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EXECUTIVE SUMMARY

A recent 18year synthesi€0071 2016)of CMSMON1b revealedemaininguncertaintieassociated
with the effectsof theWUP discharge regime ogroundwateupwelling, adult Chum Salmagpawning
site selectiondistribution and overall productivityGroundwater data were scarcedaften limited to
one yealndstock-recruitmentanalyses suggested increased variability in the Cheakamus River
hydrograptbetween 2%nd80 n¥s? during the fall adult migration likely increasgivenile productivity
We recommendeddditional years ofmonitoring b further investigate thgroundwater/spawning site
relationshipandstrengthen thstockrecruitmenthypothesif greater discharge variability leading to
increased juvenile Chum Salmon productivifp address tteeuncetaintiesand recommendationBC
Hydro initiated an additional year of monitoring during the 2@078 adult migration and juvenile
incubation/rearing period3 his year washaracterized bthree distincperiods ofexperimental pulse
flows during the faladultmigrationin which discharge was manipulated betweera880 n¥s?, and
increased groundwatenonitoringduring the incubation period. This repdrscusssresults fronthis
11" year ofmonitoringand how they address thacertainties described the 1Gyear synthesis and
guidingmanagement questiofisr CMSMON1b.

During the fall 2017 migration, the majority of adult Chum Salmon wletibuted throughout
spawning habitati; the lowerreaches of the Cheakamus Ribetween RK 2.0 (Stables) ahdlowRK
7.5 (Bailey Bridge)with 21% of the estimated population utilizitgwer riversidechannel habitatand
0% of radio tagged individuals observed above the Bailey Bridlgspite more discharge variability
during the fall migration from pulsed flows, there was no relationship between discharge and maximum
migration distance achieved by radamged fish. This resulh combinatiorwith low estimated adult
escapement in 2@1supports the hypothesis that movement into the modeled effective habitat above the
Bailey Bridge is density dependent rather than dischegigged.

We modeled the 2017 siaddnannel data and found that two peaks of daily entries inte side
channels wereetated to increases in mean daily discharge fromil387 nis'. The models suggested
that daily entries could be increased by pulsing discharge above the daily mean o%32idring the
adult migration. Increasing entry into side channels couldmiatly increase Chum Salmon productivity,
as egegto-fry survival is consistently higher in side channels relative to the mainstem river (Fell et al.
2018).

Continued groundwater monitoring in 2017 fouewddence of upwelling throughout the study
site. Sites withthe strongestupwelling evidence were locatédwnstreanof the Bailey Bridgewhere the
majority of adult Chum Salmon are observed spawning; however, theadseasidence of weak

groundwater upwelling upstreaof the Bailey BridgeThroughout all of the monitored sitebetdegree
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of groundwater upwelling varieglibstantially bothkvithin and between site®ur dservations of Chum
Salmon spawning do not align completely widagepredicted by the original motéedeveloped during
the WUP consultative process, with areas of strong groundwater uphivg). Thus, ve suspect it
spawning site selectidn the Cheakamus Rivés likely driven by a combination dhe characteristics
used during the WUP modelling,aamdwater upwelling, anadditionalmicro- and macredevel habitat
characteristics.

Experimental pulse flows during the 2017 fall adult migratesulted in a more variable
hydrographin the Cheakamus River than is typical during standard WUP operations. However, this
experimendid not increase the number of days when discharge during adult migration was >25 and <80
m3/s relative to the previous 10 yearsha study and the resultigpeggto-fry and adultto-fry stock
recruitment estimates were very similar to theyg@r meansDespite theaverage migration conditions
and stockrecruitment estimateshe addition of 2017 data to both the @gdry and adukto-fry models
continued o support the hypothesis that more variability in flows during the adult migration period
increaseguvenile productivity. These results suggest that regulating discharge during adult migration and
juvenile incubation could be used as a management toadriease Chum Salmon productivity in the
Cheakamus RivellVe caution, however, that because Chum Salmon are diVealgspecies with highly
variable abundances, inferences drawn from these-stockitment relationships with relatively small
sample sizef.e. years of monitoring) could be biased or inaccurate.vdhdi | e t hi s year 6s
more confidence to the predicted staekruitment relationships, we recommend a precautionary
approach to any management decision made based on these findirggvédathecurrentcontinuation
of the pulse flow discharge experiméfall 2018)based on this recommendation and designed to
improve therobustness of stoetecruitment analyses ampdedictionswill only be compleg with the
collection of juvenile Chun$almon data in 201%Vithout juvenile data, stoetecruitment modeling
cannot be completehd the longerm data set of Chum Salmon productivity in the Cheakamus River
would be compromised.hese omplete and accurate stemcruit relationships are ddal to
understanding whethamnnual fluctuations iproductivity are related to adult escapement or

characteristics of the WUP discharge regime
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1.0INTRODUCTION
1.1 Project Background

The Cheakamus River watershed drains an area of 1,02 kine Coast Mountain Range of
southwestern British Columbia and supports populations of Chirf@oegdrhynchus tshawytschaoho
(Oncorhynchus kisutghChum Oncorhynchus kejaand Pink Salmongncorhynchus gorbuscha
resident Rainbow and Steelheadtr(Oncorhynchus mykixsBull Trout (Salvelinus confluentlisand
additional forage fish species. The Cheakamus is a primary tributary of the Squamish River, and is
ecologically, culturally, and recreationallyportantto multiple stakeholder groups. Members of the
Squamish First Nation harvest salmon for foodjapand ceremonial purposes, and the river also
provides opportunities for commercial and recreational angling and rafting communities.

In 1957, the Cheakamus River was impounded by Daisy Lake Dam to divert a portion of water
from the Daisy Lake Reservdn the Cheakamus Generating Station for hydroelectric power production
in the Squamish Valley. Following this diversion, the Cheakamus River downstream of the dam now
receives only a portion of its natural discharge. There is considerable stakehotést inte
understanding how this altered flow regime affects fish populations, particularly in the portion of the river
that is accessible to anadromous salmonids (river kilometer [RK] 0 to RK 17.5).

BC Hydro operates the Cheakamus River hydroelectric syeteimvater release requirements
from the dam have varied since the system was impounded inAf@57.1957 td 997, the water use
license for the Cheakamus River specified that a minimum o&5 shwater be released to protect fish;
however, the licenseid not specify detailed discharge regulations or targets (Mattison et al. 2014). In
1997, the Department of Fisheries and Oceans (DFO) issued an instream flow order (IFO) to BC Hydro
after decades of unregulated flow relegsken largely by power demmd were found to negatively
affect fish populations. The IFO was amended in 1999 to become the instream flow agreement (IFA),
which specified that greater than Sshor 45% of the previous sevalay average inflows into Daisy
Lake Reservoir must be szlsed downstream of the danan effort tomimic the naturalvariability of
theriver hydrograph and potentially redeinegative impacts to fish.

In 2006, the Cheakamus River Water Use Plan (WUP) modified the IFA and instituted a flow
regime thatimed to balance minimum flows at the dam with social, economic, and environmental values
of the riveri one of which being sustained healthy salmon populations (BC Hydi®).Z0te effect of
WUP flows on fish populations in the Cheakamus River was umces$gproductivity increases were
predicted using assumed rather than empirical relationships. Indeed, the productivity model upon which
the WUP flows were based was found to overestimate spawning habitat availability relative to empirical

measures (Marmek and Parnell 2002). As a result, environmental monitoring prodiaahsding
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CMSMON1b)were instituted in conjunction with the WUP order that aimed to determine how the WUP
discharge regime influenced fish populations in the Cheakamus River.

1.2 Managenent Questions

Chum Salmon were identified during the WUP consultative process as an important indicator of fish
health in the Cheakamus River (BC Hydro ZO@CMSMON1b(monitoring adult Chum Salmon) and
CMSMON1a(monitoring juvenile Chum Salmomjere estalished to explore the effects of discharge on
Chum Salmon productivity (BC Hydro 2007). These monitors are not mutually exclusive, as data from
botharerequiredto develop stockecruitment relationships critical for determining whether annual
fluctuations in adulto-fry and egeto-fry survival are related to adult escapement or characteristics of the
WUP discharge regime (Bradford et al. 2005).

Adult monitoringhas beeronducted fothe pastll years (2007 2017) with two primary
objectives: 1) estimate the annual escapement of adult Chum Salmon in the Cheakamus River, and 2)
examine the relationships between WUP discharge, groundwater upwelling, and aduls&mon
distribution and spawning site selection (BC Hydro 2007). These objectives were designed to address
management questions developed by BC Hydro (2007) and explore the effects of WUP discharges on fish

populations. Three targeted questions wereess$drd by the monitor:

1. What is the relationship between discharge, adult Chum Salmon spawning site selection, egg
incubation conditions, and juvenile productivity?

2. Do the models used to calculate effective spawning area (based on depth, velocity, aagk}lubst
provide an accurate representation of Chum Salmon spawning site selection and the availability
of spawning habitat under the WUP flow regime?

3. Are there alternative metrics that better represent Chum Salmon spawning habitat?
Althoughmonitoringfrom 20072016 provided valuable insightstards answeringhe management
guestiongdescribed abovea 10-year synthesisf themonitor (Fell et al. 2018toncludedhere are still
uncertaintiesn the effect of the WUP flow regimen Chum Salmorproductivity. In particularthe
relationshig betweendischarge androundwatetinfluencedegg/juvenile incubation conditions aadult
spawning siteselectiondistributionrequiredadditionalinvestigation Additionally, stockrecruitment
modelsindicated dischargpulsesbetween 2&nd80 n¥s? during thefall adult migratiorlikely increase
juvenile productivity however additional years of stoelecruitment datandexperimental pulse flows
are required to strengthéms hypothesis.

To addres the aboveincertainties, BC Hydro initiated an additional yemonitoringduring
the 20172018 adult migration anguvenile incubatiofrearing periodsMonitoring includedncreased

groundwateinvestigationand three distinct experimental pulse flows during theGallm Salmon
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migration during whichdischarge was manipulated betweera2880 nvs! over three (approx.)-tveek
periods.This reportdiscussesnethods andesults from 201-2018and how they address the
CMSMON1bmanagememjuestionsaandfocusses primarilypnaddressing uncertainties describethia
10-year synthesisHell et al. 2018gandthe dfects of experimental discharge pulsEer detailed
descriptims of the methods, analyses, results, and discussions relepagtitmisyears of CMSMON1l1a
& b (200771 2016, refer to technical reports available from:

https://www.bchydro.com/about/sustainability/conservation/water use planning/lower mainland/cheaka

mus.html

2.0METHODS
2.1 Study Area

The glaciallyfed Cheakamus River is a primary tributary of the Squamish River, which flows into the
Pacific Ocean via Howe Sound and the Strait of Georgial(€l). Annual water temperatures in the
Cheakamus River range from @5 °C, and the typal hydrograph is characterized by low discharge
(15-20 ns?) in winter (December March)and late summer/early fglAugust- September)and two
freshet periods from spring snawelt (April - July) and fall storm events (OctolieNovember).

Mainstem fish habitat in the Cheakamus River extends 17 kmifsaonfluence with the Squamish

River to anaturalfish barrier 9 km downstream of Daisy Lake Dam. Mainstem habitat is complimented
by a lage network of maimade restoration channels fed either by groundwater or diverted river water
(Figure 1).
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Figure 1. Cheakamus River study site showing locations of fish collection sites;ted€einetry
receiversartificial spawning channels, and rotary screw trap. Inset shows location relative to the greater
Squamish River watershed.
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2.2 Cheakamus RiverDischargeData

Hourly discharge data were acquired from the Water Survey of Canada (WSC) gauge at Brackendale
(0BGAO043; located 100 m upstream of the RST sid&charge data were summarized across four Chum
Salmon lifehistory periods: the entire spawning season (OdD&é 15), the upstream migration (Oct 15
Nov 7), the peak spawning period (NoWbv 15), andhe egg incubation period (Ded Mar 31).

Discharge metrics included minimum, maximum, mean, and median discharge, as well as the standard
deviation and variance in discharge, and the number of days between 25 aisd g@aLingard et al

2018) Thes discharge metrics were considered as covariates duringretmcitment modelling and

models ofadult Chum Salmon disbution and movement patterns.

2.3 Groundwater Monitoring at Spawning Sites
Management question 2 of CMSMON1b asks whether models used duriwifheonsultative process
accurately predicte@hum Salmon spawnirgabitatareaand spawning site selectiomder the WUP
flow regime Groundwater upwelling is known to strongly influer€hum Salmorspawning site
selection (Hale et al. 198%ut upwelling was not included in the original WUP modellifigo
alternative hypotheses were propose@MSMON1bto examine the effect of groundwater on Chum
Salmon spawningite selection
H.: Spawning chum salmon do not select areas of upwelling groundwater for spawning in the
mainstem.
Hs: Discharge during the chum salmon spawning and incubation period does not affect the
upwelling of groundwater in mainstem spawning area
We monitored redd temperatwim the Cheakamus River from December 12, 2017 to January 31aP018
thirteens i t es di stribut e®Kb.e§)weamd MIALE thdentifyHmeds of
groundwater upwelling. Monitoring sites were seledtaded on their suitability for Chum Salmon
spawning (i.e., appropriate depth, velocity, and substrate composition) and/or previous observations of
confirmed Chum Salmon spawninghasiour. Temperature loggers (n = 70; Onset HOBO TidbiT v2 data
loggers; UTB4001) buried 25 cm below the substrate sur{apgroximate redd depthgcorded hourly
temperature, and an additional temperature logger at each site recorded hourly surfaeenpatature.
Replicate loggers were installed at each site to account for spatial variability in groundwater upwelling
however, he number of replicasavas variable and ranged from 2 to 8 depending on the size of the site
and the variability of site @racteristics.
To test H we compared locations of confirmed Chum Salmon spawning with study sites
demonstrating strong groundwater upwelliging datarom 20162017 and previous years of

groundwater monitoringConsistent with previous yearsmbnitoring, aeas of groundwater upwelling
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were identifiedusing differentials between redd temperatures and surface water tempdsseardstails

in Fell et al. 2018)Fall and winter groundwater temperatures are generally warmer and more stable than
suface water temperatures in Pacific Northwest streams (Constantz #888ye considered

groundwater upwelling to be present at sites where surface water temperatures were lower than redd
temperatures, and/or where temperature fluctuations in the vedtienrc were not observed within the

redds. We further designated the presence of groundwater as either strong (i.e., evidence was consistent
amongst years and replicate temperature loggers, and/or there was a large temperature differential) or
weak (i.e., gidence was inconsistent, and/or the temperature differential was minor).

We used time series6 of redd temperature and
Survey of Canadgauge 08GA043 to qualitativelytest hypotheses4hnddetermine whether discharge
pulses interact with groundwater upwellivge did notquantitatively relatelischarge and redd
temperature due to the complex nature of groundwater upwelling (i.e., the difficulty in fitting predictive
models), the variabilityn the location of groundwater upwelling, and the variability in the magnitude and

direction of differentials between redd temperatures and surface water temperatures.

2.4 Adult Escapement Estimation

We estimatel adult Chum Salmon escapemén20162017 (and in all previous monitoring yeausjng
aPooledPetersen markecapture model (Ricker 19i7Bell et al. 2018 This method combinespmssive
markrecapturenodelwith PIT tag detections aratiultcounts fran resistivity counters in the
Cheakamus Centre and TenderfGo¢ekside channelsAdditional details on mode$pecification and
refinementas well as the capture and recapture methods describeddzeidye found iprevious
CMSMON1bannual reportée.g. Fell et al. 2016).

2.4.1 Capture and Tagging

Two locations wer@isedfor adult Chum Salmon capture and tagging based on ease of river access,
suitability for fish capture, and proximity to resistivity count@figurel). The lower river tagging site
(Stables), located at RK 2.0, was fished at discharges between 15 m&f 3@hile the upper river
tagging site (Gauge Pool) at RK 6.0 was fished at discharges between 15 aisd. 4Fhexmaximum
fishable discharge for both sites was 4% Daily site selection was based on reale discharge and
captureeffectiveness, and both sites were often fished on the same day to maximize capture rates.

All Chum Salmon tagged during this study were captured using a tangle net deployed using an
inflatable pontoon boat and secured by asslbore crew (see details irlFet al. 2016)All fish were
tagged with a 20 mm hatfuplex PIT tag (BioMark, Boise, USA) in the dorsal musculature, and fitted
with an external Petersen Disk Tag for visual identification. Sex, fork length, and condition were recorded

for all individuals A subset of captured fish (n = 74), in addition to being PIT taggexk gastri¢agged
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with a radio transmitter (MCFBA, Lotek Wireless Inc., Newmarket, Canada; or-FPRCI-1200M,
Sigma Eight Inc., Newmarket, Canada) programmed with a uniqueficiibdn code and 5 second burst

rate.Data from these raditagged fish were used &ssess adult movement and distribution patterns

2.4.2 Detection and Enumeration

Adult Chum Salmon recapture data were collected at three locations in the Cheakam@stober 15
2017to December 152017 at the entrances of the Cheakamus Centre and BC Raitlsahmels, and
proximate to the Tenderfoot Creek Hatch@figurel). All adults were directed over or through PIT
antennas located at the three recapture sites to determine which tagged individuals mignatédrinto
site Adult migrantswereenumerateat each sitdy a passver Logie 2100C resistivity fish counter
(Aquartic Ltd.) at the Cheakamus Centre and BC Rail side charaetshyDFO observers at the
Tenderfoot Creekatchery entrance fendéis important to note that the passive counting methods (i.e.

resistivity counters and PIT antennas) employed insthidy do not function at discharges >8%hn

2.4.3 Adult Mark -recapture Modelling

PooledPetersemarkrecaptureestimates were used to calculathilt escapememor the entire river and
the aea upstream of the RSTiacluding side channels)The estimate for the whole river was derived
from individuals marked at the Stabksd Gauge Podagging siteand recaptured at the three upstream
PIT locations. The population estimate for the upper river (above the RSRKit5.5) was derived from
fish tagged at the Gauge Pool tagging site and recaptured at the three upstream |IBsatiprsient was
estimated usinthe equation:

00

0 —
o

Wherel is the estimatedscapemerih each area (entire river or upstream of R$T)s the
total number of fish marked with PIT tagsjs the total number of fisanteringthe sidechanneldi.e.,
enumerated by the resistivity counteahdm is the number of PIT tagd fishentering theside channels
(i.e., recaptureRicker 1975.

Pooling in the Petersen method refers to combining all resdpture trials into a single estimate
of o6trap ef f i cmeamgendratinga singiscamemaustinatefsr the entire study
period ().

2.5 Juvenile Abundance Estimation
A Bayesian TimeStratified Spline Model (BTSPAS) was used to estimate annual juvéhilen Salmon
abundancen the Cheakamus River as a part of CMSMONE&e Lingard et al. 2017 for more detpils

The BTSPASmModel is a modified Petersen madcapture model that estimates weekly abundance using

splines to model the general shape ofttiigration The Bayesian hierarchical method shares information
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on catchability among strata when data are spars®a@a®er and Schwarz (2011) for a detailed
explanation of the model and its developméiiundance estimates were generétedveekly stratdor

both themainstem Cheakamus River and the side chanha&lenile Chum Salmon in the mainstem
Cheakamus River we enumerated by two sfwot rotaryscrew traps (RST9)perated adjacent to the
Cheakamus Center property at RK #dim February 18 April 28, 2018(Figurel). Fyke nets werased
during the same peridd enumerate juvenilaa sidechannels at the Chkamus Center complex, BC

Rail channel, and at the Tenderfoot Creek Hatchery adult fence (Rjgineekly strata for Chum

Salmon ran from Tuesday to Monday. Fish captured between Monday and Thursday were marked with a
biological stain and released upstne of the RSTs or Fyke nets. Fish were not marked between Friday
and Sunday to allow the mark group to move past the trapebffemext strata begabstimates

generated from the RSTs represented the combined mainstem anlasidel estimate. Estimatieem
sidechannel traps were subtracted from the RST estimate to determine comparative production from
sidechannel and mainstem habitat. Hatchery production totals were not included in the population

estimates generated from this study.

2.6 Egg-to-fry Survival

Eggto-fry survival accounts fointer-annual variation in egg deposition per female resulting from
changes in fecundity and spawning suceessis an important indicator fcubation and emergence
conditions anaveralljuvenile praluctivity. Eggto-fry survival H ) was estimated for the mainstem
Cheakamus River upstream of the RST site, and for all monitorediséamels (i.e. Cheakamus Centre,
BC Rail, Tenderfoot Creek}ee Fell et al. 2018 for a detailed explanation of thaulzlons used to
produce this estimat&ggto-fry survival H § was estimated using the following equation:

0 0 0 0

0

0

WhereN:is the adult abundance estimated by the upper riveleB Petersen estimaffer yeart.
Ni is the proportion females in the population based on the sex ratio of all individuals tagged.in year
Nefp is female fecundity as evaluated by Tenderfoot Creek Hatchery in gearferred using the fork
lengthfecundity relationship developed for 202016(p<0.001, R=0.34; Fell et al. 2016Neq s the
estimated proportion of eggs successfully deposited per female ity gsaessed by annual {#eawn
mortality surveys in the mainstem and siteannel habitats. And lastliy is the BTSPAS estimate of

juvenile abundance in yetr

2.7 Juvenile Productivity and Stock Recruitment

StockRecruitmen({SR)analyses examine the relationship between adult escapement and subsequently

densitydependenjuvenile productivity and how this relationship can vary given the influence of
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additional independent factois. this reportwe continued to build on the SBlationship developed in
CMSMON1b (years 1 through 1@) examine theffect ofthe WUP dischargeegimeand experimental
pulse flowson productivity (i.e. eggo-fry and adukto-fry survival; Fell et al. 2018). Wee-examined
thesuite of annual dischge metricddescribed in Fell et al. 20XBatsummarisd flow conditions

occuring over four distinct time periods associated with adult spawaimbegg incubatiofor all habitat
types combined (mainstem and side channé&ls@se metrics were used asadates in &Ricker SR
analysis (based apriori hypotheses about discharge and juvenile salmon life history) to explore the
effects of discharge on juvenile phactivity (Ssummarized in Table 7 of Fell et al. 2D18Il covariates
used inSRmodelling werestandardizedi.e., rescaled to have a meanare and standard deviation of
zerg to compare the relative effect of each covariate orsRigelationship (Gelman 2008, detailed
descriptionand equations fahe modifiedRicker model used in these analyses is described in Fell et al.
2018.

Wefit SR relationshipsvith single discharge covariatas well as interactions between
covariatesand compared to a base Ricker model (no discharge covariate) usingdedwimnmation
Criteria (DIC).DIC quantifies the tradeff between fit and complexitfor Bayesian models (Gelman
2003), and models wittower DIC values are considered to provide a better fit to the data. The
importance of each covariate was also evaluated by determining the probabilibe ttatariate
coefficient g) was greater thazero. Because the covariates were standardized, differences in the
magnitude of coefficient estimates among covariates reflect their utility foriexgavariation in
recruitment All modeling was performed in JAGS andR Core Team 2014)sing packag§agsUi
2.8 Adult Chum Salmon Distribution
Discharge pulselave been hypothesizeddfiect adult Chum Salmon digoution by increasng side
channel usagky adultChum Salmonwhich maylead toimprovedeggto-fry survival (Fell et al. 2018
To examine this reltionship, wanodelled daily entries of fish into side channels as a function of daily
average discharge and day of year using a negative binomial generalized linear model that accounted for
overdispersiorin count data. Wereated two indpendent estimates of daily entries into gsidannels
(i.e., PIT entries and counter entrigspr theccountebmodel, wecombined he dai |y number of
countsfrom resistivity counters at the Cheakamus Centre and BC RaitBateels with daily cous
from the Tenderfoot Creek hatchery ferf¢é). For t he O6PI T6 model, we combin
unique PIT tag detections on entry antennas at the Cheakamus Centre, BC RailchadnEfsBoth
modelsonly included count and discharge data that occurred fitnwe were<80 ns?, as both PIT and
resistivity counting operations cease to function aboigetiihesholdModel fits wereassessely over

dispersion and l-square tests.
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We also examined hodischarge affects adult Chum Salmontriisition and spawning site
selectionin the mainstenusing radio telemetry data collected from 74 adult Chum Salmon (40 males, 34
females) in the fall of 201 Data fromfixed radioreceiverstationsat Cheekeye (RK 3.2and
Campground CorndRK 8.6) were combined witkweekly mobile trackingdata(from RK 15.07 3.0
October 15 to December 15, 201@ determinandividual migration historieand maximum river
kilometer achieved/Ne used a linear model to examitiee maximum RK achieved by radiaggedish
in 2017as a function oindividual sex, tagging date to account for migration timing, the maximum
discharge an individual encountered while migrating in the Cheakamus Riveheamanhber of days
during this migratiortharacterized by p u 4 e dv sdischargex2%<80 mis?). All covariatesvere
standardized to alloior the direct comparison of the relative effeceathexplanatowariable(Gelman

2008) andmodelresidualsvere examinedor linearity and homogeneity.

3.0RESULTS
3.1Cheakamus RiverDischarge

Mainstem Cheakamus Rivaweragedaily dischargeduring the fall adult Chum Salmon migration
(October15i Decemberl5) ranged from 15.8 280.83 mis? (48.1° 7.1%), with 3 distinct pulse flow
periods an®9% (24 ¢ 62) of daysfalling within 257 80 n¥s! (Figure 2A). Discharge during the egg
incubation and juvenile rearing period ranged from 1582.2 (22.1° 1.0) (Figure 2B).

! Data throughout the results are presented as mean + standard error.
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Figure 2. Mean daily discharge of the Cheakamus River during the adult spawning migratomhfpem
October I December 152016(Panel A), and the egg incubation / juvenile rearing period from
December %, 20161 April 1, 2017(Panel B) at the WSC Brackendale gauge (08GA0@8y shaded
box highlights period during the adult migration when discharge between 26 80 n¥s™.

3.2 Groundwater Analysis

A total of 52 subsurface temperature loggers were recovered from the Cheakamus River on January 31,
2018. The remaining 18 loggers (i.e., of the 70 deployed in December®f\@€de notrecovered or
were displaced during the monitoring per{&igure 3)
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Figure 3. Map of the Cheakamus River study area showing points of interest and groundwater monitoring
sites showing strong, weak, or no evidencgrotindwater upwelling.
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We examined the temperature differential between redd temperature and surface temperature to
identify sites with strong, weak, or zero evidence of groundwater upwelling. For example, Site 1 Lower
demonstrated strong evidence of grdwater upwelling (Figuréd), while Site 11 demonstrated weak

groundwater evidence (Figus® and Site 6 Upper showed no evidence of upwelling (Fi§ure
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Figure 4. Redd temperatur@ed line) river temperaturéblue line) and dischargéblack line)at Site 1
Lower in the Cheakamus River.
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Figure 5. Redd temperatur@ed line) river temperaturéblue line) and dischargéblack line)at Sitell
Lower in the Cheakamus River.
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Figure 6. Redd temperatur@ed line) river temperaturéblue line) and dischargéblack line)at Site6
Lower in the Cheakamus River.

We also compiled redd temperature data from previous years of CMSMON1b (Fell et al. 2018) to

build on evidence observed during the current monitoring year. The degree of evidence for groundwater
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upwelling is summarized ifablel and the location of groumdater upwelling areas is shownHkigure
3.

Table 1. Evidence of groundwater upwelling and numbers of temperature loggers deployed and recovered
throughout the Cheakamus Rivarer the duration of CMSMON1b.

Location Loggers Loggers Upwelling Evidence
Deployed Recovered

December 12, 2017 to January 2018

Site 1 Lower 4 4 3 of 4 showed strong evidence

Site 1 Upper 3 1 Showed strong evidence

Site 2 Lower 3 1 No evidence

Site 2 Upper 3 2 No evidence

Site 3 Lower 3 3 No evidence

Site 3 Upper 5 2 No evidence

Site 4 2 0 No loggers recovered

Site 5 4 4 1 showed very weak evidence

Site 6 Lower 3 2 Strong evidence

Site 6 Upper 4 4 No evidence

Site 7 8 7 No evidence

Site 8 5 3 No evidence

Site 9 6 4 1 showed very weak evidence

Site 10 4 3 No evidence

Site 11 4 4 2 of 4 showed wealkevidence

Site 12 6 5 No evidence

Site 13 3 3 No evidence

December 12, 2009 to March 3, 2010

Site 1 Lower 8 8 Strong evidence

December 3, 2010 to March 18, 2011

Site 1 Lower 6 5 4 of 5 showed strong evidence

Site 2 Upper 3 3 2 of 3 showed weakevidence

December 6, 2011 to April 5, 2012

Site 1 Lower 30 28 Strong evidence

Site 2 Upper 15 11 Strong evidence

Site 2 Lower 15 9 2 of 9 showed weak evidence

Site 3 Lower 10 9 No evidence

December 4, 2014 to February 2, 2015

Site 5 3 0 No loggers recovered

Site 6 Lower 3 0 No loggers recovered

Site 6 4 0 No loggers recovered

Site 12 7 0 No loggers recovered

January 5, 2016 to May 1, 2016

Site 5 5 3 No evidence

Site 6 5 0 No loggers recovered

Site 12 10 2 No evidence

December 142016 to February 15, 2017

Site 5 2 0 No loggers recovered

Site 6 Lower 4 2 Strong evidence

Site 6 4 4 Strong evidence

Site 12 10 5 No evidence

We observed strong heterogeneity in redd temperature profiles within monitoring sites. At Site 1
Lower (Figure3), three of the four temperature loggers showed a strong presence of groundwater
upwelling (i.e., there was a large temperature differentialdxn redd and surfageatertemperatures),

while the fourth temperature logger showed no groundwater upwelling (i.e., redd temperature and surface
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watertemperature were the same). We also found conflicts in the degree of groundwater evidence at Sites
2 Lower, 2 Upper, and 5 during different monitoring years. For example, during the current monitoring
year, we did not observe evidence of groundwater upwelling at Site 2 Upper, but there was clear evidence
of groundwater upwelling at this site during the 2@b@ 2011 monitoring years (Taldle

We overlaid strong groundwater upwelling sites with confirmed locations of Chum Salmon
spawning to determine whether spawning chum salmon select areas of groundwater upwelling for
spawning in the Cheakamus mainstétg) ( Chum Salmon consistently spawn in high abundances at all
sites downstream of the Bailey Bridgehich arecharacterized bipothstrong groundwater upwelling
(Sites 1 Lower, 1, 2 Lower and 2 Upper) and sites with no evidence of groundwater upwelia@(Si
Lower and 3). Spawning is sometimes observed just upstoétéhe bridge (Sites 46 with strong
groundwater upwelling), but at much lower densities relative to downstream sites.

Two large discharge pulses occurred in the Cheakamus iRilete Janary2018 that affected
groundwater upwelling as described by redd temperature. Where redd temperature was higher and more
stable than surface water temperature (Site 1 Lower; FRJulgrge discharge pulses resulted in a short
term decline in redd temperature. Redd temperature returned polpeevalues immediately following
the end of the discharge pulse. At sites with weak groundwater evidence, the effect of discharge pulses
wasless pronounced or almost Reristent (Site 11; Figur®), and in some casedischargepulses
caused an increase in redd temperature rather than a decline (Site 6 Lower3)FiGeedirection and
magnitude of the effect of discharge on groundwatep&gature varied considerably among sites and
within the same site, highlighting the sigpecific nature of groundwater upwelling in the Cheakamus

River.

3.3 Adult Chum Salmon Escapement

The PooleePetersen Ault Chum Salmon abundanestimateor the Cheakamus Rivén 2017 was

50,588 (range: 44,83956, 338) for the whole river and 38,512 (range: 33j883,173) for the upper
river (i.e., upstream of theotary screw trap sitet RK 5.5, Figure ). These estimates have ranged from
50,588to0 602 619for the whole riveand 12,827 241,048 for the upper river over the past 11 years of
monitoring. Notably, the whole river estimatéor 2017is the lowest on record since the monitor began in
2007 (Figure 9.
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Figure 7. Annual PooledPetersen abundance estimates of adult Chum salmon froni 2007 for the
upper (red dots) and whole (blue dots) Cheakamus River. Error bars indicate upper and lower 95%
confidence intervals
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Resistivity counter data indicated thagtproportion of adults utilizing mainstem habiksts
79%, with the remaining 21% estimated to be distributed amongstcsialenel habitat thisis consistent
with previous year 6s est(Table2) es of proportional

Table 2. Estimated proportional distribution of adult Chum Salmon among mainstem archsileel
habitat types in the Cheakamus River from 20@D17.

Year Mainstem Side Channels

2007 0.9 0.1
2008 0.67 0.33
2009 0.85 0.15
2010 0.79 0.21
2011 0.85 0.15
2012 0.89 0.11
2013 0.87 0.13
2014 0.83 0.17
2015 0.85 0.15
2016 0.88 0.12
2017 0.79 0.21

3.4Dischargerelated Chum SalmonDistribution

Observations of combined daily entries into the Cheakamus Centre, BC Rail, and-thasdels from
bothresistivity-counter and PIT datasets revealed-enbdal distribution of entry timingvith peaks
occurringin late October and again in midovember(Figures8 & 9). Negativebinomialgeneralized

linear models were used &ssess theelationship between daily entries (counter and PIT) intoe side
channels and mean daily discha@eitput fromthe counter model suggested a weak effect of discharge
on up counts (jvalue 0.07 Table 3; Figurd 0), while the PIT model suggested a stronge&f{p = 0.003
Table 4; Figurdll). Together, these modeisvealed that, when controlling for migration timing, daily

sidechannels entries increased with increases in discharge.
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Creek sidechannels (black bars) relative to the Cheakamus River daily average discharge (red line) from
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Table 3. Model statistics from negativieinomial Q.M of the relationship between daily average
dischargeandthréai | y number of entries (resistivity count
channels in the Cheakamus River between OctoberDgcember 15, 2017.

Lower 95%  Upper 95%

Coefficient estnate SE cl cl
Intercept 5.79 0.17 2.00¢16 5.48 6.13
Taggingdate -0.10 0.17 0.56 -0.73 0.53
Meandaily discharge 0.30 0.17 0.07 -0.09 0.72
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Figure 10. Predicted relationship (red line) betwedaily average discharge tsit) andthe daily number
of entries (resistivity counter OUPO&6 count s)
between October 15December 15, 2017.

Table 4. Model statistics from negativieinomial GLM of the relationship betwedéme daily number of
entriesof PIT tagged Chum Salmanto all monitored side channels in the Cheakamus River between
October 15 December 15, 2017.

Lower 95%  Upper 95%

Coefficient edgmate SE cl cl
Intercept 2.19 0.17 2.00e16 1.87 2.54
Taggingdate -0.31 0.17 0.07 -0.87 0.25
Meandaily discharge 0.51 0.17 0.003 0.13 0.91
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Figure 11. Predicted relationship (red line) betwedaily average discharge tsit) andthe daily number
of entriesfrom PIT tagged Chum Salmamto all monitored side channels in the Cheakamus River
between October 15December 15, 2017.

Radiotagged fish achieved maximum river kilometer migration distances that ranged from.2.2

R K 6 s , ameanimaximum distance achiev&®RK 4.5(Moody 6 s ). Moaerof the 74agged
individuals were detected above the Bailey Bridge (RK 7.5) in 20thelinear model examining the
relationship between maximum river kilometer daraction of individual sex, migration timing, and
maximum and variable dischargbete vas apositive association between maximum river kilometer and
thenumber of days fish enootereddischarge >25<80 tu* during their migratiorfp = 0.02) However,

this model onlyexplained 7% of the variation in maximum Rikita, suggestingdditional factordikely
affect distribution behavioyiTable5).
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Table 5. Model statistics frontinear modebf the relationship betweedhedaily number of entriesf PIT
tagged Chum Salmanto all monitored side channels in the Cheakamus River between Octdber 15
December 15, 2017.

Coefficient esmate SE p Lower 95%Cl Upper 95%CI
Intercept 4.61 0.23 2.00e16 4.16 5.06
Sex (m) -0.24 0.31 0.43 -0.86 0.37
Tag Date 0.26 0.16 0.10 -0.05 0.57
Max Q. 0.07 0.16 0.68 -0.25 0.38
Q. Days >25<80 0.40 0.16 0.02 0.08 0.72
F 241 p-value 0.06
Adj. R? 0.07

3.5 Juvenile Abundance

Chum salmon fry abundance westimated to b4,471,361(° 546,559 in 2018, whicHalls within the
95% confidence interval of the averalfeyear abundancestimates4,687,076° 862313.7SE) (Figure
12). Estimates of juvenile Chum Salmon abundance have been highly variable over the 11 years of
monitoring ranging from10,795,444° 2,3132372)in 2013to0 1,610,535° 3520757) in 2015(Figure
12). Statistical confidence is these estimates is partigulagh given the intensive juvenile marking
effort associated with this maar (see Lingard et al. 2017).
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Figure 12. Annual BTSPAS abundance estimates of Chum salmon fry i@lleakamus River from
20077 2018 Error bars indicate upper and lower 95% confidence intervals.

3.6 Egg-to-fry Survival

Estimates oCheakamugiver eggto-fry survivalin 2017for sidechannel, mainstem habitat, and both
habitats combined were 15%, 4.6%, and 6.2%, respectivelyr@-iy. The estimatef combined
survival ratedell within the range of the previous y@ar estimate (& - 12%); mean gg-to-fry survival

across thd 1 years of monitoring was 3%6(° 3.7% SD) (Figurel3).
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Figure 13. EstimatedChum salmoreggto-fry survival in mainstem, sidehannel, and all habitat types
combined in th&€heakamus River from 20072017

3.7 Juvenile Stockrecruitment

In total, 25summary discharge covariates were modeled for four habitat types (mainstem, Cheakamus
Centre side channel, BC Rail side channel, and all habitat types combined) for boetb-&ghdind egg

to-fry datasets, resulting i3 43 2) 200different model atcomesThe most supported edg-fry and
adultto-fry SR analyses are from modelsatifhabitat types combinedhus, below we presently the

5 topranked models fromeach of these analyseseAppendix 1for tables of all modelesults br each

habitat type.

3.7.1 Eggto-fry Recruitment

Consistent with egdo-fry SR results from the 1@ear synthesi@-ell et al. 2018)effects of discharge
during the egg incubation period wergainincluded in all the topanked models for Chum salmon egg

to-fry recruitment across all habitat types combined (11.5 km of mainstem and additierehannel
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habitat; Table 13Appendix1). The two topranked nodels inclu@dcovariate effects fodischarge days
>25and< 80 n?¥s? during the adult migration andaximum dischargduring the egg incubation period
(Table6). These modelgxplained 71% and 75%f the variation in eggo-fry recruitment variange
respectfully and haadyDIC valuesthatindicatdsimilar levels of empirical suppoior each mode{Table
6).

Coefficient estimates for discharge dayb and< 80 n¥s! andmaximum dischargduring the
egg incubation period were 0.36 a0d28, respectfullyThissuggest an increasen eggto-fry
recruitmentwhenthe number oflays during the adult migration whichdischargevas>25and< 80
m’stincreasedrom the 1tyear mean (5 day&igure14b,c,d, and adecrease inecruitmentwhen
maximumdischarge increasatiiring the egg incubation peri¢tiable6). We also examined the effect of
interactions betweeyearly adult escapement and discharge days (>26€8Y) on the SR relationships

butdid not find evidence that interactions were significant (see Appédndix

Table 6. DIC model ranking statistics and coefficient estimates for Ricker models with covariate effects
of discharge on Chum salmon eggfry recruitment in the Cheakamus River across all habitat types
(combined mainstem and sidbannels). Models are compareditbase Ricker model with no covariate
effect and i the differdncebgtwegrDrodecific DIC values indicate the level of
empirical support for each model; pra@s> O is the probability that the coefficient effect is greater than O
and ugd is to evaluate the importance of the covariatés Bn estimate of the proportion of variance
explained by each model.

Coefficient Lower Upper prob.

Model 2 DIC DI
estimate) 95% ClI 95% ClI g>0
Base Ricker (BR) - - - - 053 2348 49
BR + Discharge days >25< 80°m 0.36 0.09 0.66 99.4 0.71 18.62 0
BR + Incubation dischargmax -0.28 -0.55 -0.01 2.2 0.75 19.45 0.8
BR + Incubation discharge SD -0.25 -0.52 0.06 44 0.72 22.48 39
BR + Incubation dischargeariance -0.25 -0.53 0.05 40 0.71 2353 4.9
BR + Incubation discharge median -0.20 -0.50 0.11 8.8 0.68 24.43 5.8
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Figure 14. Stockrecruitment curvdor the number of Chuméadmon fry produced pdrundreds of

millions of eggsindividual points are data from each of the 11 yearsafitoring(panel A). Estimated
numbers of recruits per hundred million eggshe meanminimum, andnaximumvalues ofdischarge
days >25<80 fs! duringthe adult migation period (panel B). Estimated juvenile recruitment by
discharge days >25<80°%s1 over the 1lyearsof monitoring(panel C) Average number of days per year
from 20071 2017when discharge was >25<80Fgh (panel D).

3.7.2 Adult-to-fry Recruitment

Theestimated number of juvenile Chum Salmon recruits per adult spawner was consistent with previous
y e aestinatedadultto-fry SRrelationshi (Figure 13). Moreover, the strong positiveffect of
discharge days 25 < 80 n¥s!during theadultmigrationdetected in the X@ear synthesitFell et al.
2018)wasagain included inhe topranked model for adulo-fry recruitment amoss all habitat types
(Table7). This model explained 74% of the variation in the data with 99.5%gpibty that tre effect of
discharge daysbefficient estimate 9.40) was positive, further supporting tBMSMON1bhypothesis
that adult Chunsalmonexposed to discharges >25 and <80 during adult migrationiheneased fry
production (Tabl&; Figurel5 hc,d). TheremainingmodelshadgDIC values3.91 5.2 times larger than
the top ranked model, suggesting there was considerably less empirical support for the efteets of

discharge covariatem the adulto-fry SR relationship (Table X).
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Table 7. DIC model ranking statistics and coefficient estimates for Ricker models with covariate effects
of discharge on Chum salmon adidtfry recruitment in the Cheakamus River for all habitat types.
Models are compared to a base Ricker model with no covaritté ect and i theaked by
difference between modspecific DIC values that indicate the level of empirical support for each model;
prob. g> 0 is the probability that the coefficient effect is greater than 0 and used to evaluate the
importance othe covariate; Ris an estimate of the proportion of variance explained by each model.

Model Coefficient  Lower Upper prob.

estimateg 95%Cl 95%Cl g>o < DIC @Dl
Base Ricker (BR) - - - - 054 231 6.8
BR + Discharge days >25< 80°gt 0.40 0.13 068 995 0.74 16.30 0.0
BR + Incubation discharg€D -0.26 -0.51 0.01 28 0.74 20.18 3.9
BR + Incubation discharge mean -0.26 -0.52 0.01 27 0.7 21.10 4.8
BR + Incubation discharge median -0.5 -0.%4 0.03 3.6 0.72 21.30 5.0
BR + Incubation discharge max -0.28 -0.54 0.02 2 07 2151 5.2

Figure 15. Stockrecruitment curvdor the number of Chuméadmon fry produced peanmillions of adult
spawners; individual points are data from each of the 11 years of monitoring (panel A). Estimated
numbers of recruits per estimated spawner abundztribe meanminimum, andnaximumvalues of
dischargedays >25<80n®s* duringthe adult migration period (panel B). Estimated juvenile recruitment
by discharge days >25<8C°#1 over the 1lyearsof monitoring(panel C) Average number of days per
year from 2007 2017 when discharge was >25<88stn(panel D).
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