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Climate changes rapidly alteringnany aquatic systemand life historytraits and
physiological diversitycreate differences iorganism responsel addition tobiological
diversity, habitatdiversity may beexpressed oamallspatial scalesand t is therefore necessary
to accounffor variation amondpothspecies antbcationswhen evaluating climate impacts on
biologicalcommunitiesHere, weinvestigatedhe effectsof temperature anspatial
heterogeneity on longermcommunity compositionn a large boreal lakéVe used &ve-
decaddime serieof water temperature andlativeabundance of fish species captured in the
littoral zonethroughout the summer at ticretelocations around thieke We applied a spatial
dynamic factor analysiSDFA) model to this time series, which estimatessensitivityof each
speciedo changing walr temperaturavhile accountindgor spatiotemporaariation. This
analysis describeithe trendn community compositioat each sampling locatian the lake
given theirdifferent trend in temperature over time. The SDh#Adicateddifferentmagnitude
and direction of species responses to temperaaneespeciesncreagd whileothers decreasl
in abundance. The modalsoidentifiedfive unique trends ispecies abundance across sites and
time, indicatingresidual dynamics in abundance after accounting for temperature effagts. Th

different regions in the lakeawe experiencedifferent trajectories in community change

associatedwwitkifferentrates of temperature change. These results highlight the importance of

considering habitat heterogeneity in explaining and predicting future species alas)daatc
our model provides a means of visualizsgatially-explicit temporalariation in species’
dynamics.
Keywords
Climate changeyfish community, spatial dynamic factor analysis, boreal 1ake, water
temperature, habitat heterogeneity, life historyl ntroduction

Speciecommonly respontb climate change effecis different ways, due to varied
habitat uselife_history traits physiolaical limits, and other attributé®armesan 2006Llimate
change literature frequently addresses biological respah$iesindividual- or speciedevel,
and knowinglife histories and physiological tolerances of indivitalis often usefuin
predicting biological responses to observed and projéabiiat change@ackenzie et al.
2007, Portner and Farrell 2008). Howevarsitu organismsexperience climate change effects
within the context of other biological dynamics, includoagplexinteractions with othre
individuals and other species. Therefore, evaluating biological response on thersynhevel

can offeran important frameworfor identifying and predicting changes (Walther 2010). Many
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biologicalinteractions can be difficult to measuremeorporatanto modeling approaches, and
describing community responses to climate change depends on identifying and accounting for
communitylevel dynamics that are separate from climate effé@ttis.communitylevel

perspective caaffectively captue the diversity of responses to climate chaiderley et al.

2006), but this.approach is presently underrepresentguinate change literature and
uncertainty.remains ihow future communities might look.

Existing"@mmunity:level analyses have indicated assemblage restructuring and
idiosyncratic'responses climate changéLe et al. 2008)Some researcsuggests that changing
climate will lead to novel communities, but if mobile specirdergo range shifts together then
communities as a whole might experience little chghgens 2003)Currently, predictive
ability is lacking on an assemblage-wide level, amdn lessvork hasassessedommunity
response on finer scalespeciallyin systems where species range shifts are restricted by
physical limitationsIn part, this is because many analytic approaches to date cannot effectively
capture bottspatial and temporal variation for multivariate species abundance and community
compositiomydata. Moreovemanyterrestrial and aquatic communities have already been altered
by non-nativesspecies, habitat modification, anegofirocesses, making empirical studies of
climate effects difficult to disentangle from the effect®tbier anthropogenic changes.

Habitat heterogeneitg an ecosystem feature tipgomotedife history diversity can
buffer fluctuationsn population abundan@nd maintains stability of multiple ecosystem
components, therelpyreserving system functions in scenarios of landstapd changes to the
environment(Qliver et al. 2010, Schindler et al. 2010, Stirnemann et al. Behe¥its offine-
scale heteregeneity have been recognized in terrestrial landscapes as functions of vegetation
cover and smalécale bpographichfeatureqFord et al. 2013) and in rivers digedendritic
structureand landscape gradier{rown 2003, Thompson and Townsend 2005}, lakes have
received less.attentiassystems that can display heterogeneity on spatial scales relevant to
mobile organismg-ailureto recognize and account fibris heterogeneitwithin lakes can
misleadour.understanding of biological responsesrgironmental changé€ksuoto and
Heikkinen2008).

High-latitude lakes areery sensitive to climate change and warming temperatures,
especially in regard to seasonal regulation of biological procé3seStasio et al. 1996, Smol et
al. 2005).In these systems, climate change has led to longer annisdaegeeriods, warmer

average and peak water temperatures, and higher productivity due to longer growang aads
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93 metabolic processes of primary produg&shindler 2009)Biota of freshwater systems,
94 including fishes, resporstrongly tothesechanges (Parmesan 2006, Keller 2007, Adrian et al.
95 2009).Earlier icebreakupdates mawlter thetiming in life history or reproductive cycles
96 (Schneider and Hook 2010, Hovel et al. 2017) or influence species distribution and behavior,
97 including competitior{Abrey 2005, Schindler et al. 2005, Rich et al. 200%)eased water
98 temperatures cadifferently affect thedistribution and phenology éiEhes because speciesy
99 in thermal‘preference and tolerar{églwards and Cunjak 200T)/armingtemperature
100 generally increase metabolic ré€arke and Johnston 1999) amdth unrestricted prey and
101 thermal limits many species will experience faster growth or maturatitna longer, warmer
102 growing season (Magnuson et al. 1990, Schindler et al. 2005). However, phygsidiagts
103 and thermal optimaarieswidely among taxa, and some species may undergo thermal stress and
104 declining growthdue to increasing metabolic cogBeitinger and Fitzpatrick 1979)
105 Destabilizatiorhasbeen observed indshwater plankton communities with increased
106 temperature§Winder and Schindler 2004, Carter and Schindler 2@i®) increased metabolic
107 demands andsshifts in niche exploitation may affect the behavior and ecologicattions of
108 planktivorousHfish and other higher-troploiganismgBeisner et al. 1997Y.ogether, these
109 species reactiondtimately shape comnmmity responses to climate change in lakes.
110 Here, wenvestigated the communHgvel effects of climate warming on littoral zone
111 fishes in an oligotrophic, higlatitude Alaskan lke, using a data set of methodologically-
112 consistensampling conducted annually for 52 years. This yearly sampling included repeated
113 assessmentofifish abundamecel water temperatueg multiple sites in the lakén contrast to
114 studieswherebiological responses to climatee complicated by concurrent anthropogenic
115 influenceqSchindler 2011), this study offersareopportunity to examine long term changes in
116 an entirely native freshwater fish community largely unaffected by directrhaotavity in the
117 watershedIhese fishes represent diverse life hist® including anadromous and resident, and
118 spring and fall spawning periodehese data are also well suitedlliestratea recenty
119 developed.multivariate method thedcounts fospatietemporal community dynamiaghile
120 estimatingthe.impact oenvironmental covariates site-specificabundancéor each species.
121 Goals of our analysiwereto: 1. test whether withidake spatialheterogeneitgxplains
122 differences ircommunity composition over time, andeatimate the effect of tgperature on
123 species abundancehile accounting for residual variation in dynamics for each species

124  (attributed to unmeasured factor®ur data and analytic methogermit a communityevel
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125 approach to testing the effectwithin-lake heterogeneityn biological reponse to climate

126 change.

127 Methods

128 Sudy Ste

129 Lake.Aleknagik isa large oligotrophic lakeith mean depth 043 mandsurfacearea of

130 83 knf (Hartman and Burgner 1972)nd isthe farthest downstream of fiveterconnected lakes
131 that draininto'the Wood River, Bristol Bay, Alaska (Figure 1). Located north of theasallel,
132 this system'has'a short season of biotic productivity and is ice-covered for up to@igns of
133 the year (Hartman and Burgner 1972, Schindler et al. 2008)lake experiences thermal

134 stratification between midune and miBeptember of most years, améanepilimnetic (620 m
135 depth)August water temperatures rarfgem 10°C to 12° C.Data collection has been

136 standardizedh this system sinc&963, andsince thersignificant trends have been observed in
137 timing of ice breakugaverage of 10 days earlier) and average lake water temperxaitiréaxa
138 specific effects on the zooplankton community (Carter and Schindler 20f3e changes have
139 been attributed to the combined influences of global warming and the switch from a cool to
140 warm phase of‘the Pacific Decadal Oscillation during the study p@viadtua et al. 1997,

141 Schindleret.al. 2005).

142 The*Wood River watershed is largely unaffected by anthropogenic actastaes from

143 salmon fishing (e.g., no shoreline development, logging, agriculture, dams or water diversions)
144  and habitat and fish communities have remained intact throughout our period ot akely.

145 Aleknagik supports an entirely native community of both anadromous and non-anadromous
146 fishes Dominanttaxa in the lake are juvenile sockeye salnfoncbrhynchus nerka) rainbow

147  trout (O. mykiss), Arctic char Galvelinus alpinus), northern pike EEsox lucius), threespine

148 stickleback Gasterosteus aculeatus), ninespine stickleback(ngitius pungitius), sculpins

149 (Cottus spp.),-Alaska blackfisiDallia pectoralis) and whitefish species (Coregonidae). Arctic
150 char and whitefish species rear in littoral habitats of the lake as juveniles, and threespine and
151 ninespine_sticklebacks and sculpin species comprise tregrméen of the numerically dominant
152 members ofithe littoral commugiais both juveniles and adul@ther Pacific salmon, including
153 coho Q. kisutch), chum Q. keta), pink (O. gorbuscha) and Chinook ©. tshawytscha) are

154 present in the system in small nundeas they migrate quickly to sea and do not represent a
155 significant part of the lake community in relative abundance or duration ofmeside
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Sockeye salmon arbé numerically dominant anadromapeciesandfeedas juveniles
in Lake Aleknagikbetwe@ whentheyemerg after overwintering in gravel nests in tributary
streamauntil they migrate to seim early summer (Quinn 2005)uvenile sockeye salmon
primarily occupy littoral habitaduring the summer after emergeriB®gers 1987put move
offshore by.mid tdate summe(Abrey 2005); over 90% of the juvenile sockeyehis system
spend onefull year in the lake (the remainder stay for two years). The Rioer systenis a
major tributaryto the Nushagak River and annually accommodates 1 million or morengeturn
adult sockeye'salmon, after largeale commercial fisheries operate in marine wakéatural
variation in abundance exceeds that related to fishing, such that there are oftealmoreeven
after fishing inssome years than would return without fishing in other years. Deapiyaent
competition‘for'breeding space in streams plays an important role in determinaiutitance
of juvenilesokeye salmon entering the lake (Quinn 2005), andsthisigly mitigatesthe effect
of the fishery on abundance of juvenile sockeye salmon in theTlhkecommercial fisheries are
well-regulatel to meet biological escapement gdiig born 2006)and the recreational fisheries
on rainbowrtrout and Arctic char are predominantly catchratehse.

Sample collection
Beach seiningThe littoral zondish communitywassampled with beach seine nat40

locations.along the north and south shores of Lake Aleknagik (Figufad sites were chosen
to not only encompass the entire circumference of the itaJso becaustney differ in
exposure to wind, gradient, substrate, vegetation, proximity to streams, and thgimeal re
(AppendixsS2TableS1). Fom years 1963 to 2014, sampling occurred every ~7 logiygeen
approximatelysthe firsiveek in June (shortly after ice breakand the first week in August
(Rogers et al. 2002). After early Augusatches diminish gavenilesockeye salmon, Arctic
char, and threespine stickleback move to the limnetic zone of the lake (Abrey 2005y %es
carried out.by. deploying a 3@+ beach seine {6 im mesh) using a boat, and manually returning
the net to shore. All fish captured (or a random subset of the catch if prohildaingsy were
identified tosspecies (except for sculpins and whitefish, identifiéanidy) and enumeratedf.

the catch wasub-sampled;ounts for each species were expanded by the sample fraction to
reflectthe number of fish captured.

Laketemperatur@andhabitat Site-specificwater temperature wasagorded during each

beachseine samplevent using a hand-held thermometer at a depth of approximately 10 cm.

Over this time period, limnological sampling was also conducted every 10 days frendtbé
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June through early Septembesgtfixed mid-lakelocationsalong the lengtlof the lake At
threeof thesix locatiors, a vertical temperatunerofile up to 60 m in depth asrecordedusing a
YSI (Yellow Springs, Inc.) thermistar, in earlier decades, at discrete depths with thermometer
measurements from water bottle samphatditional habitat variables were also measured at
each sample.locatididetails and data presenteddppendix S2).
Satistical methods
We usectounts of each species observetieéach seine data frof863-2014reflecting
the periodoverwhich standardized, consistent sampling ocatrestth locatiorExtremely
rare speciegobserved in <5% of the samplegere removed from the data Sefaving B
species or,generamaining: threespine stickleback, ninegpatickleback, sculpirAlaska
blackfish, seckeye salmon, Chinook salmon, coho salmon, chum salmon, pink salmon, rainbow
trout, Arctic char, Arctigrayling, and whitefishSculpins (Cottidae) and whitefish
(Coregonidae) were aggregated at genus level, to avoid identificegmepanciesver the
years Twosculpin and two whitefish speciase presentcoastrangsculpin Cottus aleuticus)
and slimy sewlpinC. cognatus), and pygmy whitefishRrosopium coulteri) and round whitefish
(P. cylindraceum).
Site-specific surface water temperatures were averaged over the season at each beach
seine sample locatiotested for autocorrelatiqirend inresidual$, and plotted with linear
model fits to showtrends in average summer surface temperaiueach sé. July epilimnion (O-
20 m)temperatures were averaged oWerthreelimnology sites, tested for autocorrelatioin
residualsandplotted wth linear model fit

Temporal trends in assemblage composition

We applied a spatilgi-explicit dynamic factor analysis model to descridbeanges in fish
assemblagest each of the 10 sample locatio8snilar to a traditional dynamic factor analysis,
SDFA identifies,one or more latent trends in a set of time series data, and gaeritism
structure in thetime series to covariates such as environmental varigikespatial dynamic
factor analysi§SDFA) model (Thorson et al. 201@)as choseifor multiple reasonsdbecause
eachfactorincludedothcorrelation among sites in a given year (“spatial autocorrelajiantl
correlation among years at a givate (“temporal autocorrelation’andit therefore controls for
both spatial and temporal autocorrelation in density (i.diadlyaexplicit abundancefpr each
species; becauseg-density for each species is a linear combination of different factodsthe

loadings of each species on each factor represents shared responsesasured
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environmental factors (“correlation amg species”)andbecause&SDFA can estimate the impact
of measured environmental varieblon density for each speciesile controlling for residuals
that cevary in complicated ways (e.g., spatial, temporal, and amspagies correlations)

We treatedsamples as arising from a Poisson distribution while including lognormal
overdispersien for each sample (i.e., used a lognormal-Poisson distribution).

Using the species abundance data for each sample date at each site across years from
1963-2014;weraa suite oSDFA modelswith varying numbersf estimated factorsVe
includedsite'specificwater temperature as a covarist@ach modeland estimatba separate
lineareffect of temperature dng-abundancéor each specie®We seleadthe number of
estimated factorbased on the criterion thaach factor explains no less tHs# of total
variance, andiseda varimax rotation to visualize the estimated loadings of species onto factors
The rotated loadingsatrix thereforggroups speciesdsed omesidualghat vary similarly across
sites and over tim@fter controlling for speciespecific responses to temperatuidpdels were
run in R (R.Core Team 2016) usimgmplate Model Builder (TMB) for parameter estimation
(Kristensenwetal. 2016) and the R-INLA package for computing a finite-elenesht msed in an
approximation:to spatial correlations (Lindgren and Rue 2015). Further details on the SDFA
model andhits interpretation can be found in Appendix S1.

Results

July epilimnetic (620 m)water temperatures have increasedificantly over time
(Figure 1 inset)atthe offshoresampling locationsHowever significantheterogeneity existed
amongsurfacestemperature trenfits thedifferent nearshore sampling locatiqiégure 1
Appendix S2iFableS1). Temperatures at thresites increased significantbwer timewith
different slope vales (2N, 6N, 8S), and sites on the south shore of the lake generally
experienced slower warmin@ther habitat featurdbatvaried across beach seine sample
locations included direction of exposure and vegetation (Appendix S2; Table S1).

Temporal trendsin community structure

From«1963-2014, a total of 2,724,739 individuakre captured of th&3fish species
retainedor' SDEA analysisThis catch was numerically dominated by threespine stickleback
(45%) and juvenile sockeye salmon (44%). Ninespine sticklebacks (5%), sculpira(@o),
Arctic char (2%) were the next most abundant, andeth&t frequently encountered species
made up 1%.
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251 An advantage to using spatemporal models is the ability to generate estimates of
252 effect sizes for covariates, while controlling for the confounding effect of atiraeasured

253 drivers of community structure that otherwise cause covariation among spgéegsand years.
254  Surface water temperatures at each beach seine site were used as a covari@zHA thedel,
255 and allowed.us to estimate the percent change in species abuedpecedor eachl® C

256 increase intemperature (Table 1). Most spaci@®ased in abundance in the littoral zoas

257 temperaturéncreasedthreespine stickleback, ninespine stickleback, Alaska blackiisitefish
258 species, Arctic'char, rainbow trout, and Chinook, chum and coho salmooredised between
259 0.4% and 11.9%Caches of sockeye salmon, sculpin species, pink salmoAm@td grayling
260 declined with temperature increases. The temperature effect was signiticanbespine

261 sticklebackythreespine stickleback, sockeye salmon, Alaska blackfish, whitefish species and
262  sculpin species:

263 After using the model covariate to accotmtthe temperature effect for each spedies,
264 latent trends in species abundafrepresenting unmeasured variablesye grouped into

265 “factors”. Fhesmodel also generated estimatesving howdifferentspeciesare associatedith
266 each of thararimaxrotatedfactors (Figure 3. We selected a final model with 5 estimated
267 factors, where the final factor explained 6.3% of total variance prior to varinetorotFactor 1
268 was positively associatedth theabundance of threespine amdespine sticklebacind

269 sockeye salmorkactor 2 waprimarily associated with Alaska blackfish and whitefish species
270 (positive),'and pink salmon (negatiy&actor 3 wagpositivelyassociated with Arctic char and
271 sculpin species. Factor 4 was most associated with Chinook salrdaoho salmo(positive)
272 andAlaska‘blackfisi(negative) and Factor hiad a positive relationship wittoho salmon

273 abundance. Most of the variation accounted for by latent trends was descrthesebpine

274  stickleback, ninespine stickleback sswtkeye salmo(Factor 1 33.4%) andby Chinook

275 salmon and.coho salm@Ractor 4 30.3%). Factors 2, 3 and 5 respectively explained 20.0%,
276  6.3%, and, 10.0% of the nance.

277 Eachfactor was associated with different locations in the,lakggesting differences in
278 community'structure across sampling sitgjeach factor had different trajectoy over time
279 (Figure 3. The numerically dominarhreespine and ninespine sticklebacks and sockeye salmon
280 (represented by Factoy had highest values at sites on filwenorthand east erglof the lake
281 (1S, 6N, 8N), and this trerakclined steadily over time, consistent with an overall decline in

282 catches of juvenile sockeye salmon across y&aesAlaskablackfish, whitefish and pink
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salmon of Factor &/eredominant at the lake outlet (site 88)e latent trend for these species
declined overall until an apparent increatgtingin 2004. Arctic chaand sculpinsKactor 3
dominatedatthe ends of the lak@N, 2S, 7S), with a more gradually declining trend. Factor 4,
dominated by Chinook salmowasweakly associated with sites throughout the lake and
relativelystable over time, with a peak around 2005. The trend for coho salmon (Factor 5) was
concentrated aites 2N and 7S, and peaked in 1995 before declining.
Discussion
Temperaturevariability

Fraom 1963to 2014,mid-lake water temperaturesonsistently increasad Lake
Aleknagik sbutrates of temperatunereasevariedamongshoreline samplmcationsand some
siteseven declinedh temperatureover this periodFigure 1).The sitegshatbecamecooler S
and 7S)re located at the southeast end of the lake, iheyeare exposed to prevailing wind
and wave actionl ittoral habitatmaybe increasinglynundated withwaterfrom below the
thermoclinewhen the lake undergoasnd-relatedvertical mixing, especially during s#ie
events (Lisi/and Schindler 201%)ther sites vary in beach slomybstratesize and exposure,
butthe sites with mogtapid warming over our period of observateme shalloweand generally
south orwesfacing Small-scale habitat heterogeneligs been shown to medidke effects of
climate change iterrestrial(Scherrer and Karner 20080d riverine system@saak et al. 2010),
andaffects howorganisms experience climate chagigetter et al. 2013)he importanceof
habitat heterogeneiig less commonly appreciated in lakes, amel showherethat variability in
littoral zone"habitat, associated with shoreline features and landscapenpositresponds to
substantialwariation in surface water temperature trends. This thermal varaipliyns
differencesn how fish assemblagesitoughout the lake respondregional warming.
Temper ature effects and temporal patternsin community structure

To explicitly test the variability in space and time for species assemlageosition,
we extendedhespatial dynamic factomelysis model, a recently developed tool for spatio-
temporal cammunity analysis (Thorson et al. 20i®)nclude measured covaria(es.
temperature)We found thatdifferenttaxa had widely varyintgemperature effectsvith some
increasing and others decliningtvincreasing temperaturéhe five factors in our selected
model explained all but a small amount of the spiioporal variance that remained after
accounting fotemperaturegand each of these factors was represented at different locations in the

lake andassociated with different species assemblagéegsrendsThe temporal trends in fish
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assemblages correspond to larger climate trends obserttad systeml.ake Aleknagik
temperature observations are consistent with the noted switch from the cool to warm phase
Pacific Decadal Oscillation (PDO) in the ri@70s and the marked warming trends observed in
the Bristol Bay region in subsequent deca@iésntua and Hare 2002, Rich et al. 2009, Carter
and Schindler,2012Y.ogether, the covariate effects and facgegserated byhe SDFA model

allow the results to be biologically interpreted according to spetedsistories.

Intérpreting changes in species abundarsieg thetemperature covariate allows our
model to infermchangedo the fish community usingimate projectionsUnder a moderate
emissions scenario, the IPCC temperature projection for southwest Alaska fae&s air
temperature increagetween 1990-1999 and 2090-2099 (Christensen et al. 2007). Developing
air-to-watertemperature relationships would allow the temperature pHeaineteto be
extrapolated to'predict abundance changes in the fatsitbese effect sizes indicgkercent
change in abundance with eachCL&éhange in water tem@dure Predictedabundancearies
widely by taxa. hreespine and ninespine sticklebacks were amonigthevith the largest
positive temperature effeawith up to 11% increase per 1°(Table 1).These species can
tolerate warmer temperatg tharsalmonids or other coldater fishegBeauchamp et al. 1989,
Hovel etal,2015), and with a sufficiently long and warm growing season threespitebsaiiks
can spawn'multiple timg®rown-Peterson and Heins 2009, Hovel et al. 2017). Alaska blackfish,
which increased almo$@6 with for eachHL°Cincrease in water temperatusege unique in their
ability to tolerate warm water and hypoxic conditions at spawning locdtiefsvre et al.
2014).Whitefish species alsended to increasgith warming temperatures; life histories vary
somewhat within this genus, but the pattern is likely driven by productiviynafibodied lake
residentgMcPhail and Lindsey 1970). In contrast, sockeye salmon declined 11% with every 1°
C, and sculpin speciedsohada significantnegativeassociation with temperaturé/hile none
of the fishes.in. L ake Aleknagik are likely experiencing temperatures near thieiathmaxima,
more warmadapted species appear to be benefitioign warming water temperatures, and
the future will'likely have greater relative abundance in littoral habitats of the lake

Mostwof thespatietemporal variation was explained by Factors 1 gnalhdch
correspondo different locations throughout the lake aegresenspecies with a range bfe
histories.Factor 1 was associated most strorvglyr threespine stickleback, ninespine
stickleback andockeye salmgrandthe highest valuelor this factorconsistentlyoccurred at

warmer, more protected sitdhreespine and ninespine stickleback are sraaitient fish, with
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lake distributions largely regulated by breeding dynamics (McPhail and Lindsey 197®. Whi
threespine stickleback do move offshore and feed in the limnetic zone of the lake in schools
(Wootton 1976), the lovplated, small sticklebacks Lake Aleknagikare not believed to

migrate between lake and stream or marine hal{N&tBhail and Lindsey 1970). Sockeye
salmon respend to conditions in stream and marine habitats beyond the lake, and these
conditions may cavary with lake temperatur@uinn 2005). Howevetheir decline at locations
with increasingtemperature might also be explained by in-lake condismrieye salmon move
from the littoral"’zone (where they are captured in our sampling) to the pelagic zone of the lake,
and this transition idictatedin part by a size threshold (Abrey 200%) warmer years or
locations, more,rapid growth might lead to earlier off-shore migration and t@aiares in

littoral zones Tio the extent that this is true, the abundance projection based on littoral zone
catches is somewhat paradoxja it could occur alongside increasing population abundance.
This type of interaction highlights the comphlays in which the life history patterns of species
must be considered when interpreting trends and projections.

ThesFactor 4 trendrasmorestable over timeweaklyassociated with sites distributed
along the length of the lake, and strongly associatgddChinook salmon and coho salmon.
Juvenile'eeho and Chinoalalmon are anadromous afteeding for one or two yeais streams
and riversyand the ilake distributions fobothspeciesare likely influenced by strealacation
and local conditions intkeams Species associations witfictors 2, 3 and 5 also appear to be
influenced by fisHife histories.Alaskablackfishand sculpins are smaiodied benthic or
demersalakeresiderst, and are believed to haleealizedrangesear to spawning grounds in
shallow wateiMcPhail and Lindsey 1970). As such, abundarfdbese specieat different
locationsin the lake are likelynore related to local ecosystem productivity than migration and
habitat selectiopArctic char and whitefish species in seine samples were juveaidgheir
distributions were influenced by locations of spawning habitat along the shoreline amedmnsst
(McPhail and. Lindsey 1970). Rainbow trout akrdtic grayling arefreshwater residents that
largely reside’irstreams and riverand use the lake opportunistically for feeding amglration
between streams. All Pacific salmon species spawibutary streams and rivers on the north
and south shores of Lake Aleknagik, and the distributions of pink and chum salmon in particular
are likely influenced by stream location and dynamics outside of the lake; both of theee spe
occupy the littoal zoneonly for brief periodsas they migratéo the ocean (Quinn 2005).
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Broadly, theSDFA model is a useful tool for quantifying temporal or spatial shifts in in
ecological communities across a range of taxa, spatial and temporal scales, and periods of
observation. (Thorson et al. 2016). Applied here with an environmental covariate, the SDFA
modeloffers a new probabilistic and predictive approach to multivariate species abundance data
that are hierarchical in space and timestimates speciespecific sensitivity to environental
covariates€.g.temperature) and partitions remaining spatiotemporal variability into umetse
“factors™ that'represent positive or negative associations for abundance over time among species
within the'eommunity. The inclusion of a@riatesaddtionally allows for community shifts to
be interpreted according to varying environmental conditions and prediction of futuresspeci
abundance. Developing a method to capture both environmental predictors and residual
covariationramong sites, species, gedrs offers a novel way to ass#s trajectory of shiften
ecological communities, and contributes an important component in understarding th
complexity and nuance of biological responses to climate.

In particular, spatial dynamic factor analysis represents a compromise between
mechanistieiand phenomenological approaches to analyzing community dynamics. On the one
hand, a “mechanistic” approach to community dynamics might estimate the matrix of species
interactions, representing the impact of 1%éase in density for species A on gapita
productivity“of species B for every pair of species. This is w@nt timeseries and spato
temporal models have sought to(tiees & al. 2003, Thorson et al. 201’ However, this
mechanistic approach requires estimating ag n matrix of species interactiorfgheren is the
number ofsspeciesand is not likely to be parsimonious (or even computationally feasible) for
manyspecies;0r when analyzing data frantcommon species in an assemblage (&ke
Aleknagikwhitefish). By contrast, a phenomenological approach like nonmetric
multidimensional scaling (NMDS) provides insigirt the relationship between community
dynamics,and.environmental drivers only through performing post-hoc comparisons, and such
comparisons risk doing “statistics on statistics”. In particular, amadyaiitput from a
dimensionreduction algorithm (e.g., NMDS) as if it were data in a secondary statistical model
precludes the,use of model diagnostics to assess fit to obsefeatbdata\Warton et al.
2015),calculation of datdevel variance explained by each individual factor, or estimates of
statistical significance for environmental covariates (e.g., temperature) while accounting for
spatial autocorrelatioDormann et al. 2007). We note, however, that there are many other ways

to construct parsimonious representations of community associations andionef&issling
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410 etal. 2012), and recommend that future research expand the range of available options for
411 spatiotemporal community analysiairther developing and implementing these techniques will
412 have important implications for conservation concerns, and also for our understanding of how
413 ecological interactions and firssale habitat heterogeneity shape ecosystem responses to large
414  scale disturbances.
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Table 1 Speciesspecificestimats for thewater temperature covariateluded inSDFA.
Estimate values indicate percent change in abundance for each ppeesshl® C increase in
temperature (e.guinegine stickleback increase lyt.9% for eachl® C temperature increase

whereas sockeye salmon decrease by 1)1.8%ues in bold ingtate species with significant

effects.

Species Estimate Standard erro z-value p-value
Ninespine-stickleback 0.119 0.009 13.393 <0.001
Alaska Backfish 0.089 0.020 4538 <0.001
Threespine stiekleback 0.082 0.010 8.350 <0.001
Whitefish spp. 0.056 0.019 2.957 0.003
Sculpinspp. -0.047 0.007 -6.724 <0.001
Sockeye almon -0.118 0.013 -9.076 <0.001
Coho salmen 0.050 0.050 0.995 0.320
Chinook salmon 0.042 0.034 1.241 0.215
Arctic char 0.015 0.010 1.560 0.119
Chum salmen 0.011 0.059 0.187 0.851
Rainbow.trout 0.004 0.069 0.056 0.956
Pink salmon -0.007 0.030 -0.245 0.806
Arctic grayling -0.052 0.102 -0.515 0.607
Fig. 1

Map of Lake Aleknagik, Alaska. Black dots indicate beach seine sample locations, and plots
adjacent to.each display linear model fit for surface water temperature across years; black lines
indicate a.significant model fit, and theayis values are °C. The bottom left inset shows mean
annual values and linear model fit of July epilimnetic water temperaturelf®63-2014 (black

line); gray lines,show sitepecific limnetic temperatures where records are available.

Fig. 2
Factor loadings for each of 13 fish species, indicating the direction and strenggtieks

association with each of five factors in the selected modelhaftanax rotation in the SDFA.
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Fig. 3

For each of five factors, the right panel indicates the trend over time at each site (gray lines) and
the mean trend across all sites (black line). In the left panel, colored dots indicate the mean factor
values asgoated with each site. Warm colors (red = maximum) indicate high values and high
association. and cool colors (dark blue = minimum) indicate low values. See Figure 2 for species

associations'with each factor.
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