Solomon et al. 2007). Recent research suggestshid structure and productivity of
nearshore food webs in the Beaufort Sea is tigtdlypled to terrestrial processes through
freshwater input provided by coastal rivers (Dungoml. 2006, 2012). Terrestrial
organic matter fuels heterotrophic production amilevsuspended in the water column,
limits autotrophic production by increasing turlyydiDunton et al. 2012). Accelerated
permafrost melt resulting from warmer temperatun@y increase organic matter
contributions to nearshore areas (Reist et al. 280®mon et al 2007). However,
changes in discharge resulting from glacier loss@atterns of precipitation may
partially offset these increases (Peterson et0l22Symon et al. 2005). Climate
warming has also been implicated as the causalattiens in sea ice which may also
limit autotrophic production by decreasing ice agdgundance and increasing turbidity
through increased storm frequency and the resuspeasbenthic sediments (Solomon
et al. 2007; Gradinger 2009; Dunton et al. 201@hce again, however, this decrease
may be offset by longer ice-free periods which wailbw more light to penetrate into the

water column, possibly spurring greater producti@vhile the net response of these
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alterations remains unclear, predicting the po&tinsequences of such change within
a mobile predator such as Dolly Varden will req@rdeeper understanding of their
ecology within nearshore habitats.

Gaps in our knowledge of Dolly Varden ecology éfelhistory make it difficult
to assess the potential consequences of anthrojatjsturbances such as climate
change and hydrocarbon extraction activities (Rais. 2006; Holland-Bartels and
Pierce 2011). In the latter instance, these gepgept a thorough assessment of the risks
involved in the extraction of oil and gas from rekare areas (Holland-Bartels and Pierce
2011). Nearshore studies attempting to examineletbal effects of habitat alterations
will always be complicated by the multi-stock n&taf nearshore Dolly Varden
aggregates during summer (Krueger et al. 1999thMit genetic analysis, isolating a
single population within the marine environment neajy be possible when targeting
smolts within or adjacent to river mouths (Evesgtal. 1997; Fechhelm et al. 1997).
While minimizing inter-population variability in blogical statistics, such protocols may
do little to assess the effects of oil and gasaexion as structures associated with these
activities may not always coincide with smolt hahitFurthermore, non-lethal effects of
habitat manipulations will likely differ within okt and larger fish as these individuals
may be more tolerant of, or capable of avoidingimmental extremes (Gallaway et al.
1991; DeCicco 1992). Scale-based aging and bivelacimpedance techniques
developed in our research may permit the collectiath calculation of more accurate

biological statistics (Cox and Hartman 2005). Hweereif inter-population variability
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exceeds variability associated with a particulagmmenon of interest, such as
alterations in temperature, the effects of thisnqameenon will likely be obscured.

Future research should continue to attempt t@aisgopulations whenever
possible. Because some non-spawning and juvemwily Barden may not overwinter in
natal drainages, sampling reproductive or pre-sfistitmay be the only means by which
to completely isolate a population in freshwaterdiett et al. 1997; Crane et al. 2005).
As previously mentioned, nearshore sampling withiadjacent to river mouths targeting
out-migrating smolts may also successfully isotatengle population (Fechhelm et al.
1997). These protocols, in conjunction with agamgl condition techniques developed
here and the continued application of remote dallaation using data-logging tags, may
permit the collection and calculation of more psedbiological statistics. Applied over
greater temporal scales within the context of g{tarm research and monitoring
program, these efforts may aid in the detectiogpattial or temporal change in Dolly
Varden populations (Fechhelm et al. 2006; Reiat.€2006). Such an effort would be a
large undertaking considering the costs and lagistssociated with operating out of
remote Arctic habitats. However, these investayatiare warranted given the threats
imposed by climate change and hydrocarbon extmacéiod our current inability to
properly assess the risks and effects of suchristces (Prowse et al. 2006; Reist et al.

2006; Holland-Bartels and Pierce 2011).
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