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Brown.trout predation on wild and hatchery salmon

Abstract

Norrnative predators may interfere with conservation efforts for nativeespEor
example fisheries managers haxecentlybecome concerned thabnnativebrown trout
may impede efforts to restore native salmon and troGalifornia’s Trinity River.
However, the extent of brown trout predation on these species is unkidéevn.
quantified brown trout predation onldiiand hatchery-produced salmon and tiouhe

Trinity River in 2015. Wefirst estimated the totddiomass opreyconsuned annuallyby
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brown trout usin@ bioenergetics model angeasurements d@frown trout gowth and
abundance over a 64 kstudyreach Then,we usedstable isotope analysis and gastric
lavage to allocate total consumption to specific prey.tAkhoughhatcheryproduced
fish_areprimarily releasedn the spring, hatchery fish accounted for most of the annual
consumgption by large, piscivorous brown trout (> 40 cm loimggll, the 1579 (95% CI
1279-1878) brown trout >20 cm long in the studsichate 5930 kg (95% CI 3800-8805
kg)'of‘hatchery fishin 2015. Brown trout predation on hatchery fighs ca.7% ofthe

total biomass releasddom the hatcheryBrown trout onlyate924kg (95% CIl 663526
kg).of wild fishin 2015, but this wagotentiallya large proportionf wild salmon
production because wild fishere relatively smallAs largebrown trout rely heavily on
hatcheryproducedish, modifying hatchery practices to nmmze predation may enhance
survival of hatchery fish and potentially reduce the abundance of predatory brown trout.

| ntroduction

Brown trout Galmo trutta) have undergone massive range expansion from their
nativewatersin Europe and North Africa to the waters of every contiesnept
Antarctica(MacCrimmon & Marshall, 1968; Dill & Cordone, 1997). This expansion was
intentional. European colonists transported and introduced brown trout around the world
becauseltey considered thenfesirable for spoffishing and foodWilson, 1879)

However, introduced brown trout may negatively affect populations of native fishes
areas where they have been introdu@emivnsend, 1996; McHugh & Budy, 2006; Belk
et al., 2016; Hoxmeier & Dieterman, 2016). In this study, we evaluated predation by
intreduced brown trout on native salmon and trout species that are the fodasgef a
scaleypintensiveonservation and habitat restoration effort in the Trinity Riverge
tributary of the Klamath River in Northern California.

In,Northern California, Scottish, German, and hybrid brown teggs were
brought to Fort Gaston (Hoopa, CA) and Siskattheriesiear Mt. Shasta by train the
1890’s (Thomas, 1981; Adkins, 2007)herewere two introductionfrom those
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hatcheriedo the Trinity River,one near the moutit Fort Gaston and a separate effort
closer to the headwaters$tewarts Forkand the main stem Trinity River near
Lewiston, CA (Thomas, 1981; Adkins, 2007). Accordiog Trinity Journal newspaper
article(2911), hemotivationbehind the upstream introductiamas the California Fish
and\Game Commission’s plan to replaegiverainbow trout Oncorhynchus mykiss)
with'the™“more desirablbrown trout” throughout the atte The downstream introduction
was implemented to supplement the dwindling salmon fishery thidaalkHoopa Tribe
relies on for sustenan¢Adkins, 2007).In the early years dérown trout introduction to
the drinity River, fisheries managers raised concerns thabtben trout predation was
impacting abundance of native salngpecieshrough predation (Thomas, 1981). This
leadto a moratorium on brown trongéleasesn theTrinity River during the 19@'’s, but
the moratorium was short lived and brown trout stockiag gradually phased back in
and.continued until 1932 (Thomas, 1981).

Prior to and duringhetime period when brown trout were introduced, native
fishes'of the Trinity River experienced steep declinesbundance (Adkins, 2007).
Native and triballymportant species such as Chinook salm@mcorhynchus
tshawytscha), coho salmond@. kisutch), steelhead troutd. mykiss), and Pacific lamprey
(Entosphenus tridentatus) were affected by largecale habitakoss from intensive mining
and.logging throughout the watershed. A pair of dams completed in the early 1960s
exacerbated these effsptutting off access to the entirgoper watershed for migratory
fish"and diverting a substantial fraction of ffrenity Rivers water to California’s

Central Valley for irrigationThe Trinity River hatchery wasompleted in 1958 to

partially mitigate the effects of habitat loss on salmon production. The hatchery currently

releases.more than 2 million juvenile salmon aedlead per yeanto the Trinity River
and.spawns returning adults to produce the next generation of hatchéGaiibrnia
Hatehery Scientific Review Group, 201Recent efforts to rehabilitate the native fish
populations of the Trinity Rivealsoinclude a massive investment in habitat resimmat
including large-scale channel reconfiguration, cover additronimum flows,and

habitatforming flow releases from the darBeechie et al., 2015). Currently, Trinity
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River Chinook salmon and steelhead remain well below historic abundanteratyd
River coho salmon are considered threatened under both state and federal lmmal(Nat
Marine Fisheries Service 2014).

Jhe potential for brown trout to directly affect native salmon populations by
predation depends on brown trout feeding behavior and abundance. Pibgivairyity
Riverbrown trout has been documented during field projects focused on other species
and bylocal fisherman, but no forhthet studief this brown trout populatiohave
been conducted. The best historical index for brown trout abundance in the Riweity
is the adult salmon sampling weir in Junction Giiyer kilometer136.2). Brown trout
catch totalsncreased at the weiluring sampling from 2000 to 2013 to levels 200-300%
higher than those in the 1980’s and 1990’s, despite reduced sampling effort since 2000
(Borok, Cannata & Hileman, et al., 2G14 National Marine Fisheries Service, 2014).
Documentabn of piscivory combined with thgotential increase ibrown trout
populations inferred from weir catch data suggestlir@ain trout may be having a
substantial impact on native fishes. This threat was identified by the California
Department of Fish and Wildlifem 2005 and provided the impetus for changing fishing
regulations, adding a bag limit of one brown trout in 2006 and increasinfivié tarown
trout in 2007 (California Fish and Game Commission, 200Tihity River brown trout
were also identified asnampediment to species recovery in theovery plarfor
Southern Oregon and Northern California coho sal(hational Marine Fisheries
Service'2014).

To assess predation byown trout on native species, we undertook the fugtd
scale sampling effort fdsrown troutin the Trinity River. Sampling included multass
electrofishingover a 64 km study reach to estimate abundance, size, geowlthge
structure ® brown trout We usedliet sampling and isotope analysis torebterize
brown'trout diet composition. Finally, we used the brown trout population and diet data
to parameteriza bioenergetics model to estimat®wn trout consumption of salmon

and other prey in the Trinity River.
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Methods

Study Area
The Trinity Riverin Northern California is the largest tributary to the Klamath

Riverswith-a main stem length of 274 km and a watershed area of about 7673 en
Trinity River's headwaters ari@ the Trinity Alpsat an elevation of about 1,850 m and
the confluence witlthe Klamath River in Weitchpas 69.5 kmfrom the oceamt an
elevation of 56 m There are two large earthdams on the Trinity River. pstreamat
river kilometer B1.6is Trinity Dam, whichis usedfor waterstorageand downstrearat
river kilometer 250.3s Lewiston Damwhichis used to export watén the Sacramento
River basinThe Trinity River Fish hatchery is located at Lewiston Dam and all hatchery
produced fish are released immediately downstream of the dam.

This studyis focused on the 64 kwf the main stem Trinity Rivdvelow
Lewiston Dam and above the North Fork of the Trinity Rivegyre ). Existing
observations indicate that brown trout are widespread through the 178 km of anadromous
habitat.in the main stem TrigiRiver as well as major tributaries. However, based on
habitat use data collected for other studies (Goodman et al., 2015), brown trout are most
abundant in the focal area and it is the area where they likely have the most access to
native.salmon prey from hatchery releases and natural spawning grounds.

Dischargefrom Lewiston Dam rangeannually from 8.6 to 311.5%8T. With
tributary inputs downstream of the dam, the Trinity River near the North Fork
experienceflows betweenl2and850 nis’. There is a characteristic seasonal flow
pattern: diring winter andspring storms and an annsgiring dam releasé¢he upper
rangerisrapproachedy midsummerandthroughwinter the flows stay closer to the
lowersrange

The 64 river kilometers in which the study tqalcewere dividednto six
reachessbased on tributary inputs, river access, and prior information about brown trout
density(Figure 1) The boundaries of each reamtturredat the following locations and
creek mouths in downstream ord#ite concrete weibelow Lewiston Dam, Rush Creek,
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Steel Bridge river access, Indian Creek, Evans Bar river access, Canyon Creek, and the
North Fork of the Trinity River.
Fish sampling

A 4.3meterraft with a SmithRoot 2.5kilowatt generator powered pulsator
electrofisher system (SmiRoot Inc., Vancouver, WAyas used to sample teatire64
Km-ofriver. The control box was setith aDC pulse rateof 30 Hz with voltage between
300 and400.Samplingfocused on the thalweg of thein stemwhile moving slowly
downstream. In March of 201%he study area was sampled with three passes. Each pass
proeeededrom upstream to down and totur daysto complete A single sampling
pass‘started near Lewiston Dam on Monday and worked down to a river access. Tuesday
samplingbeganwhere Monday’s sampling left off and this pattern continued until the 64
km was completedn Thursday. The following Mondag,new pass would begin
starting at Lewiston Dam agaihe 7-day intervalbetween samples at a giviecation
allowedbrown trout to recover from handling stress and resume normal feeding behavior
before'being resampld®ickering, Pottinger, & Christie, 1982)he three passes
bounded the spring release of coho salmon smolts from the hatchery: thaderstas
completed before the release, the second immediately following the release, and the third
after many of the released smolts had migrated through the studyHarea, Petros, &
Pinnix, 2016)A similar brown trout sampling effowwasconductedn the spring of
2016, providingadditional diet samples amecapturesor final growth measurements
taggedrindividuals.

Mostbrown troutwere sampled by electrofishi{§59 total), but additional
samples,were collected opportunistically by other méapsovide diet data from outside
the,spring electrofishing season and to provide additional samples for sizewatid gr
analysesAn Alaskan style wejroperated by the California Department of Fish and
Wildlife and the Hoopa Tribayas installed in Jungin City California inlate Juneand
run threugh September in 2015 and 2@d 6atchmigrating adult salmogSinnen et al.,

2005). Brown trout captured in the weir in 2015 and 2016 (224 te&a processed as

described belowWe also processed soradditional individualsapturedusing rod and
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reel (29 total).All method produced a similar size range of fish, from 20 cm (minimum
size used in the analysis) to at least 60 cm.

Processing and Handling

©nce captured, alirown trout > 20 cm longrere ansthetized in water saturated
with,COs using AlkaSeltzer Gold tablets. Trinity Riverdwn trout are the target of a
reécreational fishery, so alternative anesthetics that requithdrawal period before
human consumption were not suitable for this wbikh< 20 cmlongwere too small for
our tagging operation and were less likely to be piscivorous, so we did not include
smallerdish in subsequent analysds1ce anesthetized, the fish were meas(ficeét
length) @and théollowing samples were collected: scalesretaken from the left side
betweenithe anal and dorsal fin just above the laterdidireege analysisa one
centimeter square fin clywastaken from the distal posterior tip of the dorsal fin for
stable isabpe analysis, and stomach contemése collectedising gastric lavag®r diet
analysis' Hsh were weighetbllowing gastric lavagso that stomach contents would not
contribute to the mass. Lavage was conductatjushanepumped garden sprayéihe
spray.pipe was placed through the fish’s mouth into the stomach and water was sprayed
in.until the stomach was full. Through continued filling and massaging the bellyttieom
outside, food items were washed and pushedfositb-sample of30fish wassacrificed
after processingnd the stomachs examined to gauge the effectiveness of the gastric
lavagerOf these, 28 hadmpletelyempty guts, indicating that lavage wgemnerally
effective.

After the samples and measurements were taken, the fish were tagged with a
uniguely.numbered FD94 T-bar tag (Floy Tag & Manufacturing Inc., Seat#ié foy
future.identification and thereleased. The tags were made of a 7.5 cm long piece of
monaofilament with polyolefin colored tubing around it. At the insertion end was a 1.5
mmgthick, 2 cm widéT” . The tag was injected using Floy Tag’s Mark Il pistol grip
tagging,gun. The neediasinserted below the dorsal fin to allow the T to articulate
with thedorsal support skeleton. The color of the T-bar tag corresplavith a reach

(Figure 2 where the fish was collected’ hese colors allowed a quick visual indication of
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197 largerscale movements whikampling fish in the field and wea check for the closure
198 assumption of the population estimatgshcaptured at the weir received a Floy tag with

199 adistinct tag color to differentiate them from fish tagged during electrofishing

200 Analysis
201 Population estimate
202 The electrofishing passes were used to gendrafpulation estimatased in

203 the"energetics simulatiqdescribed below)The population estimate was calculated
204 using Chapman’s estimator (Seber, 1982). This estimator assumes a closedpopulat
205 withengrhirths, deaths, emigration, or immigration. Movement assumptionsesézd

206 using thedifferent colored tags in each readburing the three-pass sample bout, all but
207 one of the recaptured fish were found in the reach where they were indgdlgdBased
208 on the lack of individual movement arftetshort timeframéor births and deaths in the
209 oneweek between passes, we considdgredosureassumptions met. THiest passwvas
210 usedtasithe first sampling occasion while the second and thiespass combined into
211 asecongampling occasion.

212 Not all of the reaches haghough recapturex tagged fishd calculate a separate
213 population estimate for each reagith reasonable precisipso thewhole surveyed

214 section of river was treated as one population for the main estimate. Subsequently, we
215 calculateca populatiorestimatefor eachreach by dividinghe main population estimate
216 amengreaches proportionally to the catch in each ré#sihg this approach, tleverall
217 population estimate useldde maximum sample size available.

218 Age and growth malysis

219 Brown troutscales wersorted, mounted, and examined following the plastic
220 impression method (Clutter & Whitesel, 195&n Alen, 1982). After discarding

221 unreadable or regenerated scales, each scale was assigned an agafidehae level
222  (highysmedium, or loy thosescaleswith alow confidence levelvere notusedin

223 subsequent analyses. To ensure age readings were being done consistdgglyaken
224  fromindividual fishthat weresampled imultiple years were checked to ensure the

225 increase in agestimates from the scalestched the time that passed between sampling.
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These checks were conducted blind to the original data by the same reader. All repeat
sampledish (n=31) were aged consistently.

Thelengh and age data were fid a von Bertalanffy growh model assuming
additiveerrorwith normally distributed residualssing the nonlinear least squafels)

functiondin.base R (R Development Core Team, 2009). The mod)@lzisLoo(l —

e Mt=t)) 4 ¢ whereL, is fork length at age L., is the asymptotic maximum length,
defines.the rate at which the asymptote is approathedthe hypothetical age of the
fish\at size zercande is error

We alsdfit individual length and mass measurements to an allometric curve with
multiplicative error in base R Development Core Team, 2009) using the nis function.
This relationship was used in thmenergeticenodel to convert the predicted growth in
lengthfrom the von Bertalanffy model growthin mass for the bioenergetics model.

Annual survival aalysis

Age-frequency data can be analyzed in multiple ways to estimate survival rates.
In simulation studies, the Chapman-Robson survival estimate had less bias armdress er
than'ether techniques, especially at small sample @xewm, Francis, & Doonan, 2002),

so that. methoevas applied The ChapmaiRobsonrestimatoiis formulated as
T
n+T—1
whereTa= Y. (x * N, ),whereS is the annual survival estimateis the total number of

S =

aged.fish from the fully recruited agess the coded age wheceded age & the age

with the highest number of individuals caught, &hzds the number of individuals of

each ageThis approach assumesnstant survival throughout the population and
constant recruitment across yed& calculated separate survival estimates for the 2015
and 2016 catch angsed the average of the two foetconsumption model.

Isotopeanalysisof diet composition

We measured carbon and nitrogen isotope ratios in 253 browrfitralip tissue
samples as well as in samples of multiple potential prey items. We selected prey items to

analyze for isotopes based on finey that werenost prevalent in the gut sampl€&sey
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253 items includedrarious mayflies (Ephemeroptera), goldgoneflies (Perlidgeand

254  salmonflies(Pteronarcys californica), as well adampreyammocoetes, wild steelhead

255 trout fry, and hatchergoho salmorsmolts. As juvenile salmonids of different species

256 generally have similar diets, we assumed that wild steelhead fry represented the isotope
257 composition of wild salmon and trout (including potential cannibalism on juvenile brown
258 trout)."All hathery fish are fed the same fodised on marinderived fish mealso we

259 assumed that the hatchery coho salmon smolts represented the isotope compo#ition of a
260 hatchery speciedlon-salmonidfish speciebesides lamprewyere rare in the diet

261 samplegpresent in < 1% of sampleso they were not assessed as potential prey in the
262 isotoperanalysisthe prey samples were collectedm a rotary screw trap run by the

263 Hoopa Tribal Fisheries program that is locatethin thesampleareain the downstream

264 reach. lsotope samples were plaoadce immediately after collectiaand were

265 transferred to a freezer upon return from the field at the end of the day. Frbeetter,

266 thesamples were transferred to a drying oven set®® &3dwere dried for 360 hours.

267 The'dried samplesere homogenized andsabsample of 0. 1.5 mg removed,

268 weighed,and placed into a tin capsul&éhe encapsulated tissue was placed in a plastic
269 traysin one of 96 wells.

270 The filled trays were sent to UC {a stable isotope lab for analysis of Carbon
271  13(*°C) and Nitrogen 15{°N) usinga PDZ Europa ANCAGSL elemental analyzer

272 interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd.,

273 Cheshire, UK).Thed™N and**C values reported were the values of the sample relative
274  to ratios of the international standdod each elemengir for nitrogenand Vienna

275 PeeDee Belemniter carbon

276 Isotopicdatawasused to determine the proportion of each prey type within the
277 diets.of.the brown troutPrey weregrouped into four categoriesmmocoetes, aquatic

278 invertebrates, hatchery salmonids, and wild salmohidsting the ratio ofprey

279 groupings to isotopes improvawdel fit (Phillips & Gregg, 2003).As brown trout

280 length was found to be positly correlated with §*°N and §°C (r* of 0.55 and 0.58

281 respectively)the brown trout isotopgataweregrouped into fiveeategoriebased on
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fork length <30cm, 30-40 cm, 40-5@m, 5060 cm and >60 cm. These break points
provided adequate samples within each bin to facilitate isotopic analysis awséchpr
resolution within the bioenergetics model when converting food requirements to biomass
consumed. The proportion$ each prey type consumed by edcbwn trout groupvere
estimatedy fitting the isotope data usiggBayesiarirameworkin the R package
MixSTAR (Stock & Semmens, 2013)lhis package usedvarkov Chain Monte Carlo
(MCMC) approach to fitting multimear modelsThree chains were run with one million
iterations each. The burn in length was 500,000 and the thinning rate was 500. The
modelwas run with brown trosizecategoryas a fixed effect anadnly residuakrror.
Estimated fractionation rates were derived by averaging valmediterature sources:
3.74SD0.477for 615N and 1.38SD 0.983613C (Minagawa & Wada, 1984; Peterson &
Howarth, 1987; Vander Zanden, Cabana, & Rasmussen, ¥Y88derZanden &
Rasmussen, 2001; McCutchan et al., 2003; Flinders, 2012).

Bioenergetics

A'bioenergeticapproach was used estimate total prey consumptibybrown
trout,with a parametric bootstrap to characterize the variance of the estifhate
bieenergetics simulation represented the graamith consumptioonf age 212 brown
trout over ong/ear The model ramna daily time stepvhere March 1, 2015 was model
day.one. The base of the simulation was the Wisconsin Bioenergetics(radsén et
al.,4997) coded into R (code by Andre Buchheister, personal communication, August
2015)=Published values for parameters relatingrtmvn trout metabolism, egestion,
activity, growth and consumptiowereusedto set ebaselineand facilitate comparison to
other studiesTable ). We did not have information about brown trout spawning
frequency in the system, so we did not include gamete loss in our model, potentially
producing an underestimate of total consumption.

To estimatehe maximum amount Brown trout could consumeje used Hansen
et al’sy(1997) third consumption equation, as it is designed for cold water fishes such a
brown trout. In the model, consumption is dependent on size, water temperature and the

amount of food consumed in lab experiments during ad libitum feeding at optimal
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temperatures. To estimate whabwn troutactuallyconsumethe modeled maximum
consumption is scaled by the proportion of maximum consumption (p). The proportion
of maximum consumptio(p) was allowed to vary between simulation iterations to
achieve the targeted growth of tk®wn troutof each ageParameters representing the
mass atthe start of the ygarassspecificgrowthrate population size, survivahte and
diet'‘compositiorwere randomly selectddr each iteratiorof the model from a normal
distribution with a mean ath standard deviatiofor each parameteterived from the

field data(Table 2.

Additional input data required in order to estimate consumption inchoneeah
dailytemperature angrey-specific energy density. The temperatust £xperienced
wasdetermined usintinear interpolatiorof the mean daily temperature between
availableU.S Geological Survey gastations (ID numbers 11525500, 11525655,
11525854, and 11526400 he temperature profiles used in the energetics model were
thatref'the midpoint of each reach from March 1, 2015 through February 28(R20aG:
2). Thewprey energy densities were literature valuegertebrates 4.07 kJ/g (Groot,
Margolis, & Clarke, 1995; Myrvold & Kennedy, 2015), lampeeymocoete8.54 kJ/g
(Alvarez 2017), other fish 5.78 kJ/g (Hansen et al. 1988perature and prey energy
density were not randomized as part of the bootstrap.

Each simulation startedith a random draw dadveragestarting size fobrown
troutof'each age from-22 (Table 2) Then randomly drawrvon Bertalanffy parameters
wereused tacalculate averageizesat the end of the yeatAfter converting length to
mass, a optimization functior{foptim in R (R Development Core Team, 200@sused
to find the proportion of maximum consumption requireddbievethe selected final
masswithin each reaclor an individual ofeach age During that growthnterval daily
size.andconsumption wrerecordedor each fish Next, a random draw of population
size;andsurvivalratewere used to find the number of fish of each age on each day.
Finally;.the number of fish alive on each day within the appropriate reach and of the
appropriate ageras used to expand the individual brown trdatly consumption

estimatedo thereachlevel. To facilitate allocatingdtal consumption to different prey
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340 types, the total biomass consumed eachvels/aggregated inthefive lengthbased

341 bins used in the stable isotope mixing model. This progessepeated 3,000 times to
342 characterize the variation aonsumption given different growth rates, and to account for
343 the error associated witrowth,abundanceand survivakstimatesThe error estimate
344 does.not includeariation associated wiftrocess erroor bioenergetics parameters taken
345 from'the'literaure Thesemodel runs producestimats ofthe totalbiomassof food with
346 the"energy density dirown troutthat isconsumedor eachsize class.

347 Diet proportion, predator and prey energy densities, and the estimate of

348 consumption from the simulatiomerecombined to find the biomass of each prey

349 categoryconsumed by brown trout. For this portion of the analysis, the posterior

350 distribution from the isotopic analysigas treated as a parametric bootstrap which we
351 drewfrom with a multinomial random dwa A randommultinomialdraw of

352 consumption byor each size bin wasombinedwith a draw of preyroportion and

E
A+Ep+H+Eg+W=Ey +I+E]

353 energy densitiem the equation= , WwhereB is the total biomass

354 consumed an# is the total energy requile The symbol#&, H, W, andl are the

355 proportienammocoeteshatchery fish, wild fish, and invertebrates contribute to total

356 hiomass:consumecdkspectively.Ey is the energy density of thpeey categoryk. The

357 resulting biomass combined with the random draw of proportions provides the biomass of
358 eachprey type consumed by the populattra single iteration This process/as

359 repeated 100,000 times to generate a distribution of consumption estimates, ensuring
360 multiple combinations ahe consumptiorand diet compositiorestimates.

361 Results

362 INn2015 we captured 589 brown trout between 20 and 79 cm. Based on
363 recapturs, we estimated the population to be 1580 (95% CI 1279-18%8) scale
364 samples collected from these fish revedhesr ages rangel from 2 to 1lyears(Figure

365 3). This sample provided sufficient representation of the population’s age and size
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composition to estimate growth and survival parameters for the bioenergetiet m
(Table 3.

Wild fish and invertebratereyhadlower §*°N and §'°C than hatchery fish
Brownstrout isotope valugganged fromn between wild prey and hatchery fighluesto
higher than bothKigure4). The MixSIAR modelMCMC chains convergewith all
parametersiavingR values of less than 1.01 (R < 1.05is acceptable for inferen¢8tock
& Semmens, 2013)Themodel resultshow that the largerown trout consumeery a
high proportion of fish, especially hatchery fish, and that reliance on fish deidines
smallerbrown trout (Figure 5)A relatively small proportion of the diet comes from wild
fish.

The snapshot of diets from gastric lavage sanmgiesvs similar level of
piscivory as the isotope model for larger size classes, but lower than the isoidgle
for small size classd3able 3). However, gstriclavage lacks the full temporal scale of
thedsotape analysis and is not as effective at parsing ouandldatchery fish.While
most fish rérieved during lavage were not identifiable to hatchery or wild origin (based
on“hatchery marking), the temporal pattern of fish consumption by brown trout was
consistent with heavy reliance on hatchexgased fishThe number of fish found in
stomach®f brown troutpeakedn the sample pass conducted immediately following the
release of coho salmon smolts from the hatchery (average: 2.2 fish per stomach; SD 2.6;
range:"@11) relative to the sample before the smolts were released (average: 0.3 fish per
stomaeh; SD 0.8; rang6-9) and after most hatchery coho salmon smolts had moved out
of the study area (averade3 fish per stomach; SD Q.fange 0-2). Across all samples,
coho salmon were the most common identifiable ifislavage sample@@=36),followed
by steelheaqdn=16), Chinook salmon (n=5), and brown trout (n=5, not counting one
individual that apparently consumed 4 small brown trout in the live well during
sampling. Additional fishrecovered from lavage sampl&sre not identifiable to a
single speciesdbut based on size and time of ya&could narrow these fish to the two
most likelypreyspecieslarger fish were eithgrearlingcoho salmon or steelhead trout

(n=73) and the smaller fish were either Chinook or coho salmon (n=14).
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The energetics simulation predicted ttretbrown trout population needed to
consume 58,38heggoules(95% CI 39,334 to 77,432) of energy per y&&riation in
growth rate accountddr most of thadispersion around the consumption estimates. The
variatien around the population size and survisgdestimatesddedadditional variation
around.the consumption estimate, this variation wa almost inconsequential when
compared talifferences fromgrowth. When energy was converted into prey bssiay
categorythe most-consumaatey itemwas hatchery fish, followed byvertebrates,
wild fish, andammowoetes (Figure §. In 2015, brown trout consumed 5930 kg (95% CI
3,800 t0,8,805 kg) of hatchery salmonids and 924 kg (95% CI 60 to 3526 kg) wild
sdmonids.

Discussion

Non-native lyown trout in the Trinity Rier arehighly piscivorous. We found that
large individual brown troutelied heavily on native salmonids as préyis is a
particular concern given the ongoing, intensive recovery efforts for nafivesids in
the Trinity River.Here, we consider brown trout predation separately on hatchery and
wild-spawned fish. We take this approach for three reasons: Fidighafish are
isotopically distinct from other prey sources due to the marine fish component of
hatchery:fish feedso we had to estimate consumption of hatchery fish sepairately
wild fishiin our isotope analysis. Second, hatchery production andgegbeactices are
factors'that managers can control to potentially affect predation rate or brown trout
abundance, but this is not true of widawned fishThird, although the Trinity River
hatcherysand wild runs of salmon and tratg genetically integrated, hatchery and wild
spawned individuals often have different survival and adult return(/ataki et al.,
2008)=s0 predation on each type may have different effects on salmon and trout
populations.
Hatchery-produced fish

Piscivorous brown trout in the Trinity Rivezlied heavily orhatcheryproduced
fish. Our isotope analysis indicates that most of the biomass of large brown trout in the
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Trinity River is derived from consumption of hatchery fish. Other studies have foand
releases of large numbers of hatchergduced fish can provide a substantial resource
pulse that alters recipient ecosyst§iWarren & McClure, 2012; Alexiades, Flecker, &
Kraftx2017). To put the results for predation on hatchery fish in comigxtregard to
salmonproductiorthe mearestimate of hatchery fish biomass consumed by brown trout
wasSabout 7% othetotal biomass released from Trinity River Hatchery in 2015.

The artificial subsidy provided by juvenile salmon and trout from the hatchery
likely allows Trinity River brown trout to maintain elevated population levels aachre
larger size than would otherwise exist within the river. Historical recordesutiathe
Trinity River brown trout population increased substantially after hatchiergses
began, (Moffett and Smith 1950; Rodgers 1973) giving some credence to the notion that
hatchery supplementation increased brown trout population growth, althougit habit
restoration and changes in flow management probably explain some of thiewamiat
browntrout abundance. Brown trout argrentlysustained by hatchery fish even though
the availabilityof hatchery fishis seasonally limited to relatively brief peds after
hatehery releases and before the hatchery fish migrate out of the Trinity River heading for
thesocear(March for coho salmon, April for steelhead trout, June and October for
Chinook salmon). Our bioenergetics model and observations of stomach contents suggest
that.he large brown trout feed voracioushymediately followinghatchery releasesnd
probably. do not gain much biomass during the rest of the year. However, brown trout do
still"eatopportunistically whetatchery fish are not availableciuding during the
vulnerable emergence and early rearing period for wild salmon and trout in theustad
(Januaryk-ebruary).

There was a clear ontogenetic diet shift for Trinity River brown trout, with
increasing reliance on hatchery fish for largeder individuals. An increase in piscivory
withssize is a weldocumented phenomenon for brown trfiiAbée-Lund, Langeland,

& Saegroyv, 1992; Jensen, Kiljunen, & Amundsen, 2012) and is often accompanied by a
rapid increase in growth rasad a larger maximum siz@onsson et al., 1999). However,

recent work suggests that the shift to piscivory is contingent on the presencetalble sui
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preyspecies that is vulnerable to brown trout and abundant enough to support a
population of predatorSanchezHernandez et al., 2017) . Hatcheryreleased fish may
fill this role for brown trout in the Trinity River, supporting a shift to piscivory and
sustaining the biomass large, predatory individuals.

Wild-spawned fish

Our estimate of predation avild-spawned saton and trout is lower and less
precise thathe estimatéor hatcheryproduced fishThe lower precision of this estimate
is caused in part by the isotopic similarity of wild salmon and trout to other naturally
occurring prey items in therinity River, including insects and lamprey ammocoetes.
However, based on observations of fish in brown trousdiefore the hatchery releases,
we know:that brown trout in the Trinity River do actively feed on wild-spawned salmon
and.trout. Although the total biomass of wild fish that brown trout consume is much
lower than for hatchery fish, this predation is still a potential concern for catiser
becausét occurs over longer time spans, including the early rearing period when the total
biomass of wild fish available is much lower than the biomass of hatchery fishldwail
during hatchery releases. However, translating our consumption estimateortality
rates and estimating the effects of brown trout on wild salmon populations inrfg Tr
River is not possible with the current data set.

Based on the average estimate of ca. 1,000 kgldfsalmonidsconsumedy
brown'trout andx total ofca. 4,000 kg of juvenile salmonids outmigrating from the upper
Trinity=River (Harris, Petros, & Pinnix, 2016), we could naively say that 20% of wild
salmonid production in 2015 was consumed by brown trout. However, this estimate could
have a substantial positive megative bias for a variety of reasoRgst, some proportion
of the.wild salmonids consumed by piscivorous brown trout were juvenile brown trout,
which.arelumped with other wilesspawned salmon and trout in the isotope analysis
(potential positive bias)The lavage data suggests that cannibalism was relatively rare,
but our,samples from outsidétbe spring electrofishing sample bouts are limaed
cannibalism may have been more common in other seasons fExeassume

cannibalism wasruly rare,the naive calculation of brown trout imposed mortasity
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481 premised on some very unlikely assumptions: that every fish consumed by brown trout
482 was similar in size to outmigrantand that every fish consumed by brown trout would
483 havesurvived their journey out of the 64 Kmelow the danif it was not consumedn

484 realityssbrown trout can consume juvenile salmonids during their entire rearing per

485 leading.up.to outmigratignncluding at sizes much smaller than outmigréptgential

486 negative bias)Further, not all of the wild fish consumed by brown trout would have

487 otherwise survive@potentialpositive bias)some level of compensatory mortality is

488 certain(Ward & Hvidsten, 2011)Finally, any attempt to estimate effects on populations
489 wouldclearly require estimates of consumption at the species level, not lunped int
490 hatchery and wild categori¢gnknown bias, possibly different for egatey species)

491 Inhaddition to predation, brown trout may affect survival and growth of wild-

492 spawned salmon and trout in the Trinity River through competition. Our sampling

493 technigues and analysis focused on large brown trout with diets and microhabitat use that
494  areddistinct from native juvenile salmon and trout. However, other studies havehatnd
495 juvenilerbrown trout can compete for food and territory spacejwitimiles of all three

496 salmeon and trout spexs native to the Trinity RivgFausch & White, 1986; Gatz, Sale,
497 &Loar, 1987; Glova & FieldD odgson, 1995) . Competition could exacerbate any

498 negative effects of brown trout on populations of native fish in the Trinity River, as has
499 Dbeen suggested for non-native brook trout and native Chinook salmon in the Columbia
500 RiversysteniLevin et al., 2002)Evaluating effectsf competition between brown trout
501 and'mative salmon and trout in the Trinity River will require a new sampling.effort

502 Management options

503 Historical records are incomplete, but existing information suggests that brow
504 trout.abundance in the Trinity River continues to fluctuate. Creel surveys prior to 1970
505 refer.to.catches of less than i®wn trout peangler peyear, with fish ranging from 30-
506 50.cm (Moffett and Smith 1950; Rodgers 1973). Catchescent yeararegenerally2-5

507 brown trout per angler per day with lengteaching or exceeding 70 cm (J. Alvarez,

508 personal observation). Our sampling in 2015 might repr@esehbfa recenpeak in

509 brown trout abundance. As sampling continued into 2016 and 2017, the brown trout

This article is protected by copyright. All rights reserved



510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538

population estimates declined and younger ptasses were less common (Alvarez
2017). Despite this potential recent decrease in brown trout abundancesults
suggesthat Trinity River brown trout have the capacity to exisitaindance high
enough,to consume a substantial proportion of native salmonid production.

The consumption estimates that we produced are contingent on the validity of our
bioenergetics wdel. Bioenergetics models provide a framework for accounting for
metabolic costand other energetic lossebten inferringfood consumption from
observations of growth. The models are based on fundamental relationships between
body size, temperate, and physiological rates (Hansen et al. 199Rerdis a large
body‘of'work on the energetics of brown trout grotitt describes these relationships
(Elliott 1994), providinghe basis for the parameters that we used. However, there are
many uncertaintiesn bioenergetics modethat can lead to biased estimates, including
uncertainty in the parameter estimates, the functional form of the physiological
relationships, and how these vary across individuals and populations (Chipps and Wahl
2008).%In our model, we used simulations to incorporate the uncertainty in our field-
derived parameter estimates into our estimate of consumption, but there are no estimates
of.the uncertainty available for most of the basic physiological paranieties
literature One particular area of concern for our estimate is the highly seasonal pattern of
prey.availability and consumption, with most of the annual energy intake for langa br
trout’coming from the consumption of hatchery fish during the spring release. The
standard bioenergetics model formulation often underestimate consumption when prey
availability is high and overestimate consumption when prey availability is low (Chipps
and. Wahl 2008). However, we do not know how these biases play out over time when
food.availability transitions from very high to low, or how this seasonal variation may
affect.our isotopic determination of diet composition.

If brown trout are suppressing survival of native salmon and trout, thest d
controkof brown trout abundance by altering sport harvest regulations, euthanizimg brow
trout captured in the course of other sampling efforts, agéted removal sampling may

aid in the recovery of native populations. However, direct control of invasive trout can be
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539 veryexpensive and such effotiave a mixed record of success (Meyer, Lamansky, &

540 Schill, 2006; Syslo et al., 2011). If implemented, any such efforts should include

541 assessment of survival of hatcheejeasedish and recruitment successwaitd fish in

542 orderto.determine if brown troaontrol efforts benefit native salmon and trout.

543 Efforts to manage the brown trout population to reduce impacts on native salmon
544 and‘trout in the Trinity River are likely to generate some controversy. The authors of
545 previous studies in other regions often comment on the importance of brown trout to the
546 sport fishing community. For example, Belk et al. (2016) investigated the potential f

547 maintaining the fishery for non-native brown trout in the Provo River in Utah while

548 increasing native fish populations through physical habitat restoration. dinay that

549 rare species would persist only with low brown trout abundance; negatives efifect

550 native species could be ameliorated but not removed while brown trout persisted.

551 Similarly, Townsend (1996) studied streams across New Zealand and founzelbcali

552 extirpations of galaxiid fishes and large scale changes to entire aquatic communities
553 associated with introduced brown trout. Despite these findings, in his conclusions he
554 questioned the need for and feasibility of any brown trout removal program. A

555 community of recreational anglers is invested in brown trout in the Trinity River system
556 because resident brown trout support a small recreational fishery, especially when native
557 anadromous species are not aalalid.

558 As an alternative to direct control effortistnay be possible to reduce predation

559 on hatehery fish by altering release practices at the hatchedycikg brown trout

560 predation on hatchemeleasedish has two potential benefits: increased survival of

561 hatcheryreleased fish, supporting conservation efforts and harvest opportunities; and a
562 reduced.subsidy to the brown trout populatidine latter could have cascading affects

563 including reducing the abundance of large, piscivorous brown troutllgain hatchery

564 released fishand reducing predation on wild fish. This assumes that brown trout will not
565 be able,to sustain their high biomass by switching to an alternative prey, hrgjwee

566 that this is a reasonable assumption given that large brown trout do not currently consume

567 much biomass of other prey during the portion of the year when hatchery sakmuot
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available. Approache$at mightreduce brown trout predation on hatchery fish include
synchronizinghe releases of multiple specfesm the hatcheryso that large numbers of
preyswamp the brown trout for a lower overall predation f&tard & Hvidsten, 2010),
andminimizing the time that hatchery fish remain in the system by delaying releases until
fisharedarge andet to migrateapidly to sea.
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Figurelegends

Figure 1. Map of the study area with an inset regional map of California. ririgy T
River flows fom right to left. The study ardeegirs at Lewiston m am ends at the
conflience of the main stem with the North Fork of the Trinity RWéthin the study
areapeach reach is highlighted witle color of the Floy ar tag that was used to mark

fish, matching the temperature profile lines in Figure 2.

Figure2., Temperature profiles of each reach where Reach 1 is the furthest upstream and
Reach.6'is the furthest downstream. The color of the line matcheddhefdbe reach

in Figure 1

Figure 3. Age and size for all individual brown trout and the fitted Von Bertalanffy

growth curve. Von Bertalanffy parameter estimates and standard errors are in Table 3.
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Figure 4. Isoplot of brown trout and prey items. Blue x's represent individual Brown
Trout isotope ratios. Prey items are labeled and the locatibe mmean value for that
prey.eategory. The error bars are a single standard deviation.

Figure 5. Diet proportions of Brown Trout grouped by fork lengthmf@esizes for each
size bin‘were n=19 for 20 to 30 cm, n=f60 30-40 cm, n=83For 40-50 cm, n=6%or 50
60'cm, and n=3@r >60 cm

Figure 6. Estimated biomass of prey consumed by all brown trout > 20 cm long in
population the Trinity River over the course of a year. Median estimate consumption
estimates were 5,930 kg of hatchery fish (95% CI 3,800 to 8,805 kg) 3,566 kg of
invertebrates (95% CI 1,279 to 5,524 kg), 924 kg (95% CI 60 to 3,526 kg) of wild fish,
and598 kg of lamprey ammocoetes (95% CI 18 to 2,058 kg).
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Table 1. Parameters of the Wisconsin bioenergetics model and the values used to implement it. The
model equations and parameter meanings are described in Hansen et al. 2007. All parameter values are
from Dieterman et al. (2004) except LOSS, which is from Burke and Rice (2002).

Parameter = Value Parameter definition

CTO 17.5  Water temp corresponding to 0.98 of the maximum consumption

CT™M 17.5 The upper end of the temperature where still at 0.98 of the maxin
consumption rate

CQ 3.8 Water temperature at which temperature dependence is a fractio

(CK1) of the maximum rate

CA 0.2261 Intercept of mass dependence function for a 1 g fish at optimum
temperature

CB -0.233 Coefficient of mass dependence for increasing portion of curve

CTL 20.8 Temperature at which consumption is reduced some fraction (CK

the maximum rate

CK1 0.23  Specific rate of respiration (g/g/d)

CK4 0.1 See CTL

RA 0:0113 Intercept for the allometric mass function for respiration

RB -0:269 Slope of allometric mass function for respiration

RQ 010938 Approximates the rate at which the function increases over relati

low water temperature

RK1 1 Intercept for swimming speed above the cutoff temperature
RK4 0.23 Mass dependent coefficient for swimming speed at all water
temperatures

BACT 0.0405 Water temperature dependent coefficient of swimming speed at v
temp below RTL

RTO 0.0234 Coefficient for swimming speed dependence on metabolism (s/cr
RTL 25 Cutoff temperature at which activity relationship changes
ACT 9.7 Intercept of the relationship between swimming speed and mass

given temperature
LOSS 0.35 Energy lost to feces and specific dynamic action
EDA 6582 Intercept for energy density-weight function
EDB 1.1246 Slope of the energy density-weight function
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Table 2. Brown trout population parameters for the bioenergetics simulation. The estimatagance
are derived from field data collected during this study.

Standard
Par ameter Mean Error
Population size Reach 1 111 65.5
Reach 2 300 178.5
Reach 3 95 56.5
Reach 4 553 328.5
Reach 5 284 169
Reach 6 237 141
Annual survival 58.3% 2.4%
Initial 'size (cm) Age 2 20.0 2.4
Age 3 34.0 4.7
Age 4 40.6 4.0
Age 5 47.0 4.5
Age 6 53.2 4.7
Age 7 56.6 5.1
Age 8 62.8 5.2
Age 9 66.0 4.9
Age 10 69.0 4.9
Age 11 72.0 4.6
Age 12 75.0 4.6
Growth Rate L 90.6 2.9
K 0.14 0.009
to -0.21 0.055

Table 3. Comparison of diet composition results based on lavage and isotope analysis. The lavage was

calculated as the summed mass of content within a category divided by the total mass of stomach
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contents. All masses are wet masses and do not account for digestive state. Brown Trout are grouped by

fork length.
% Fish
Brown Trout size
interval (cm) Lavage | sotope
20-30 8% 38%
3040 26% 60%
40-50 83% 63%
50-60 82% 78%
>60 98% 92%
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