© 00 N O o A WDN P

N NN RN NNDMNNNNERERPRERERERPRER P P P P
© 0 N o U1 B W NP O © 00N O 0l M W N R O

Article Type: Original articles
Foraging behavior and optimal microhabitat selectioviukon River Basin nonanadromous
Dolly VardenCharr(Salvelinus malma)

Bryan Bozemah
bryanbozeman@uga.edu
(931) 200 - 0953
180 E Green Street, Athens, GA 30602

&
Gary Grossman
grossman@uga.edu
(706) 542 — 2686
180 E Green Street, Athens, GA 30602

Daniel B. Warnell School of Forestry and Natural Resources
The University of Georgia, Athens, GA 30602

'Corresponding author

This is the author manuscript accepted for publication and has undergone full peer review but has
not been through the copyediting, typesetting, pagination and proofreading process, which may
lead to differences between this version and the Version of Record. Please cite this article as doi:
10.1111/EFF.12477

This article is protected by copyright. All rights reserved


https://doi.org/10.1111/EFF.12477�
https://doi.org/10.1111/EFF.12477�
https://doi.org/10.1111/EFF.12477�
mailto:bryanbozeman@uga.edu�
mailto:grossman@uga.edu�

30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

FORAGING BEHAVIOR & OPTIMAL MICROHABITAT SELECTION OF DOLLY VARDEN

Abstract

Species onservation requires understanding tiechanistigprocesssof habitat seleadn and
their effects on fithessNonethelesshere are few fitneslsasechabitat selectiomodels for
aguatic organismsWe examind multiple aspects of foraging behaviof nonanadromous Dolly
Varden Charr$alvelinus malma) in Panguingue Creek, Alaska, USAd appkdthese data to
testa fitnessbasednicrohabitat selectiomodel. Velocity negatively affectegrey capture
success, positite affectedholding velocity, and hado effect on reactive distancBominance
was a better predictor of prey capture successlémgthdifferencebetween competitors, but
there was nogelationship between these variables and holding velocitytiverdetance.We
used the velocity preycapture success relationship to parameterize the microhiadutizéit
selection model and comparte predictedoptimal holding velocity to the 95% confidence
interval (24.9 — 29.3 cm/s) of holding velocities occupied by Dolly Varden (N = 29) in
Panguingue Creek. hE predictiorof 24.0 cm/dell just slightly (0.9 cm/sputsidethe lower
limit of theeonfidence intervalthe model barely failed to predict holding velodiy this
speciesn Panguingue CreekAlthough this discrepancy fell within measurement errardeh
failure alsamay have been due to influenziehigh turbulence on fish holding velocities in the
creek low.sample sizes imposed by permitting limitatiomfield logistical issuesThe
relationship between velocity and prey captuecesss animportantaspecof drift-feeder
habitat selection Ouroptimal holdng velocity prediction for Dolly Varden should aid in the

managementand conservatiortlog species

Keywords: Dolly Varden, net energy intake model, drift feeding, habitatteeeuelocity

I ntroduction

Our.ability to conserve species largdspends upon our understanding of how
organismsnteract and selettabitats Temperate streams in the Northern Hemisphere are
dominatedoy fish species thdeed on drifting invertebratdge., drift-feeders; Grossman, 2014;
Piccolo, Frank, & Hayes, 201,4nd many of these speci@xluding the Salmonidaare

economielly important Drift-feedingis a fairly stereotypical feeding behavior tiatolves:1)
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FORAGING BEHAVIOR & OPTIMAL MICROHABITAT SELECTION OF DOLLY VARDEN

holding arelatively constanposition in thestream(i.e., the holding position), 2) identifying
potentialprey in the drift, 3) pursuing and capturing the prey, and 4) returning to the holding
position. Despite the substantial abundance and high diversity of lotitedalers, little is
known about the mechanics of drieding itself Only over the past two decades have
ecologists begun to explotige relationships between velocity, reactive distance and prey
capture and. this just for a very few species.

The'most common method used to quantify microhabitat selection (i.e., at the position of
the fish) indrift-feederds by conducting correlational studies based on variables previously
shown topotentiallyinfluencehabitatselection(e.g., velocity, depth, substrate composition).
Nonetheless sthese methods only establish correlations not mechanisms, &aderiagied
utility in identifying the causal relationships producing habitat sele¢@oossma, 2014). In
recent decades; rehergy intake (NEI)fithessbased approaches have gained favor as an
alternative to correlational approaches becausedsi@yatehe energyairedby an individual
via occupying a given microhabit@Rosenfeld, Bouwes, Wall, & Naman, 2014).

SeveralNEI modelshave been developéadr drift-feederssince Fausch’'€1984)
foundational model (Piccolo et al., 2014)heBe modelsary in complexity andncorporate
different eembinations dfabitatvariables including:prey capture success and velog¢éyg.,
Grossmany'Rincon, Farr, & Ratajczak, 2002; Piccolo, Hughes, & Bryant, 2008a; Piccolo,
Hughes, & Bryant, 2008b); invertebrate prey and habitat abundance (e.g., Rosenhésiid &
2009); turbidity (e.g., Harvey & Railsback, 2008ach carrying capaci{e.g., Hayes, Hughes,

& Kelly, 2007);reactive distancée.g., Hughes & Dill, 1990Q)ntraspecificcompetition(e.g.,
Hughes, 1992;'Railsback, Harvey, Jackson, & Lamberson, 280@yming cost (e.g., Hyes,
Stark, & Shearer, 2000); and woody debris (e.g., Wall et al., 2017). Furthermore, thelse mode
potentiallyrepresentobust management tools because they can be linked to multidimensional
models ofstream flowand used t@roduce more realistic estimatafshabitat quality and

guantity at.reach and watershed sc@tsyes, Goodwin, Shearer, Hay, & Kelly, 2016; McHugh
et al., 2017;Railsback, 2016).

Altheugh NEI models show great promise in elucidating the causal mechanisimg be
microhabitat selectioriew NEI modelshave been tested multiple systems or with multiple
speciegbut see Bozeman & Grossman, 2019; Donofrio, Simon, Neuswanger, & Grossman,

2018) Likely, this is a result ofhelogisticaldifficulties of quantifying boththe cos$ and
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92 benefitsat a giverholding position datarequired by manWEI models. Typically, costs are
93 estimatedirectly via swimming respirometr¢Facey & Grossman, 1990, 1992), via published
94 data forsurrogatespecies, or less commgrfbr the species of interesHowever, Hill and
95 Grossman (1993) and Grossman et al. (2002) found that the imcafstost datdéswimming
96 respirometry.energy estimates) in an NEI model led to greater vadadaeduced accuracy
97 optimalholding/velociy predictions Consequently, they developed reduced models, based on
98 foraging'costsaloneThe reducedEIl model estimates an optimal holding position based on the
99 experimentally“derivedelationship betweeprey capture success and velocégd has
100 successfully predicted field holding positions for four cyprinid species and tmosials(small
101 Rainbow TroutOncorhynchus mykiss, and Arctic GraylingThymallus arcticus) (Bozeman &
102 Grossman;»2019; Grossman et al., 2002), although it failed to predict holding positions of
103 juvenile Chinook Salmorncorhynchus tshawytscha) and Arctic Grayling in Panguingue
104 Creek Alaska respectivelyBozeman & Grossman, 2019; Donofrio et al., 2018). The Grossman
105 et al.(2002) modehas severadvantage including its logistical simplicity and tractability and
106 its successfulesting in multiple habits with multiple specieNoneghdess the robustness of the
107 model only":can’be determined taythertestingin different habitats and with different species,
108 hencethe'present study
109 Quroverall objectives involved elucidation of the mechanics of thrigingand
110 microhabitat selectiohy an understudied, nonanadromous population of Dolly Varden Charr
111 (Salvelinusmalma, henceforth Dolly Varden Consequently, we quantified the relationship
112 between wateryvelocity and prey capture success, holding velmeitseactive distance, and
113 used portions-of these dataparameterize and tetbte robustness of th@rossman et a{(2002)

114 NEI model, with this population.

115
116  Test Species
117 Dolly. Varden are widely distributed across the Pacific Rim from the Pacific Northwest

118 U.S.A. throughout the Alaskan Peninsula and Northwest Territories to easteanédslze

119 Northern Japanese archipelago (Armstrong & Morrow, 1980; Dunham et al., 2008; May-

120 McNally, Quinn, & Taylor, 2015; Reist, Johnson, & Carmichael, 1997; Reist, Low, Johnson, &
121 McDowell, 2002). Panguingue Creek contains a nonanadromous f@oilpfvardenthatis

122  widely, but patchily, distributed in interior Alaska. Little is known about nonanadromolys Dol
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123 Varden, but the aresignificantly smaller (maximum size in Panguingue Creek260 mm in
124 length or 0.5 kg in mass) and perhaps youngetd 10 yeansthan migratory formgArmstrong
125 & Morrow, 1980; Bond, Miller, & Quinn, 2015; Koizumi, Yamamoto, & Maekawa, 2006;
126  Washington Department of Fish and Wildlife, 2000plly Vardenare opportunistidrift

127 feedersalthough it is likely that the anadromous form is more piscivorous, given its much large
128 maximum sizd760 mm; Washington Department of Fish and Wildlife, 2000). Nonanadromous
129 Dolly Varden 1yYoccupysmall,harsh(i.e., typically iced over from October to April or May),
130 highlatitude'streams?2) spawn during late summer and early fall, anov&rwinter in gravel
131 and woody substrate (Armstrong & Morrow, 1980; Jonsson, Hindar, & Northcote, 1984;
132 Krueger, 198%). In Alaska, Dolly Varden are important subsistence and sport figh; som
133 populations‘supplement subsistence harvest in areas where salmon are |ésk(plhet al.,
134 2017; Harding & Coyle, 2011). Nonethelesasic biological information is lacking fonost
135 Dolly Varden populations in the Pacific Northwest (Washington Department of ikdish a

136  Wildlife, 2000; Williams et al., 2015).

137 Thetaxanomic and ecologicdifferences betweemonanadromous Dolly Vardemd the
138 four cyprinid and one salmonid species previously us¢estaheGrossman et al. (200R)El

139 modelmake,the former an excellent candidatetéstingmodel robustness-or exampleDolly
140 Varden are“patchily distributed andcupystreams wittharsh climate regimeshereasthe

141 speciegreviously usedo test the Grossman et @2002)NEI model occup a flashy but

142  climatically.benign stream in the Southern Appalachian Mountains. Previous tésts of

143 Grossmanseta(2002)NEI model with Alaskan species yieldbdth positive and negative

144  results(Bozeman & Grossman, 2019; Donofrio et al., 20@8)ich indicates that further testing
145 of the modelespecially with a species as ecologically distinct as Dolly Vaisergrranted.

146

147 Materialsand.Methods

148 Experimental Procedures

149 We used aimethodology described in several recent papers (Bozeman & Grossman, 2019;
150 Donofrio et'al, 2018)henceour descriptionsvill be brief. Dolly Varden were capturdd

151 August 2015 and September 20t6°anguingue Creek in central Alaska (NenBnaer

152 drainage, WGS84 Coordinates: 63.906 N, 149.095 Rénguingue Creek atypical low-order,
153 relatively clear, interior Alaskstreamthat flows into the glacialinfluenced, turbid Nenana
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River of the Yukon River BasinThe reach of Panguingue Creek where specimens were
collected had an average watenperature of 10 °C, average depth of 35 and average
velocity of 56 cm/s (range: 4 — 126 cm/3he creeksupportsaa migratorypopulation of Arctic
Grayling (Thymallus arcticus), dlong withoccasionakculpin Cottus sp.) and whitefish
(Coregonus.sp.). Due to permitting restrictions by Alaska Fish and Game, we only blera
obtain 30 Dolly’Varden (captured via hook and lindje then immediatelgwithin two days of
captureXxshipped fish (15 in 2015 and 15 in 2016) to the University of Gamigiair freightin
chilled, insulated containers. Transportation never lasted longer than 48 hours ancshaoe
evidence ofmortality, diseaseor impaired behavidrom transport. We originally placed fish in
large holdingdtanks but theerritoriality wassufficiently strong that ten fish were injured prior
to developing a satisfactory holding procedure (i.e., no more than five fish in a 700 litank, w
substantial intetior structure).

We assesseiraging behavior iexperiments utilizindpoth individual fish §ingleFish
Experiment SFB andpairs of fish (Dominance ExperimemE). Specimens from the second
shipment wererused in ti&-Eandthe DE. Mean standard lengths (minSD) and masses @
SD) of experimental specimengrel65+ 24 mm and 52.& 21.1g. We assumed all
experimental specimens were aduMe held fish in tankat 10° C, which matched field
collectionstemperaturgd0° C, N = 29).Holding times of specimens varibétween 3 and 134
days beforegheir use irsinglefish experimentsWe fedfish frozen blood wormsGlycera) ad
libitum during the holding period; howeveations weravithheld one day prior to the start of a
trial to increase,feeding motivatig@rossman et al., 2002).

We eoenducted experimentsar3.5 m L x 0.75 m W x 1.0 m H artificial stream flume
(see Figure 1 in Bozeman & Grossman, 201®¥st subjectsvere confined ta1.5 m L x 0.75
m W x 1.0.m Hest chambeftop half of the stream flumepounded upstream by a polyvinyl
chloride (PMC).collimator and downstream by a mesh and PVC barrier. The PinGatmi
reduced flow.heterogeneity by distributing flow approximately everysache width of the
test chambeand allowed us to maintain accuracy in velocity tridlee downstream barrier
ensured thagpecimens remained in view of cameras and observer. We filled the stream flume
with dechlorinated tap water (turbidities < 0.001 NTU'’s, Athens-Clarke County)dpth df 40
cm. We drainedand refilled the strearfftume approximately every five days neaintain water
quality andminimize debrisaccumulation. Water clariignd general conditions the flume
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(https://youtu.be/zHbyNTxelxMweresimilar tothose ofthe test stream, Panguingue Crésde

https://www.youtube.com/watch?v=HpGrtChuAbiklthough the substtum was much less

complex andvater was clear rather thaamic. We controlled water velocity with two 24{80-
pound thrust), variable-speed trolling motors, arantained water temperatures with an
electronic chilleiplaced behindhe test chamberSeveral thin strands of bambaere attached
to the collimator which replicated natural streaaverand prevented fish from taking up a
holding"position in front of the prey-delivery tubes. Wade allobservations from behind a
blackplasticsheetingo minimize disturbance.

We used frozen bloodworms (8:8..4 mm, N = 50jor test preybecausehey: 1)
resembledsnatural preg) elicited natural foraging behavior in Dolly Varden, andagre
readily visiblein videos of experiments. dgisticaly, it was impractical t@btain anduse
Alaskan invertebrates as test prdyish were fed during experiments byassistanmivho flushed
preyinto the test chambeising water injectethrough one othree plastic tubes (6 mm
diameter)mounted at a depth of 8 cfirom surfacepn the collimator. To ensure pregre
delivered paturally throughout the flume we spaced feeding atldEscm intervals across the
width of the test chambeiVe filmed each trial witldual video camerdsr subsequent video
analysis with,VidSync 3D video ahgis softwargwww.vidsync.com; Neuswanger, Wipfli,

Rosenberger, & Hughes)

Velocity & Reactive Distance Measurements

Ourexperimental design included thcéterent velocity measurementk) treatment
velocity, 2) helding velocity, an) capture velocity Treatment velocitiesanged from 10 to 70
cm/s (10 em/s incrementapdrepresentethevelocities at which prey were delivered to
specimens Iin the test chambénmediately prior to each velocity trial, weeasured treatment
velocity acress.the width of the mid-point of the test chamber (n = 3) at 8 cm deptthé
surface (prey.delivery depth) with an electronic velocity miited.01 cm/s).

Similar to most salmonids, Dolly Varden generally held pasiiioa small and corsent
area from whieh they salligdrth to capture prey. Wmeasured velocity at this position and
termed it*holding velocity’. Holding velocitywasmeasured after completion of a trial usarg
electronic velocity meter placedfish locations identified via video recordings, observer
records,and benchmarks dheflume (Bozeman & Grossman, 2019QPn rare occasions when
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an individual held position at multiple locations during a tiad,calculatedholding velocity as
the average velocity of tise positions. In previous studies, holding velocityldeses termed
focaklpoint velocity (Grossman, 2014; Grossman et al., 2868)s the optimal velocity
predicted by the Grossman et@002)NEI model

Dolly.Varden rarely failed to capture pregyexperimentsand @pture velocity
representedhe velocityof drifting prey when caghtby atest fish We estimated capture
velocity"by'marking the prey itent any point whereisible in trial videos and again at the point
of captureand-usedidSync (Neuswanger et al., 2018&) calculate the elapsed time and distance
between those two points. The strong linear relationship and high correlation beteyeen pr
capture velocities and treatment velocitie4 /.97, y = 0.89x + 3.47) is evidence that our
treatment velocities delivered prey at the desired velocity throughout the duration of trials. All
velocities were recorded in cm/s.

Reactive distance representbd distance between the nose of a forgginft-feeder and
a prey item when the fish first orients towards the prey to initiate pursuit and capture. We
estimatedreactive distance using VidSyNeuswanger et al., 201,6yhich calculated the
distance between the prey item and nose of the experimental specimen at the moment of fish
orientation.towards the prey. Reactive distance was measured in three dimevishoihe
theoreticalsmaximum reactive distance beingdiagonal through the test chamber (i.e., from
low, near, rear corner to high, far, front corner). Given the dimensions of thbasdter with a
water depth of 40 cm, the main diagonal (i.e., maximum possible reactive distasck)/&an.

Single-FishuExperiment

We quantified relationships between water velocity:adorey capture success (proportion of
prey captured),,.2) holding velocity, and 3) reactive distaioceach fish inthe SFE We used
standardize@gxperimental methodsom our laboratory (Bozeman & Grossman, 2019; Donofrio
et al., 2018; Grossman, 2014jor clarity,avelocity trial consisted of theesults froman

individual Delly VVarden subjected to the 10-70 cm/s velocity treatment sequethes a
experiment'comprised a s#tvelocity trials for a group of individuallytestedDolly Varden

We replicated the SFE twice, once with a group of five fish and the second with a group of 15
fish.
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246 Treatment velocities began at 10 cm/s and increased in 10 cm/s increments up to 70 cm/s
247 and fish were restefdr 30-minute periods at low velocity (~5 cm/s) between treatment

248 velocities We released 9 prey pgeatment velocitysee belowpandendedvelocity trials when
249 fish exhibited a large reduction in prey capture success (i.e., captureevizzoiof the 9 prey
250 presented)Experiments typically lasted-34 hours depending on fish prey capture success
251 rates.We used/a sequentially increasing design for vgldeatmentdecause we were

252 concerned about potential carryover and stress effects imposed by a randonjedgsign

253 carryover'stress incurred bgsting at 10 cm/s immediatedfter 70 cm/s) Unfortunately, our
254  collection{permit dichot allow ugto teke the number of fish required for a random design with
255 each fish tested at a single velociyn additionaljustificationfor testing at asequential velocity
256 regime isthe'fact thafish in natural streams typically experience velocity differences as

257 gradients ratherthan as thlerupt shiftan velocity that might occur with random treatment
258 orders (e.g., 10 cm/s after 60 cm/3his methodology simplified experimental logistiasd at
259 s unlikelythat specimens became tired or were fed to satiation over the course of the

260 experiments:

261 Theday prior to a trial, we measured, weighed, and manaetkperimental specimén
262 the test chamber to acclimate overnightero velocity On he day of the trial, we allowed the
263 individualteadjust to flow via a 1Btinute lowflow (~5 cm/s) acclimation period. After the
264 acclimation period, we gradually increased treatment velocity to 10 cnifd) veipresented the
265 first test velocity trial To begin eaclvelocity trial, we sequentially released five prey into the
266 test chambperto initiate foraging behavior. Once the individual captured onefioktheey, we
267 began the @rey release sequence of the velocity tri@ccasionally, an individ&ailed to

268 capture one of the first five prey released or behaved unusually (e.g., swam erratically). When
269 this occurred (<.5 times) we rested the specimen for 30 minutes at low flow levels before
270 initiating the velocity triakequence again. If the individual continued to exhibit unnatural
271 behavior, it was eliminated from experime(itgo fish).

272 We_ sequentially delivered praytrials via the prey delivery tubesing arandonty

273 determineditube sequence. On occabien ~ two or three times pénal) we eliminated a prey
274  from observations if inppeared to paseyondthefish’s field of vision, or if thespecimen was
275 still trying to capture a previous prey. In these cases, wased an additionglrey (i.e., same

276 tube and prey sequence) to ensure all fish were presented with nime @gynilar manner
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277  After nine prey had been presented, we rested the individual for 30 minutes at 5 cnofstiflow
278 the followingvelocity trial Velocity treatments increased if tm/s increments until the

279 individual captured two or fewer of the nine delivered prey, at which point the asaénded.
280 We recorded prey capture success and holding velocity during and immefdibo@hng each
281 velocity triak-We recorded reactivdistance and capture velocity via 3D video analysis upon
282 completion,.of laboratory experiments.

283

284 Dominance Experiment

285 TheDominanceExperiment DE) quantified the effect of dominance amdiativefish size on

286 prey capture success, holding velocity, and reactive distance by condugdtioigy trials with

287 two Dolly Varden(N = 14) in the test chambhele rested individuals between 1 and 52 days
288 between SFE andE. TheDE consisted of 7 pairs of individuals with an average standard
289 length of 170 mm (SB 24 mm) and an average mass of 51.6[0{ 20.4 g). Individuals

290 within pairs.differed in standard length by an average ohB8b(range 75- 5 mm) and in mass
291 by an average'of 30.6 g (range 683.7Q).

292 We maximized the length difference between pairs of fish in theyDdequentially

293 selectingthe largest and smallest individuals from the holding {fgécontinuedthis séection
294 method.until all individuals had been selected (i.e., 75 mm size difference bgtaied and 5
295 mm size difference between pair 7). We followed the samesteacclimation process in the
296 DE asinthe SFE.

297 Methods, for thdDE were nearly identical to the SFE, except that we delivered 18 prey
298 pervelocityttrialin theDE to maintain constamireyAelocity trialfish ratio between

299 experiments. We ended trials when both fish cumulatively missed 6 or more of the 18 prey. We
300 used this criterion for endingelocity triak because we did not believe the stream flume was
301 capable ofpreducing or sustaining velocities that would result in both fish missingrigtepf
302 the 18 prey:

303 We.added two categorical predictor variables to our analyses fDiEhleolding position
304 and size ranks, We recorded the holding positions of both fish duringeladity trial and

305 classified positions as “central” (approximate fpmttion of the test chamber on the x, y, and z
306 axes) and “peripheral” (& departure fromhte central position). Weasedhis classification

307 system on more than 100 observations of fish holding positions during the SFE, where fish
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308 almost always occupied the rezantral portion of the test chamber when alone (

309 https://youtu.be/zHbyNTxelx)M Salmonids preferentially rank and select holding positions via

310 dominance hierarchies in streams, with dominant individuals occupying ideabpssitid
311 subordinate individuals occuipyg lessfavorablepositions (Fausch, 1984; Jenkins, 1969).
312 Therefore, we.classified the individual that occupied&aecentral or centrgbosition in the
313 test chamber as “dominant” and the individual that occupied the peripheral position as
314 “subordinate”'Size rank (i.e., larger and smaller) was determined based on size differences
315 between individuals in a pair. Finally, because we used individuals DEhkeat also had been
316 part of the SFE, we were able to calculate the cost of competition by cagpatividual prey
317 capture suecess in tiE with the corresponding individual’s prey capture success in the SFE,
318 as well as'ealctlating the difference in prey capture success between dominant and subordinate
319 pairs in the experiment itself
320
321 Net Energy.lntake Model Test
322 We used therdata from the SFE to parameterize and test the Grossm@0O8RaNEI|
323 microhabitat selectiomodel. The NEI model prediction is based on the relationship between
324 water veloecity and prey capture succespressed as
325 (1)

P=1/(1+ e+
326
327 where P isfprey. capture success (proportion of encountered prey capturedjedhisvaiocity
328 (cm/s), andsbrand c are curve fitting constants obtained from the prey capturs suceegi.e.,
329 P versus V]HIill & Grossman, 1993). Although net energy intake for deftders at a given
330 stream paosition,is a function of swimming costs (S), fish visual reactivefdreaoficentration
331 of prey inthe.drift (D), in addition to stream velocity (V), Grossman et al. (2002) found that D,
332 A, and S can.be held constant across the range of velocities occupied-fgedefts. Therefore,
333 the simplified NEImodelis a function of the relationship between velocity and prey capture
334 success described as
335 (2)

e®*+V) = 1/(cV - 1)
336
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which can be solved iteratively using curve-fitting constants b and ¢ from theaptire
success curvi yield a single NEI optimal holding velocity prediction. The value of V where
left and right sides of Equation 2 are balanced is the optimal holding velocity mredartithe
NEI model, or the velocity at which @ivfeeders should theoretically be maximizing net energy
intake.

Our.NElmodel makes several assumptions: namely that energy content of {hrey
drift (D); fish*visual reactive volume (A), and metabolic cost of swimmingliShaybe held
constant a@ss'the range of velocities occupieddoy test specie§Grossman et al., 2002).
Although we have not tested these assumptions directlyhthaybeen indirectly validated by
the fact that the model has produsedcestil holding velocity predictions fdiive species
resident toSouthern Appalachian streanjFacey & Grossman, 1992; Grossman et al., 2002; Hill
& Grossman, 1993) and Alaskan Graylinghe RichardsoiClearwater Rive(Bozeman &
Grossman, 2019). Previous studies found that turbulenc@gingmaneuvers magause
swimming costs to increase more rapidly with velocity comparédltting a steady position in
relatively laminar currentEnders, Boisclair, & Roy, 2003; Hughes & Kelly, 1996); however,
Hayes et al(2007) did not include swimming costs in a subsequent NEI model due to difficulties
in accounting for these costs in foraging mod@&@seth Facey anéGrossman (1992) artdill and
Grossman+«(1993) found that fishes did not occupy high cost holding velocities in a Southern
Appalachian stream; a findirggmilar to HughesandDill (1990)for Artic Graylingin an
Alaskan streanand Hayes et a(2000) for Brown Trout$almo trutta) in a New Zealand River
Additionally;*Piccolo et al. (2008a) foursstvimmingcosts to be relatively iamportant in
determiningseptimal foraging velocities of two salmoniésnally, quantification of A, D, and S
is logistically difficult and 6 our knowledge, ther@eno extant datéor any ofthese variables
for Dolly VVardenor other charr.Certainly, some of the main strengtbfthe Grossman et al.
(2002) NElLmodehreits simplicity, logistical tractabilityand, consequently, potentialliiyi to
managers.f the model succeeded in predicting holding velocities occupied by Dolly Varden in
PanguinguesCreakwould be one more piece of evidence that model assumptions are robust,
whereadailure would suggest threverse

We tested therediction of the NEI model by comparing the optimal holding velocity
prediction to holding velocities of drift-feeding Dolly Varden (N = 29) in PangueénCreek
during the summer of 2015 and 2016. We considered the model prediction to be successful if it
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fell within the 95% confidence interval of the holding velocities occupied by Dalgd&h while

drift-feeding in their natural habitat and unsuccessful if it did not (Grossman et al., 2002).
We measured thieolding and capture velocities of Dolly Varden in Panguingue Creek

usingtwo stereo, video cameras and VidSync 3D video analysis softwane.{/idSync.org.

We estimated,holding velocities by locating a digkding Dolly Varden in the camera
viewfinders and releasing Israeli couscous into the current upstream of thisrpoblost
couscougarticleswereneurally buoyant, and we used thesesgtimate field holding velocities
of fish usingVidSync. We averaged the velocities of the six trassasesto a drift-feeding
Dolly Varden. Capture velocities were estimated using the same method as laboratory
experiments.sHolding and capture vetgeneasurementsere based on an average of 99

measurable‘foraging attempts per digeding Dolly Varden (N = 29).

Statistical Analysis

The SFE was comprised of identical laboratory experiments conducted on twatesepar
shipmentssof*Dolly Varden (N =5 and 15). We ran taibedt-teststo compare the values of all
response variables between the two groups of Dolly Vaeatleach treatment velocity.oNe of
the response variables differsignificantly (alpha> 0.05); herefore, wepooled data from both
SFE trialssBecause of a camera malfunction, sample sizes were slightly smaller for reactive
distance analysgdl = 18) than prey capture success and holding velocity (N arZysesn

the SFE.

Wewused an informatiotiteoretic multi-model infeence approac{Burnham &
Anderson,2002) to quantify the relative effects of three fixed, continuous predictiylgarmn
three response variables. The predictor variables. Weteeatment velocity (cm/s) fish size
(standard lengtiSL mm), ancB) days in aptivity. The response variables wetgprey capture
success (proportion) holding velocity (cm/s), and) reactive distance (cm). We analyzed
effects ornresponse variables by constructing models containing all three predictdlesii.e.,
the global.medel) and all possible reduced models, including an intercept-only modtie For
DE, we added.categorical predictor variables of size rank (i.e.rlargenaller) and dominance
status (i.e., dominant or subordinate based on holding position) to our candidate model sets.

We used generalized linear modetgnt’, link = ‘logit’) for prey capture success and

simple linear model§lm’) for holding velogy and reactive distancaVe did not analyze our
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399 data for interactiondyecause we were primarily interested in main effects and interaction terms
400 cannot be included in equal numbersmafdels as main effects whitthenbiases model

401 averaged coefficierdstimategBurnham & Anderson, 2002).

402 We used Akaike’s Information Criterion for small sample sizes (AlCc) to evaluate the
403 relative explanatory power of each model given the candidate set and tfiBwtateam &

404 Anderson,2002) Because AICc is a measure of the relative in&diom lost from the data given
405 use of a'specific modéBurnham, Anderson, & Huyvaert, 201@)e best model in a candidate
406 set has the'least information loss, the lowest AICc valueghendighest Akaike weight (W We

407 ranked maodels based on,which ranges from 1.0 (zero information loss) to 0.0 (complete

408 informationiloss). We estimated the comparative explanatory power of a givehbymode

409 dividing the“w of the best model in a candidate set by thefweach subsequent competing

410 model, which produced the likelihood of a given model being “thu€bmpaison to the best

411 model given the dat@rossman et al., 2006). Finalls peiBurnham and Anderson (2002),

412 we only interpreted models in the candidate set that hadlwes> 10% of the model with the

413 highest w.

414 We used model-averaging to produce robust parameter estimates and 95% confidence
415 intervals(Burnham & Anderson, 2002)Ve averaged parameter estimates across all models
416 evaluatedyincluding those where the variable was not present (Lukacs, Burnham, 8oAnder
417 2009). We determined the relative importance of each predictor variab)efmsumming the

418 model weights (W across all models containing the predictor variable of intéBeshham &

419 Anderson«2002).

420 We used an information theoretic approacheathan a series oftésts or other

421 frequentist approaches, because we were interested in evaluating the relative predictive value of
422  our predictor variables (Burnham & Anderson, 2002). A frequentist approach could not be used
423 to evaluate.this.nor would adjustmerip-values for multiple comparisomavepermitted this

424  approach The.information theoretiapproach produced parameter estimates with a directional
425 componentywhich allowed us éstimate the direction and magnitude of the effect of each

426 predictor variable on our response variabM& analyzed all modelsnanually built AICc

427 tables anadtheckedheir outputagainstthat of“AlCcmodavg” (Mazerolle, 2016and “MuMIn”

428 (Barton, 2016). Modehveragd paramier estimées (3) were createdsing package “MuMIn”

429 (Barton, 2016) in R 3.2.:{tps://www.Rproject.org. This research was completed under
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AUP# A2014 05-030-R1 approved by the IACUC of the University of Geolgigerimental

specimens were euthanized and frozen for preservation upon completion of experiments.

Results

Prey Capture.Success

Treatment.velocities ranged frabd to 70 cm/s, but few fish caught prey at velocities above 50
cm/s. Consequently, there was a strong negative relationship betweenriteaiowty and

prey capturesuccess in baxperimentsf =-0.092 and -0.034, Table Riguresl & 2). For

the SFE, the model with the greatest explanatory power for prey capture success was the global
model (w =070, Table 1, pseudd R 0.498). The only othénterpretablenodel(w; > 10%

of the best'model) was the velocity and fish size model, which wdsra8 less likely to be true
given the data than the global model (Table 1). Fobtaeghe model with the greatest
explanatory power contaadtreatment velocity, fish size, @zank, and holding position (w

0.76, Table. 1, pseudd’R 0.553). Adding days in captivity to these variables, which produced
the globalmmodel, resulted in a 3.2-fold decrease in explanatory poywerQ(&4, Table 1).

In addition to treatmentelocity, fish size (both experiments), holding position and size
rank OE)-all.affected prey capture successdeachof these variables were included in every
interpretablé model iexperimentgTable 2). Fish sizhad a positive effect on prey capture
succes$n SFE and a negative impact in the DEF0.017 in SFE &3 =-0.033 inDE, Table 2).
Being sibordinate anttaving asmaller size rankoth negatively affecteprey capture success
(B =-3.2107and,-0.661, Table 2, Figure 2AB& in the DE. The other predictor variable, days in
captivity, had95% confidence intervals that overlapped zero in both experiments,isggpast

it had little explanatory powdiable 2).

Holding Velocity

Holding«Vvelocity increased with increasing treatment vigjan both experiments(=
0.504 and.01652, Table,2)ut at a slower rate than capture velocity (Fig@r&s4). For the
SFE, the model includingeatment velaty and fish sizadisplayed the greateskplanatory
power (w = 0.65, Table 1, R= 0.669, followed by the global anleatment velocitynodels
respectivelyw; = 0.26 and 0.09, Table 1For theDE, no single model contained more than
20% of the explanatory power (Table 1). The model containing treatment velatitgize, and
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holding position and the treatment velocity model each accounted for 18% of the explanator
power given the datgR? = 0.507), with the remaining 64% split amongst 12 models (Table 1).
Model averaging indicated thaeatment velocityhad the highest explanatgopwer with

respect ta&changes in holding velocity and was included in evwetigrpretedmodel for both
experiments.(w = 1.00, Table 2). Every other predictor variable had confidence intervals that

overlapped,.zero, meaning they had little to no effect on holding velocity (Table 2).

Reactive Distance

Analyses of reactive distance data indicated a lack of explanatory power for predictor
variables(Table,1 Figuress & 6). Oddly,the model with thgreatesexplanatory power in the
SFEwas the intercepinly model (i.e., no predictor variables includéa) = 0.38, Table 1).
Adding a singlepredictor variable to the models resulted in at leasfa@l@ decrease in
explanatory power (Table 1). For tB&, only two candidate models contained more tha#b 1
explanatory power: the fish size mode} é0.16, Table 1, R= 0.089 and the treatment
velocity andsfish size model {(w 0.14, Table 1). An additional 16 candidatedels were
interpretablebut all contained 9% or less explanatory power (Tablé\ll)predictor parameter
estimatesshad 95% confidence intervals that overlapped zero, edmtihms their low

explanatory"power (Table 2).

Cost of Competition

Dominance was a better predictor of prey capture success than size rank between
individuals'(kigure A & B). Interestingly, size rank between competing individuals was not
necessarily a good indicator of dominance because smaller individuals weredbimi27% (9
of 33) of DE trials although this only occurred in pairs where size differences were small (< 1.5
cm). Subordinate and smaller individuals each captured fewer prey than their dominant and
larger counterparts; however, the magnitude of thferdihce wasar greater for dominants and
subordinates'than larger and smaller individugls ¢3.210 versus -0.661, respectively, Table 2;
Figure2A &'B). Furthermore, dominant individuals captured more prey than subordinate
individuals in 82% (27 of 3) of DE trials whereas larger individuals captured more prey than
smaller individuals in 55% (18 of 38§ DE trials Mean size difference between paired

individuals was 3%nm (SD+ 29 mm, range: 75 mm — 5 mm).
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492 Being dominant had a strong effect on individual fitness, because dontaphised

493 50% more prey than subordinatesrpss all velocitiessigure7A). Nonetheless, there was a
494  cost to being either dominant or subordinate, becallifish captured lesgrey than they did in
495 the SFE, especially at low velocitidagure7B). Interestingly, dominant individuals exhibited
496 ~10% greater,prey capture success than in the Slkigharvelocities(i.e., 40 and 50 cm/s) and
497 subordinate individuals display@deycapture success ratequal to those in the SFE at the 50
498 cm/s treatmentvelocity (Figui#). Lastly, neither size rank nor dominance influenced holding
499 velocity orreactive distance (Figuré& & B and6A & B) and 95% confidence intervals for
500 both predictor variables overlapped zero for holding velocity and reactive digiEadde 2).

501

502 NEI Model"Fided Test

503 We obtained values for b and ¢ of Equation 2 of 3.74 and x@8Bectivelyfrom the
504 prey capture successrsusreatment velocitgurve. Using these values, we iteratively solved
505 Equation 2 which yielded an optimal holding velocity of 24.0 cm/s. The 95% confidence
506 interval ofelding velocities of Dolly Varden chgN = 29 in Panguingue Creekas24.9 —
507 29.3cm/s (mean =21 cm/s). Therefore, theprediction of the NEI model fell just outside (0.9
508 cml/s)therelatively narrow (4.4 cm/s) confidence interval for holding velocitiespoed by

509 Dolly Varden in Panguingue CreeKhisdifference (0.9 cm/s) certainly was within

510 measurement error and aldeely affected by theelatively small sampkesizes of our

511 experimental (N = 20) and field data (N = 29he narrow confidence interval and small

512 difference between the model predicteomd the lower bound of the confidence interval are
513 particularlysneteworthy, given that the range of possible velocitiagpoed in Panguingue

514 Creek was large (i.e., velocity range in Summer 2016 wa$2b cm/s, n = 72).

515

516 Discussion

517 Little is known.about the mechanics of drift-feeding for ntost fishes. Nonethelessyuo

518 resultsprovide evidence thatelocity affectsholding velocity, reactive distance and capture
519 successn Dolly. Vardenfrom Panguingue CreeRlaska Nonanadromous forms tifis species
520 are greatlyunderstudiedwith little published information available. Our results demonstrate
521 that reatment velocity was the variable witte greatest explanatory poweelocitywas

522 included in 72% of alinterpretablanodels (includin@ll models for prey capture success and
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holding velocity). In addition fish size, dominancand size rankad interpretable explanatory
power forprey capture success in DEnly treatment velocity possessed explanatory power for
holding velocitydata Dominance was a better predictor of prey capture sathas size rank
between competitors, given that smaller individuals were dominant in more aof 24

trials, although. this only occurred when size differences were less than 15mm. The amount of
variability In_ top models for each experiment explained between 66% (SFE, tneabtoeity

and fish'size'model to predict holding velocity) and 0% (SFE, reactive distancemtenly

model). Finally; th&srossman et a{2002) NEI optimal holding velocity modptediction fell

just 0.9 cm/s below the 95% confidence interval of holding velocities occhpiBally Varden

in PanguinguexCreek.

Ourwresults show thatatervelocity is an important aspect of diféieder habitat
selection, substantiatirexisting literature owlrift-feeder foraging mechani¢sausch, 1984;
Grossman et al., 2002; Hill & Grossman, 199BJet energy gain for streanslifies is strongly
tied to velocityvia both benefits (i.e., prey encounter rates) and costs (i.e., metabolic slgimmi
costs) Therefore, driftfeeders may occupy holding positions with &welocities to minimize
costs whilesforaging in nearby faster velocities where prey delivery rates renadgivelglhigh
(Everest & Chapman, 1972; Kalleberg, 1958). We observed similar bebacause
individuals«in the SFE andE held positions at lower velocities than prey capture velociges
treatment velocity increas€Bigures 3 & 4).

Interestingly, neithedominance nor fish size affected holding velocity or reactive
distance deminant and subordinate individuals occupied similar holding velocities throughout
the majorityseftrials. This was not due to lack @élocity refugia in the test chamber. At high
treatment/velocities (i.e., > 30 cm/s), velocities beneath the bamboo struautkenzont of
the test chamber remained near 10 cm/s (rahge24 cm/s). This was a product of the vertical
structure ofwater circulation irthe experimental flume (i.e., water return chamber on bottom,
test chamber.on topOnly rarely didsubordinate individuals occupy low flow positions beneath
the bamboasstructure, and only then due to aggressive behavior by domineathésthan
refuge fromrfast velocitiesSubordinate fish typically were chased under the bamboo, waited
until the dominant fish returned to the ideal holding position, and then retreated to thehear of t

test chamber to hold position in areas of high velocity (personal observakiege flow
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553 variations were much smaller in the portion of the test chamber most commonly ddeyfigh
554  due to the preence othe collimator.

555 We did not anticipatéhe low explanatory power of predictor variables reactive

556 distance iboth experimentslt is reasonable to expect that reactive distance would decrease
557 with increasing treatment velocjtigowever all parameter estimatés this analysi®overlapped

558 zero. Altheugh counterintuitive, this relationship mirrors similar observationgugos

559 experimentsiin‘our laboratory with juvenile Chinook salnfoncorhynchus tshawytscha)

560 (Donofrio etal;"2018and Arctic Grayling Thymallus arcticus) (Bozeman & Grossman, 2019).
561 Itis possible that reactive distance measurements were constraireddiget of the holding

562 chamber; howeveexperimental specimens displayed a wide range of reactive distances in both
563 experiments (16.9 — 60.1 cm), which corresponds to expected reactive distaecesdor

564 Grayling of similar sizebut is slightly less than would be expected for ~8 mm (Heghes &

565 Dill, 1990). Piccolo et al(2008b) observed reductions in prey detection distance with increases
566 in velocity for two salmonids in an experimental stream flume. Additishalies have shown

567 that reactiveydistance is negatively affected by turbidity for severaffeleifterqO'Brien,

568 Barfield, &'Sigler, 2001), including the ecologilyasimilar BrookCharr(Salvelinus fontinalis;

569 (Sweka &Hartman, 2001)Water quality data indicated thatrbidity was basically nonexistent
570 in the test.ehambeturbidities < 0.001 NTUs, Athens-Clarke County, personal conicatian),

571 as was suspended debris (personal observation), so it is unlikely that thesesaaald have

572 affected our results

573 Ouranalyseslso showed that sizankwasa poorer predictor gfrey capture success

574 than dominanestatus In fact, smaller individuals were dominant in 28%velocity trials, and

575 exhibited higher prey capture rates in 45% of trials. However, this effedinkad tosize

576 differences between individualsecause smaller fish were nedeminant when the size

577 difference,was greater than 15 mihappears likely that when size differenceslatow this

578 threshold,.individuals either do not perceive the size difference or are willgrggage in

579 contests because the outcomes are less celtailso is possile that instances of smaller fish

580 being dominant might be due to differences in sex (Johnsson, Sernland, & Blixt, 2001), which
581 was unmeasured.

582 Drift-feeders may select microhabitats based on fithased currenciesther than net

583 energy intake optimizatignncluding avoiding negative interactions such as predation or
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584 interspecificcompetition(Fausch, 2014; Piccolo et al., 2014). Although we have no direct
585 evidence, it is possible that either or both interspecific competition or predatioiotad to

586 the model predictionalling just outside the relatively narrow (j.4.4 cm/s) 95% confidence
587 interval for holding velocities in Panguingue Creek. Nonetheless, Dolly Vardstramg

588 intraspecificcompetitors (personal observation) although it is unknown whetheatbey

589 competitively superior to th@milarly sized (persnal observationArctic Graylingalso found
590 during summer-and early autunnmPanguingue Creeln addition given thecreeks shallow

591 depth,it alsois‘possible that mammalian and avian predators affect holding positions and
592 velocitiesutilizedoy Dolly Vardenas has been observed in other stream fillwwarich &

593 Quinn, 1995)«Finally, differences between the stream flume and natural foraging habitat of
594 Dolly Varden in Panguingue Creek (e.qg., visual complexity, laminar flow, grzeyand density,
595 etc.) alsamayhave contributed to the slight under-predictigrthe model Although further

596 testing and refinement are needesults fromthe Grossman et gR002)likely are transferable
597 to other populations of nonanadrous Dolly Varden with similar size structure.

598 To eurknowledgethe Grossman et gR002)NEI model is the moswidely tested NEI
599 model (but'see’Hughes, Hayes, Shearer, & Young, 2208)s been used to predict optimal
600 holding pesitions for a variety of salmonid and cyprinid species in streams in southern

601 Appalachiaand Alask@Bozeman & Grossman, 2019; Donofrio et al., 2018; Grossman et al.,
602 2002). The model,ran earlier varianfias shown mixed success, with accurate optimal holding
603 velocity predictions for cyprinids and Rainbow Trout occupyiogitiern Appalachiastreams
604 (Grossmanretial., 2002) aAdctic Grayling in theRichardson Clearwater river in Alaska

605 (Bozeman &Grossman, 201%onetheless, its predictions have failed for juvenile Chinook
606 Salmon inthe Chena River Alask@onofrio et al., 2018) anfdr Arctic Grayling inPanguingue
607 Creek, AlaskdBozeman & Grossman, 2019%imilarly, Hughes et a(2003)field tested a

608 foraging model for a driffeeding salmonid in New Zealand, also with mixed success. Given
609 these mixed resultduturetesing of the modeis warranted, especially tedtsat will examine

610 modelassumptions as well &s predictive accurac

611 The“eonfidence interval of holding velocities for Dolly Varden in Pangui@yeek (n =
612 29) was very narrow (i.e., 4.4 cm/s), which suggests that individuals in this populai@ util
613 only a small portion of the available habitafPanguingue Cregke., velocity range in

614 Panguingue Creek in Summer 2016 was 4 — 126 cm/s, n Fnt@jestingly, a sympatric
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population of Arctic Grayling (N = 25) occupied velocities of 21.0 — 27.5 cm/s in Panguingue
Creek(Bozeman & Grossman, 2019), which largely overlaps the confidence interval of holding
velocities occupied by Dolly Varden (24.9 — 29.3 cm/s). Given the large range of eslociti
available to both specigthis high habitat use specificity suggests titmtanadromous
populations,eDolly Varden may compete wittmigratoryArctic Grayling for favorable habitats
and alsamay be'sensitive to natural or anthropogenic flow alterations. Howienere studies
should consider temporal and spatial variation in nonanadromous Dolly Varden habitat use,
especially"given that this species has been known to shift foraging ssateggsponse to
varying habitat qualityNakano, Fausch, & Kitano, 1999). Interior Alaska nonanadromous
populations of:Dolly Varde are largely understudied asdould be protected to maintain
biodiversity“and serve as reservoirs of recolonization in case of populatigraggtis in other
Yukon River Basin tributaries.

Despite their potential utility tboth basic science and management,fisessbased
habitat selection modelgave been testesiith multiple species, locations, asg¢asons
Nonethelessythe output of such models, the optimal holding velocity for a speaies,
importantdatum for basic scientists, conservationists and manadéssemodelsmay be
particularlyuseful tools for managers because teegminehabitat selection from an
ecologically'ancevolutionarilymeaningfulperspectivand likelyare transferrable across
systemg(Grossman, 2014). If accurate, predictions from NEI madgéehid managers in
developing scientifically based habitat management strategies and aioldwatibn or
restorationefforis In addition, when coupled with stream flow models, these predictiongenay
used to assess future changes in habitat availabilitychmtfate changer anthropogenic flow
alteration(Jenkins & Keeley, 2010), on either the waked or reachcale(Hayes et al., 2016;
Kawai, Nagayama, Urabe, Akasaka, & Nakamura, 2014; McHugh et al., 2017; Piccolo et al.,
2014; Railsback, 2016). This is especially applicable to Yukon (Tanana) River Basin Doll
Varden, because glacial meltwater can be an important driver of daily and seasonal flow regimes
of the systems they inhalfitvada, Chikita, Kim, & Kudo, 2018).
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Table 1: Model selection analysis for Single- and Domin&xgeriments. Data include AICc

values, delta AlCc valuedAICc), and Akaike weightsw;) for dl response variables for both

experiments. The comparative likelihood that the top-ranked model is true compared to

subsequent models given the data is in parenthesis beside Akaike weight valtiee(&tpbal

model is 2.3x. more likely to be true givetine data than the Velocity + Size model for prey

capture suecess in the Singlsh Experiment)Predictor variables are abbreviated as follows:

TreatmentVelacity = Velocity, Days in Captivity = Days, Fish Size = Size, Size RRakk,

Holding Dominance = Dom.

ResponseVariable Experiment

Prey Capture
Success

Holding Veaeity

SingleFish

Dominance

SingleFish

Dominance

Candidate M odel AlCc

Global 434.56
Velocity + Size 436.22
Velocity + Size + Rank + Dom 478.51
Global 480.87
Velocity + Size 659.43
Global 661.28
Velocity 663.47
Velocity + Size + Dom 483.76
Velocity 483.83
Velocity + Dom 484.58
Velocity + Days 485.54
Velocity + Size 485.79

Velocity + Size + Rank + Dom 485.88
Velocity + Size + Days + Dom 486.06
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AAICC W
0 0.70
1.66  0.30 (2.3X)
0 0.76
2.35  0.24 (3.2X)
0 0.65

1.85  0.26 (2.5X)
4.03  0.09 (7.2X)
0 0.18

0.07  0.18 (1.0X)
0.83  0.12 (1.5X)
1.78  0.08 (2.3X)
2.04  0.07 (2.6X)
2.13  0.06 (3.0X)
2.30  0.06 (3.0X)


http://wdfw.wa.gov/publications/00930/wdfw00930.pdf�
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Reactive Distance

SingleFish

Dominance

Velocity + Rank
Velocity + Rank + Dom
Velocity + Days + Dom
Velocity + Size + Days
Velocity + Days + Rank

Velocity + Size + Rank

Velocity + Days + Rank + Dorr

Intercept Only

Days

Size

Velocity

Size + Days

Velocity + Days
Velocity + Size

Size

Velocity + Size
Velocity + Size + Dom
Size + Dom

Size + Days

Velocity + Size + Days
Size + Rank

Velocity + Size + Rank

Velocity + Size + Days + Dom

Size + Days + Dom

Velocity + Size + Rank + Dom

Size+ Rank + Dom
Intercept Only
Rank

Size + Days + Rank

Velocity

486.08
486.34
486.36
487.71
487.87
487.95
488.19
578.90
580.45
580.96
580.99
582.50
582.63
583.12
-130.75
-130.51
-129.66
-129.55
-129.12
-129.04
-128.60
-128.28
-128.01
-127.76
-127.32
-127.31
-127.03
-126.82
-126.76
-126.73

Velocity + Size + Days + Rank -126.57
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2.33
2.58
2.60
3.95
411
4.19
4.43
0

1.55
2.07
2.09
3.60
3.74
4.22
0

0.23
1.09
1.19
1.63
1.71
2.15
2.47
2.74
2.99
3.43
3.44
3.72
3.93
3.98
4.01
4.17

0.06 (3.0X)
0.05 (3.6X)
0.05 (3.6X)
0.03 (6.0X)
0.02 (9.0X)
0.02 (9.0X)
0.02 (9.0X)
0.38

0.18 (2.1X)
0.14 (2.7X)
0.13 (2.9X)
0.06 (6.3X)
0.06 (6.3X)
0.05 (7.6X)
0.16

0.14 (1.1X)
0.09 (1.7X)
0.09 (1.8X)
0.07 (2.3X)
0.07 (2.3X)
0.06 (2.9X)
0.05 (3.4X)
0.04 (4.0X)
0.04 (4.5X)
0.03 (5.6X)
0.03 (5.6X)
0.03 (6.5X)
0.02 (7.0X)
0.02 (7.4X)
0.02 (7.4X)
0.02 (8.1X)
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852
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Velocity + Rank

-126.47 4.27
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0.02 (8.5X)

854 Table 2: Modelaveraged parametestenates, 95% confidence intervals, and relative variable

855 importance (w+) for all experiments. Confidence intervals that overlap medenoted-.
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Response Predictor Variable Experiment Estimate+ 95%  w+
Variable Cl
Prey Capture  Treatment Velocity SingleFish -0.092+ 0.013 1.00
Suceess Dominance -0.034+ 0.011 1.00
Fish Size SingleFish 0.017+ 0.008 1.00
Dominance -0.033+ 0.011 1.00
Daysin Captivity  SingleFish -0.002+ 0.004t 0.70
Dominance 0.001+ 0.0201  0.24
Holding Position Dominance -3.210+ 0.450 1.00
(Peripheral)
Rank (Smaller) Dominance -0.661+ 0.417 1.00
Holding Velocity Treatment Velocity SingleFish 0.504+ 0.074 1.00
Dominance 0.652+ 0.164 1.00
Fish Size SingleFish 0.059+ 0.061t 0.91
Dominance -0.037+ 0.125t 0.55
Days in Captivity  SingleFish -0.002+ 0.0141t 0.26
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Dominance -0.049+ 0.3561 0.25
Holding Position ~ Dominance -2.537+ 6.3651 0.42
(Peripheral)
Rank (Smaller) Dominance 0.010+ 3.044¢t 0.24
Reactive Treatment Velocity SingleFish 0.002+ 0.039t 0.24
Distance Dominance 0.000+ 0.001t  0.49
Fish Size SingleFish 0.002+ 0.029t 0.25
Dominance 0.001+ 0.001t 0.91
Days in Captivity  SingleFish 0.003+ 0.018%t 0.30
Dominance 0.001+ 0.003t  0.26
Holding Position Dominance 0.010+ 0.041¢t 0.32
(Peripheral)
Rank (Smaller) Dominance 0.001+ 0.030t1  0.24

Figure Legends

Figure 1: Mean prey capture success versus treatment velocity for the-Gisgl&xperiment.
Error barssepresent SD. N represents sample size (number of fish trials completed) at each
treatment.velogity.

Figure 2-"Mean prey capture success versus treatment velocity for the Domibgregment

by fish size rank (A) and dominance (B). Error bars represent SD. N repremaple size
(number of fishpair trials completed) at each treatment velocity.

Figure 3::Mean holding velocity versus treatment velocity for the Single-Fish Erpaet.

Mean capture velocity also is displayed. Error bars represent SD. N represents sample size
(number of fish trials completed) at each treatment velocity.

Figure 4: Mean lolding velocity versus treatment velocity for theminanceExperiment by

fish size rank (A) and dominance (B). Mean capture velocity also is displ&yemt.bars
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represent SD. N represents sample size (number of fish pair trials completed) atadiaemntre
velocity.

Figure 5: Mean reactive distance versus treatment velocity for the SkagfreExperiment.

Error bars represent SD. N represents sample size (number of fish trials completed) at each
treatment velocity.

Figure 6: Mean reactive distance versus treatment velocity fobtmainanceExperiment by

fish sizeé'rank(A) and dominance (B). Error bars represent SD. N represepls sae

(number of fish'pair trials completed) at each treatment velocity.

Figure 7: Meandifference in dominant and subordinate prey capture success (i.e., Dominant —
Subordinate PE€S) versus treatment velocity (A). Mean difference in prey capture success
between deminant and subordinate fish in a pair and the corresponding individualSingtae
FishExperiment versus treatment veloqiB). PCS = Prey Capture Success. Error bars

represent SD.
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