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Abstract

Spatial and temporal patterns of salmonid distribution relative to thermal and physical
characteristics of riverine hahts of Northwestern Washington

Catherine S. Austin

Chair of the Supervisory Committee
Professor Thomas P. Quinn
School of Aquatic and Fishery Sciences

Where fishes are found, and in what temporal patterns and under which physical
conditions, are basic questions of biology and mamagé Salmonid species occupy distinct
habitats across their life stages, usually reproduce only once, and are subjecis® in
anthropogenic pressures. Patterns of occupancy, life history, and phenology vary among and

within species, which can be uséfuéxplored at the watershed scale.

Otolith microchemistry reveals partial migration and life history variation in attoudly

anadromous, iteroparous salmonid, bull tr@&slg¢elinus confluentis



Migration of fishes between habitats influences pafon dynamics and ecological
interactions. Some fpartially mi gionanigmatory 0 popu
individuals, adding complexity to these dynamics. For partially migratory fishes with
diadromous life histories, freshwater and mathabitats can differ greatly in availability of prey
and physical conditions conducive to growth, predatisiy and exposure to fisheries and to
contaminants. Therefore, understanding patterns of migratory behavior can inform population
biology and caservation. Using otolith microchemistry, we describe observations of partial
anadromy in a threatened, iteropas salmonid species, bull tro@alvelinus confluentiisin
the Skagit River basin of Washington State, USA. We found that 59% of the fipledaim 338
mm fork length) in the river had not been to marine water, despite easy access. The other 41%
had mgrated to salt water, typically every year beginning at age 2 or 3. We also observed
overwintering in marine waters by some individuals, andredeéd time in fresh water between
otherwise annual migrations to marine waters in others. Additionally, tres@evobligatory
relationship between anadromy in mothers and their offspring. The facultative nature of
migration in this species, and the laifitight connection between maternal and offspring life
history patterns are consistent with studies of oBaérelinusspecies but contrast with the more

rigid controls on migration in semelparous salmonids.

Spawning and emergence phenology of bulltt®alvelinus confluentusder differing thermal

regimes

Median bull troutSalvelinus confluentusreeding wa two weeks earlier in a cool stream

than in a proximate warmer stream, aligning with expectations for salmonids, followed by



emergence timing éaulated to be six weeks later in the cool stream than the warm stream. This
pattern is consistent with bothesspecific adaptation and thermal spawning threshold

hypotheses for life history event timing in this threatened species.

Differential longtem shifts in the timingof spawning by wildand hatcherderived Skagit

River Chinook salmon undefimatedriven increasing temperature regimes

Thedurationof reproduction withirsalmon populatiors often varies among years, but
median timings relatively consistent, reflecting lonrtgrm patterns of natural selection and the
local environmentHowever, altered $ection resulting from factors including climate change or
human intervention might shift ti mincegNe wi t h i
modeled median timing of redd (nest) counts as an inflsgawning timindoy wild Chinook
salmonin the Skagit River system in Washington State, USA. Over the dastetades, wild
salmon have been spawnilager by 0.@ 7 0.48 d/yr, while a natually spawning subset of one
of these populations thatiisfluenced by strays from a hatchery has bg@wning earlier by
0.18 d/yr. Trends in the spawning timing of hatchery strays may reflect opposing selection from
the hatchery, where egg take for pagation has become earlier by 0.58 dBoencurrently,
mean August river temperatures have risen, sstggethat hatchery timing trends may be

moving in the opposite direction from the plastic or adaptive patterns expressed by wild fish.

Temperature,levation and dischargeontrolthe breeding distribution of six native salmonid

species in tributariesithin a single basin



The spatial distributions of organisms, among the most essential elements of their
ecology and conservation, can be defined amdied at different scales. For exampliegae end
of the spatiatontinuum, the geographic ranges of salmonid speciesedr&nownand broadly
overlapping At the other end of the continuum, there is substantial overlap in fine scale
spawning site set#ion among speciethough differences in physical featufesy.,water depth,
velocity, and gravel sizeggre knownHowever, within their ranges, many rivers and streams
apparently suitable for reproduction and rearing are used bysamenidspeciedut not
others.The conservation of species depends, in part, @mtimber and diversity of breeding
populations. Consequdy, it is important to determine why some apparently suitable sites are
not used by species with ready access to thethis stug we examined theffects of physical
factors on thavatersheescak spawningdistribution of six nativd’acificsalmonidsn the Skagit
River basin Washington pink salmon Qncorhynchus gorbuschachum salmon@. ketg, coho
salmon Q. kisutch), Chinooksalmon Q. tshawytscha steelhead®. mykis} and bulltrout
(Salvelinus confluentiisAnnual mean temperature and cateimt elevatiormad the strongest
association witltheassemblag® breeding distribution at the watershed sclig stream length
ard annual discharge, seasonal hydrologic npamd land us patternsvere also influential.

The distributions of mk and (hinook salmorwereclosely associated with each other and with
common variableand bull trout displayed the most distinctive pat@mongthe species
Interspecific differences in habitagsociation remained despite broad thermal and elevational
patterrs, suggesting some fundamental constraintspatieslistributions withn basinsthat

have implications for their conservation amabitatrestoration
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Chapter IGENERANTRODUCT I ON

1.1 INTRODUCTION

Among the fundamental questions about fishes are what locations they occupy and when,
and where and when they engage in the behaviors on which their survival depends. Biological
understanding and sound resource management depend on the amiess gusions,
particularly for salmonid species, which occupy distinct habitats across their life stages, usually
reproduce only once, and are subject to intense anthropogenic pressures. Salmonids vary in
patterns of occupancy, life history, and phHegyg amongand within species, such that further
exploration is warranted.

Many species migrate from one habitat to another as they balance feeding, growth,
reproduction, and mortality across life sta¢@soss 1987)but while some species are obligate
migrants between habitats, others are partially migratory. Partial migration within a population
represents multiple parallel solutions among individuals to the tradeofisdfivailabity,
energetics for growth, opportunities for reproduction, and predation avoifl2nagman et al.

2011) The prevalence of partial migration in a population, the types of alternate patterns, and
their heritability are important to population structure and persis{€@i@pman et al. 2012)

Populations persist at a basic level because of successful reproduction for which fish
behaviors have evolved in conjunction with physical habitat characteristics. Mfafgerature is
a critical component of the physical habitat for ecothgBnstt 1956)and reproduction in a
species or population is often observed at consistent temperatures across seasongeagd sites
Heggberget 1988)rhis is thought to stabilize the timing of junie emergence in relation to

environmental conditions conducive to growth and sur{Behmon 1987) Since reproductive



timing in salmonids is strongly heritatl@uinn et al. 2002)changes in therrheegimes may be
associated with changes in reproductive phenology, potentially infhgejuvenile emergence
timing and survival.

Long term patterns of species distribution in a bagoe salmonid assemblage are a
function of both biological factors aradhierarchy of physical facto(Beechie et al. 2008)

Among the physical factors, geology, hydrology, temperature, vegetation, and human land use
have all been linked to salmonid usdreshwater habitats for reproducti@ag., Feist et al.

2011 Moir et al. 2002; Pess et al. 200R)sentangling those factors at an intermediate scale,
among the tributaries of a large watershed, provides insights intasii@d and differences

among species, as well as a template to leverage restorationresstvation actions.

The purpose of this dissertation was to explore the migration, spatial distribution, and life
history event timing of salmonid species occupyarigrge river basin. The largest source of
freshwater to Puget Sound is the Skagit Riwgich supports all nine Pacific salmonid species
native to the regiofLowery and Beauchamp 201Rybczyk et al. 2016)The first chater
discusses the movement patterns of Skagit River bull tBal€linus confluentyigcross their
lifetimes, extracting patterns of partial migration between riverine and marine waters in bull trout
from hard structures that contain the chemical sigraitifreshwater and saltwater
environments. The second chapter assesses the diffenerepeoductive timing between bull
trout spawning in tributaries with differing thermal regimes, as well as projects the possible
implications of spawning timing fouyenile development and emergence under these thermal
conditions. The third chapter taka multidecadal view of reproductive timing in Chinook
salmon Oncorhynchus tshawytschauantifying changes in phenology across multiple streams

and populations thaoincide with changing river temperatures. The fourth chapter evaluates the
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habitat claracteristics most strongly associated with the spawning distributions of six salmonid
species: pink salmor®( gorbuschy chum salmon@. ketg, coho salmon@. kisuth), Chinook

salmon, steelhea®( mykis}, and bull trout.
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Chapter20T OLI TH MI CROCHEMI STRY REVEALS
MI GRATI ON AND LI FE HI STORY
I N A FACELTYATAINADROMOUS,
| TEROPAROUS SALMONI D, BULL
(SALVELI NUSERONE L U

2.1 INTRODUCTION

Migration between habitats in fishes, as in other taxa, influences ecology and evolution at
multiple scales (McDowall 1988; Dingle 1996; Chapman et al. 2012). It cact gifowth and
fecundity (Gross 1987), gene flow (Gyllensten 198%yrd et al. 1994), tedown trophic
cascades (Brodersen et al. 2011), and transfer of nutrients (Gende et al. 2002; Nislow and
Kynard 2009; Walters et al. 2009) or contaminants (Ewaldetal 998 ; O&6 Nei | | and
between ecosystems. Patterns of atign can vary between and within species and populations
(Secor 2015), including what is known as partial migratigopulations containing both
migrants and residents (nonmigratory induals). The ratio of migrants to residents in a
partially migratoy population reflects the tradeoffs between the energetic cost of movement and
the relative risk of mortality and growth opportunities in multiple habitats (McDowall 1988).
Partial migratio is expressed across a wide range of fish species and spaés) aaal has long
been recognized in Salmonidae (Rounsefell 1958). Some salmonids are obligate migrants,
invariably moving to salt water at an early life stage (notably gmicorhynchus gbuscha
and chum salmor®. ketg, some are typically freshwatezsidents (e.g., lake troi@alvelinus

namaycus})) and others fall along an intermediate continuum, such as Atlantic s&halom
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salar, brown troutSalmo trutta and many chaiSalvelins spp.) (Rounsefell 1958; Quinn and
Myers 2004; Jonsson and Jons20d1; Dunham et al. 2008; Dodson et al. 2013).

The expression of anadromy in char populations seems to be influenced both by genetics
and environmental factors that vary with specieslaaation, including latitude, distance from
salt water, and prey ailability (Thériault et al. 2007; Finstad and Hein 2012; Bond et al. 2015).
Dolly Varden,S. malmaand Arctic charS. alpinus produce facultative migrant and resident
individuals (Mooreet al. 2014; Harris et al. 2015), while migratory life historiekke trout can
be genetically determined (Kissinger et al. 2018). Char are distributed in historically periglacial
latitudes of the northern hemisphere, and Power (2002) suggestedgtatanicould have
facilitated persistence during repeated ice adga. Anadromous Arctic char and Dolly Varden
mature at older age, larger size, and with more eggs than nonanadromous individuals, suggesting
a reproductive advantage for those survivirgjrtinigration to sea (Blackett 1973; Tallman et al.
1996; Jonssonma Jonsson 2001). These benefits are balanced against the risks of anadromy:
energetic expenditure, physiological adjustment, mortality from large marine predators, and
exposure to marinasheries.

A range of migratory life history patterns between aittiiw populations has been
observed in bull troutSalvelinus confluentyisa char species whose distribution is limited to
western North America from 42°N to 65°N (Haas and McPhail 198istRt al. 2002;

Mochnacz et al. 2013). Bull trout are mostly fdun fresh water with streamesident, fluvial
(river-migrant), and adfluvial (lakenigrant) life histories (Fraley and Shepherd 1989; Rieman
and Mcintyre 1993; Swanberg 1997). They are alrtially anadromous in parts of their range
(Brenkman and Corb&e2005; Quinn et al. 2017), and anadromy may have allowed bull trout to

persist through dynamic periods of glacial advance and retreat because long distance migration
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provided access to mae resources and distributional flexibility (McPhail and Baxte36t9
Northcote 1997; Power 2002). Bull trout were once sufficiently numerous to be a food resource
for indigenous people of the Pacific Northwest (Lord 1866), but in the last century tihesspe
has declined, in part due to habitat loss and regulationglatreducing bull trout predation on
sympatric salmonids (McPhail and Baxter 1996). Bull trout are designated as threatened under
the Endangered Species Act throughout their United Statge (U.S. Fish and Wildlife Service
1999) and as threatened orspiecial concern in most of their Canadian range (COSEWIC 2012).
By exploring migratory behavior in bull trout to the extent possible given their protected status,
we increase our knowled@é their ecology as well as potential impacts of climate chande an
human activities.
Partial migration in fishes can be explored using otolith microchemistry, which provides

a chronology of the fishds sequendhabtdts seasona
(Secor 1992). Over a froundingwatet arefpemanemtlye ment s fr
incorporated into the calcified structure of aragonite otoliths. Some elements (e.g. strontium and
barium) are incorporated at rates relative to their coraton in the surrounding water, which
is typically distinctive bateen fresh and salt water (Campana 1999; Elsdon and Gillanders
2005; Doubleday et al. 2014). Maternal anadromy during vitellogenesis is detectable through
signatures imparted in the natalrpons of otoliths (Kalish 1990).

We explored partial migrationsing otolith microchemistry in bull trout in the Skagit River
basin, Washington State, with a series of questions. First, does otolith microchemistry reveal both
anadromy and residency irdw@t bull trout in this river system? Second, what ages did the

analromous individuals first migrate to marine waters? Third, did any anadromous fish deviate
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from a pattern of annual migration to and from marine waters? Finally, did all fish adopt the

matenal migration patterns of anadromy or residency?

2.2 METHODS

Study aea

The Skagit River empties into the Salish Sea, draining parts of northwestern Washington
State, U.S.A. and southern British Columbia, Canada (Fig@yeThe basin drains over 8,500
kmz2 of steep, rugged mountains whose precipitation regimes range from alpine-glacier
dominated to lower elevation raomly (Thompson and Beauchamp 2014). Mean annual
discharge is 478%/s near the mouth at Mount Vernon (Pétk1997), with higher flows in
winter and spring, and lower in summer and early fall (USGS 2017). There is no physical barrier
to fish passage for >100 rkm but above the confluences of several largé\ineg tributaries,
the main stem Skagit River d@mmed for hydroelectric powerqaluction at river kilometer
(rkm) 155 (Skagit Hydroelectric Project; Federal Energy Regulatory Commission Project
Number 553). Water released from the reservoirs is hypolimnetic, lowering the river temperature
above the cofluence with the Sauk River insumer and raising it slightly in winter relative to
historic conditions. The basin supports all nine species of Pacific salmonids native to the region:
Chinook ©ncorhynchugshawytschi coho Q. kisutch, chum Q. ketg, pink (O. gorbuschi
and sockeyeasmon Q. nerkg, steelheadainbow trout ©. mykis} coastal cutthroat trou®(
clarkii clarkii), Dolly Varden Galvelinus malmaand bull trout$. confluentys(Lowery and
Beauchamp 2015). In the Skagit River, brout express stream resident, fllyadfluvial (in
reservoirs above dams), and anadromous migratory patterns (U.S. Fish and Wildlife Service

2015).
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Sample collection

As bull trout are federally protected in the U.S.A., 44 sets of sagittal otoliths were
obtained from a combination abgrces in an opportunistic rather than systematic manner. First,
12 samples came from creel sampling of a legal recreational fishery that allows retention of bull
trout over 20 inches (50.8 cm) during months and locatimatshtave varied among years
(Washngton Department of Fish and Wildlife (WDFW) 20@216; WDFW Section 6 ESA
exemption). Second, we obtained one sample of a fish taken illegally and retained by
enforcement officers. Third, 22 fish had been sampled in giuglies, also obtained throudtet
recreational fishery, and the otoliths were provided to us (Lowery and Beauchamp 2015; WDFW
Section 6 ESA exemption; Figure 1). Finally, lethal sampling for a study of chemical
contaminant load in bull trout by the UMsh and Wildlife Service yieldetvo samples from
the river and another seven from marine waters near the river that were determined to be of
Skagit River system origin by genetic markers (Small and Bowman 2017; WDFW Section 6
ESA exemption). The 37 sanggl collected in the river systemere caught in the main stem
Skagit River above rkm 108, several major tributaries above this point (Sauk, Suiattle,
Whitechuck and Cascade rivers, and lllabot Creek), or the fish trap at the Baker River
hydropower projecat rkm 91, across most monthstioé year The remaining seven samples
came from marine waters.
Otolith microchemistry

For otolith preparation, we embedded each whole otolith in epoxy (Pelco, Ted Pella,
Inc.), took a 1.0 mm transverse section of the eoea, mounted it on a petrograpllass slide,
and polished the surface with increasingly fi

matrix layers. Chemical analysis was performed using laser ablation inductively coupled plasma
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mass spectrometLA-ICP-MS) at Oregon State Univgty (Keck Laboratory) on a Thermo- X
Series Il ICPMS (ThermoFisher Scientific, Waltham, MA) and a Photon Machines Analyte G2
(Photon Machines, Bozeman, MT). In each sample run we removed contamination along the
intended tansect on each otolith surfacélwaprea bl at i on track 100 em wi
continuous count data f6fCa,26Sr, and*®Ba from otolith matrix material ablated along a
transect through the otolith core chosen for its readability (Figure 2)as@ediameter for data
collection was 20 em, pulse rate was L7Thredtimesand abl a
during each set of 10 to 12 transect analyses, we collected®Ni&S§lass standard reference
values, which we averaged to find a NIST staddafjustment for those otolithsl{fler 2011).
Washout data collected before and after sample ablation were removed and raw counts were
backgrouneadijusted, then converted to ratio$iGa in the otolith matrix, and then molar ratios
of Sr43Ca in mmolmolt and®*Ba**Ca i n elfBord etralo2015). To verify that the
transect data had not missed a maternal signal laid down during vitellogenesis at the otolith core,
we also drilled 24 sample cores on an iCAP Qnova SerieMEPThermoFisher Scigific,
Bremen, Germany) at Univaty of Washington (Dennert et al. 2016). For this ablation, spot size
was | arger (85 e€m) to ensure captuflaserof core
fluence to drill for 1000 pulses, which comprised most ofiégth of the transverse sections
These analyses corroborated the transect results, i.e. did not detect any missed elevated maternal
Sr:Ca values (ontailed pairedds = -2.88,p = 0.996).

We aged each fish by visually identifying the terminal edgeaofstucent bands
indicative of sbwer winter growth in the sectioned otoliths using transmitted light and a
dissecting microscope, using two different readers on at least two separate occasions each, with a

third referee called for differing readings umiinvergence was reached (Brenkned al. 2007;
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Figure 2). We digitally photographed each otolith and measured the distances to the locations of
annuli along the ablated transect of each otolith using Image Pro Premier (Media Cybernetics)
and Image J (Rashd) software, although some ahmudistances at early ages could not be
measured precisely. The overlain annulus designations allowed us to identify age specific timing
of chemical signature changes to estimate lifetime migratory histories for the ddisipleith
the precision of seval weeks (Miller 2011; Bond et al. 2015) as plotted againstC”AMS 9
point rolling mean data.

Freshwater residency was established using baseline Sr:Ca values around the otolith core
(Brenkman et al. 2007). Steeplyledted deviations > 1 mmol-mbBr:Ca from this baseline
were identified as salt water migrations, with the inflection point in the first marked increase
Sr:Ca values termed the first migration and matched to the corresponding age of the fish in the
otolith transect (Brenkman et al. 20@bnd et al. 2015). We corroborated visual detection of
maternal anadromy (difference in Sr:Ca >~0.5 mmolhioe t ween t he centr al
core transect and the juvenile growth values found between the steep nheckimgy the edge of
the core andhe subsequent annulus) using-taigedt-tests (Zimmerman and Reeves 2002). All
analyses were conducted in the statistical software R (R Development Core Team 2015).

Skagit River bull trout utilize estuarine habitats @thmay experience marine saliggi
(Beamer et al. 2004), but intermediate salinitied§5pt) typically reflect the elevated Sr:Ca of
full strength marine water (Phillis et al. 2011). All bull trout from freshwater were sampled at
sites in the river wéhkbove tidal influence, beyontd location where the 3§ mean monthly
salinity was recorded as 0.0 = 0.0 ppt (Skagit County Public Works). Sites at rkm 5 and rkm 7
also measured 0.0 + 0.0 ppt, whereas a site at rkm 4 measured 0.3 + 0.2 ppt. Esinaty cha

salinity near the mouth ofé Skagit River increased abruptly to 21.2 + 4.2 ppt, making us
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confident in the capacity to detect anadromous migration in this system by analysis of bull trout

otoliths.

2.3 REsSuLTS

Microchemical analysis indicated that tbeempled fish included both anadrous and
nonanadromous individuals (Figure 3). Fifteen of thé&@Vtrout sampled in fresh watét1%,
95% confidence internal (Cl) 26%657%) had migrated to salt water, in addition to the seven
fish collected in marine waters which were evidently amadus. Mean age at sampling of
anadromous fish (4.9+ years (SD = 1.0)) did not differ from nonanadradisby$.0+ years, SD
= 1.3; twosample 49 = 0.54,p = 0.59).

Of the 22 anadromous fish, all commenced migration at age 4 or younger, with a mean
ageat first migration of 2.5+ years (SD = 0.8, rangé)1Nine percent (95% CI 3%28%)
migrated first abge 1, 36% (95% CIl 20%b67%) at age 2, 41% (95% CI 23%1%) at age 3,
and 9% at age 4 (95% CI 3928%). No sampled fish was older than 7 years/Bét (= 16)
of the nonanadromous fish were older than age 4. The maximum number of lifetime migrations
to salt water observed was 6 (an age 7 fish caught in lllabot Creek in September)

Exceptions to regular annual marine migrations were detectedistagdpeared to have
remained in salt water through the fall and winter (i.e., did not return to spayne E4). A
third fish apparently skipped a year of migration (i.e., migrated to sea in one year, remained in
fresh water the following year, and theigrated again), and a fourth fish migrated to salt water
at age 2, spent a prolonged time there, tie&urned to fresh water for two years without
returning to the marine environment.

Of the 39 fish for which maternal anadromy could be assessed howed evidence of
maternal marine migration in the year prior to spawning (23% (95% CIi133%0); Figurel.5).
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Of these nine, three individuals made anadromous migrations themselves, one sampled in fresh
water and two sampled in marine water, over 38 dative years (combined ages of all fish

with maternal anadromy) in which to do so (Figlir®).

2.4 DIsScussIaN

Despite a relatively small sample size, we detected substantial diversity in the migratory
behavior of Skagit River basin bull trout. We found anatbos migration beginning at ageg 1
(primarily 2 and 3), as well as presumed residency in fish old énougave migrated to marine
environments that had not done so by the time of capture. Since temperate latitude marine
environments are generally marenducive to growth than fresh water ones, and faster growth
tends to generate higher fecundity, one map{pect populationvide expression of anadromy in
a migratory population with unimpeded access to salt water. Nevertheless, fewer than half the
fish sampled (41%) had been to marine waters at all, and even fewer (only 23%) had evidence
that their mother &d been to sea on the season prior to spawning. Residency in bull trout with
easy access to marine water might suggest high cost to migration omefit belative to
remaining in fresh water (Gross 1987). High migratory cost due to physical distdahisestudy
system is unlikely, given that the Skagit River is not an arduous migration corridor relative to
many salmonid habitats, gaining ~84 m iewgtion over 100 km in the main stem. However,
bull trout that undertake anadromous migrations may feedagtion by marine mammals such as
harbor seald?hoca vitulina(Chasco et al. 2017; Thomas et al. 2017) or incidental capture in
fisheries. Incentivedor freshwater residency could include relative prey abundance and
favorable thermal regimes. The 130 kmain stem reach with salt water access is regulated by
hydropower projects, making the water cooler in summer relative to tributaries and adjacent
watersheds (Goetz 2016; U.S. Geological Survey 2017). Bull trout are associated with cold water
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(< 16°C) thoughout their range (Dunham et al. 2003), and adfluvial bull trout in the Skagit
River basin occupied water as cool as 6°C in summer where prey wedaabin a reservoir
despite alternative habitats with higher temperatures (Eckmann et al. 2016kagjiteRd/er

basin also supports substantial populations of all native Pacific salmon species, whose eggs,
flesh, and fry are important contributorsaionual energy budgets for adult bull trout (Lowery
and Beauchamp 2015). The importance of salmon subgalit&e life histories of char
populations was illustrated in lliamna River, Alaska Dolly Varden, whose heavy reliance on a
seasonal subsidy of salmeggs can still be detected after months of winter fasting; that
population does not migrate to sea diesflie absence of physical barriers (Jaecks and Quinn
2014). Seasonal marine subsidies and favorable thermal conditions for metabolism or
gametogenesimay thus increase the benefit of residency in such populations (Armstrong and
Bond 2013).

Our second gbctive was to explore age at first migration for anadromous individuals. In
this sample, most fish commenced migration at age two or three, whimhsistent with Skagit
River smolt trap data for presumed migrants of fork length 124 to 143 mm (Zimmanuan
Kinsel 2010). Most bull trout first migrate to sea from the coastal Washington State at ages 3 or
4 but some as old as 6 (Brenkman et al. 20Qiggesting that further work could compare the
demographics of partial anadromy in bull trout from diffenevers.

There is wide variation in migration regularity, distance, and duration a®alnglinus
species; anadromous Dolly Varden may spawn evligr gear, and frequently overwinter at sea
(Bernard et al. 1995; Brown et al. 2014) or in lakes (Armmgfrd974), and whitgpotted charS.
leucomaeniscan use intermediate salinity environments or make multiple trips to sea in a year

(Arai and Morita D05). In the present study, most anadromous fish made annual migrations until
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capture but some did not. gior study using acoustic tagging also inferred overwintering at sea
in a few fish (Goetz 2016). Skipped anadromous migration is a pattern prewiodsigumented
in bull trout but consistent with the migratory plasticity of the genus (Fiydje Skipged
spawning events occur in salmonids (Rideout and Tomkiewicz 2011; e.g. Johnston et al. 2007),
and skipped migrations have been observed in Arcticwltla seasonal habitat access due to
low stream flow (Gyselman and Broughton 1991; Quinn et al. 204 @pritrast to the thermal
habitats of Arctic char, Puget Sound presents a mild range of mean offshore temperatures, from
7.2°C in the winter to 12.8°@ the summer (Reum et al. 2011; Goetz 2016). Summer
temperatures in estuaries are higher than thoseorésbut bull trout are seldom found in
estuary temperatures above I8°C (Goetz 2016). Acoustic telemetry indicates that individual
bull trout use Bagit River estuarine habitats for about of two months between March and August
(Hayes et al. 2011; Goe2016), much like the short and variable saltwater migrations in
Alaskan Dolly Varden under similar conditions (Bond and Quinn 2013). Since anadrbullous
trout from the Skagit basin were collected in fresh water sites throughout the year, our data also
suggest variability in migration timing, contributing to an overall picture of plasticity in bull
trout migration tacticsTable 1.).

Lastly, otolith analysis did not detect maternal anadromy in some fish that had gone to
marine waters. This result mighave arisen from either of two processes. First, there may
indeed be little or no genetic control over anadromy, such that parental and progeny gagterns
not linked. Alternatively, if a female migrated to sea in one year but then not in the subsequent
year prior to spawning, offspring from that latter season would reflect only maternal freshwater
Sr: Ca. OQur data suggestdeedbeurredstboadgh this wds rare.p e d mi

El sewher e, Dol ly Varden may fsuckefishwoddalsoc om anad
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produce offspring whose otoliths would give

history (Bond et al. 2015). Low cosgondence between maternal and offspring migration
patterns in bull trout was also detected in a co&gtdhington river; all 15 nonanadromous fish

examined were the offspring of anadromous mothers, and the four bull trout with

nonanadromous mothers allemtually migrated to salt water themselves (Brenkman et al. 2007).

These patterns imply little or no gatit control over migratory behavior within breeding
populations, and likely the contingency of migration on growth patterns or some other
environmenthinduction. From a conservation standpoint, these results indicate that the
anadromous and fluvial compents of the population complex should continue to be managed
as an integrated whole rather than as separate units.

Given our small sample size, ituslikely that we captured the full suite of migratory and
life-history diversity of Skagit River Basin lbtrout. Nevertheless, the diversity we observed
indicated a wide range of migratory patterns in the basin. The study basin is physically and
biologically diverse, with a strong salmon subsidy over many months of the year compared to
adjacent watershed8he relative strength and duration of that resource subsidy may contribute
to migratory tradeoffs between marine and fresh water environments, pgoaithther

motivator for wider fish conservation efforts.
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Tablel.1. Collection date, site name, river km of capture, length, age, and life history

patterns of Skagit Rivesystem bl trout either captured in fresh water or genetically assigned to

the Skagit River Basin (Small and Bowman 2017)

Collection  Water body River Fork  Age Maternal Offspring Age at
date km length anadromy anadromy first
(mm) migration
4/28/2006  SkagitRiver 112 421 6 no no
6/9/2006 Skagit River 118 519 5 no yes 2
8/18/2006  Skagit River 131 492 4 no no
8/19/2006 Cascade River 125+ 660 6 no no
8/29/2002  Sauk River 108+ 498 4 no yes 3
9/2/2002 Cascade River 125+ 560 4 no yes 2
9/13/2002 lllabot Creek 115+ 643 7 no yes 2
11/9/2002  Skagit River 108+ 533 6 yes yes 3
3/14/2006  Skagit River 108 500 3 no no
9/28/2003 lllabot Creek 115+ 660 5 no yes 2
8/4/2006 Skagit River 130 398 2 yes no
6/9/2006 Skagit River 118 456 5 yes no
8/19/2006 Cagade River 125+ 558 6 no no
11/9/2002  Skagit River 108+ 711 6 no yes 2
Whitechuck
8/3/2002 River 108+ 526 5 no yes 3
11/22/2002 Skagit River 108+ 546 6 no no
2002 Cascade River 125+ 533 5 no yes 2
9/28/2003  lllabot Creek 115+ 508 6 no no
9/19/2006  Skagit River 135 581 5 no no
4/7/2007 Skagit River 125 510 6 no yes 3
10/13/2007 Skagit River 118 584 6 no no
6/15/2008  Skagit River 112 516 6 no no
9/15/2016  Suiattle River 108+ 338 3 no yes 1
7/11/2011 Cascade River 125+ 620 6 no yes 3
6/30/201L Cascade River 125+ 650 5 no yes 3
4/7/2007 Skagit River 118 510 3 yes no
4/6/2007 Skagit River 112 585 6 no no
4/6/2007 Skagit River 112 530 3 yes no
2/3/2007 Skagit River 108 467 6 no no
2/3/2007 Skagit River 108 590 5 no yes 1
10/13/2006 Skagt River 108+ 533 6 no no
10/28/2007 Skagit River 125+ 500 4 no yes 2
6/15/2008  Skagit River 125 509 6 no no
6/9/2006 Skagit River 118 446 5 yes no
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6/14/2008 lllabot Creek 115+ 500 6 no no
4/25/2012  Puget Sound 560 4 unknown yes
4/25/2012 Pugé Sound 555 unknown unknown
4/30/2012  Baker River 91 503 4 unknown no
4/30/2012 Baker River 91 517 5 yes no
5/2/2012 Puget Sound 520 5 unknown yes
5/14/2012 Puget Sound 530 5 yes yes
5/29/2012  Puget Sound 510 4 no yes
5/29/2012  Puget Sound 490 4 unknown yes
5/29/2012 Puget Sound 500 4 yes yes
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Figure2.1. Coastal North America and the Skagit River basin. Bull trout otoliths were
collected from reaches and tributary rivers as indicated by clear circles and thpsedsa

marine waters by black circles; numbers indicate sample sizes
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Figure2.2. Polished transverse section of saggital bull trout otolith with laser ablation track

and arrows indicating denser wentgrowth rings representingraui
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Figure2.3. Otolith microchemistry plots with 9 point moving average Sr:Ca (mmot*jriol
bl ack and 9

point

ralemwolil) in durquoises wharg taverfical batsa (€ m
represent winter annuli. The left panel shows the microchemistry of a typical anadromous bull
trout, in this case a 560 mm fish caught in the South Fork Cascade River, which made three

marine migrations ovats fouryear life. The middle anel shows a typical resident bull trout, a

660 mm fish caught in the Cascade River, which did not migrate to sea over six years. In neither

case did

t he

fi

shos

mot her

appar enhelfightpanel gr at e

shows the onlyish sampled in fresh water whose mother had been to sea in the year of spawning

(with elevated core Sr:Ca) which subsequently made anadromous migrations; it was 6 years old

and 533 mm at its capture in the Skagit Rivizr
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Figure2.4. Otolith microchemistry plots with 9 point moving average Sr:Ca (mmot*jriol

bl ack and 9 point movi)mgrqaoise whargtbe vertical aess ( € mo |
represent winter annuli. The three panels show possible life history variations detected in Skagit
River basin bull trout on the basis of otolith chemical anglysdicated by arrows: Left panel: a
526 mm fish caught in the Whitechuck River that overwintered in marine waters, middle panel: a
skipped migration (i.e., anadromy, followed by a year in freshwater without migration to marine
waters, followed by resuntipn of anadromy) in a 711 mm fish caught in the Skagit River, and

right panel: cessation of anadromy for three years after a single year of migration, including
Sr:Ca peaks below our threshold for interpretation as anadromy, in a 519 mm fish, caught in th

Skagit River
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Figure2.5. Otolith microchemistry plots with 9 point moving average Sr:Ca (mmoi¥riol
black and 9 point moving averaBea : Ca ( &)nmdurglioise, Where the vertical bars
represent winter annuli. The left panel shows the microchemistry of a fish with the elevated core
Sr:Ca indicative of maternal anadromy but this fish itself (a 446 mm individual caught in the
SkagitRiver) did not migrate. The right panel shows a fish (558 paught in the Cascade
River) with no signal for anadromy whose mother apparently did not migrate in the season prior
to spawning
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Chapter BSSPAWNI NG AND EMERGENCE PHENOLC
TROUT VEALNUS CONWNRLSUBJNDER
DI FFERI NG THERMAL REGI MES

3.1 INTRODUCTION

Parental breeding date and rate of larval development drive the timing of progeny hatching and
initiation of feeding, which strongly affect growth and survival (Sogard, 1997). Larval
developmentratesin@es e wi t h temperatur e i etal@@dysucaquat i c
that the combination of mean temperature and duration of development in daysefeftesd to

as temperature units [TUs] or degree days) yields approximately the same stage phuavelo
after fewer days in warmer water. However, salmonids typically require more TUs to reach a
given stage in warmer than in colder water (Beacham & Mufr@90). This compensation is
generally thought to stabilize juvenile emergence timing to coineitiiefavourable conditions

many months later (Alderdice & Velsen, 1978; Tallman, 1986; Brannon, 1987), though in some
cases different relationships betwéemperature and development are observed at high
temperatures (Jonsson & Jonsson 2011). Salmonids stihong genetic control over breeding

date (Jonsson & Jonsson, 2011; Quinn, 2018), and populations tend to breed later in the year
where temperatures anarmer (within basins: Hartmaat al, 1962; Webb & McLay, 1996;

among basins: Hodgson & Quinn, 200Phese observations are consistent with the hypothesis
that breeding timing evolves to synchronize juvenile emergence timing. However, such
synchronous eergence may not be the rule. For example, fry from proximate sockeye salmon
Oncorhynchus nerklareedng populations emerge over a wide range of dates despite
experiencing the same thermal regime and food resources in the lake (Abrey, 2005etSdarks

2017).
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Alternatively, thermal thresholds experienced by adults may trigger the initiation of
breedng, as has been suggested for the fall spawning, cold water char, bulaheelinus
confluentuswhen water temperatures fall below 9 °C (McPhail & Bax1996; Selongt al,

2001). This species is considered threatened in much of its range (.&n#&igvildlife

Service, 1999; COSEWIC, 2012) and may be susceptible to range contractions due to climate
change and anthropogenic influences on stream tatupes and hydrologic regimes that can
affect salmonid spawning and emergence phenology (Creiaér 2008; Ebyet al, 2014).
Spawning migrations in bull trout have been correlated with thermal thresholds (Swanberg
1997; Fraley and Shepherd, 1989; Brenkmgal, 2001; Sinnatambegt al, 2017) and spawning

phenology may be similarlyhermally contolled.

3.2 METHODS

The Skagit River basin connects southern British Columbia and northwestern
Washington State to tlalish Sea, draining > 8,500 km? of mountains with a range of
precipitation regimes (Liermaret al, 2012) and mean annual river discharbé#8 m®s near
the mouth (Pickett, 1997). Bull trout are entirely wild and native in the basin, and two spawning
streams were selected for study that have similar topography, basin aspect, drainage area,
vegetation, and salmonid species assemblage (TalkBoth streams are hydrologically snow
and rain dominated (Liermarat al., 2012), surrounded by mature coniferest, and contain
bull trout, ChinookO. tshawytschacohoO. kisutch pink salmorOQ. gorbuschand steelhea.
mykisS§WDFW, 2017). The lawer reach of the warm stream (below bull trout spawning) also
supports a spawning population of chum sal@oketa Temperature data from the mouths of
the two streams indicated that one is warmer than the other. While stream temperatures can differ
from intragravel temperatures in redd sites, they provide a reasonable proxye(B¢ap014).
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We collected watelemperature data in the surveyed bull trout spawning reaches of both
streams at 30 minute intervals from September 2016 to May 2017 using/RAdbmperature
loggers (Onset Corporation, Bourne, MA) anchored in-wéked pools, inspected the raw data
for accuracy (Dunhanet al, 2005), and calculated daily means. For 8 d of missing data in the
cool stream, affecting one of six stime combinabns, modelled data were substituted from a
linear regression using corresponding temperature data from a site d@Aknstream (full
modelF = 2.431, 3274y P < 0.0001). The year 2016 provided the only fine scale temperature data
available for comparisobetween spawning reaches, and was determined to be indicative of the
types of conditions forecasted for the regimnler climate change (Elsnetral, 2010). August
2016 fell above the T5percentile for 1982017 August mean daily maximum air temperatu
in the basin (USGS 2018) and below thé& psrcentile for annual maximum daily river
discharge (NOAA 2018). Aadditional year of data was excluded because environmental
conditions compromised viewing conditions for redd observations at one sitargretadéure
loggers were lost due to flooding.

New bull trout redd observations were recorded onsemuential suryes of both streams
every 714 d over the spawning season, SepterNmrember, 2002016 (WDFW, 2017). Bull
trout in this system are typicallarge (400550 mm; Loweryet al, 2015) migratory fluvial or
anadromous fish (Austiet al, in review), which corstruct readily identifiable redds in the study
streams. No other species spawns at the same time in the cold stream. The only heterospecific
spawning occurs during the las1surveys of the season in the warm stream. Observers were
experienced in differgiating redds made by bull trout from the only other alternative, coho
salmon, and conservative in their assessment. We estimated the syiAamng date for each

year using a muHievel hierarchical Bayesian moddégpendix A that related new redd cots
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to run size, day of year, and stream. Count of redds in sireamdayt, in yeary was denoted
aty. The expected number of new redd any time interval to t+ dpis assumed to bError!

Reference source not found.

At
City = Tiy A0)iydt
t (3.1
whereriyis the run size in yearin stream reach(assumed to be independent across stream
reaches and yearsift) is a normal gtribution with meareiy and standard deviatian The

parameteey gives the median spawning date for stream reacleary.

Posterior probability densities for model parameters were numerically estimated using the

no-U turn Hamiltonian MCMC samplemplemened in Stan (Stan Development Team 2017).

Three replicate MCMC chains were generated for 10,000 iterations plus a 5,000 iteration burn in

period using standard diagnostics for convergence (R”; Gelman & Rubin, 1992) and model fit as

described by Gatan andRubin (1995). The supplemental information provides more

information on prior probability specification.

We estimated hatching and emergence timing for fish spawning at median timing using a

variation of Mc Phail and WMermalsanysdrodel( devgldped

experimentally using bull trout in the Arrow Lakes, which experience similar thermal regimes to
those studied here, and tested under a range of temperatures that span our thermal regimes.
McPhail and Murray reported that gt 6,8, and 10 °C, respectively, bull trout hatching required

124, 96, 74, 57, and 44 d, and emergence required 208, 162, 126, 98, and 76 d. Using a similar

thermal relationship to calculate hatching and emergence time for Pacific salmon, &parks

(2018) sed a reciprocal format to account for variable natural thermal regimes when the length of

the incubation period is inherently unknown. The following equation expresses embryonic
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devel opment wusing bull trout thenmabuma mabeliMa Ph a i

reciprocal formagkrror! Reference source not found.

o —F (3.2
wherea andb are bull troutspecific parameters as calculated by McPhail and Murray from their
experimental data, such thet 5.086 and= 0.131 for time to hatching areseg 5.590 and=
0.126 for time to emergencgjs mean temperature, and 50% hatching or emergmuwes at
the date for whicf© = 1. All analyses were conducted in the statistical software R (R

Development Core Team 2017).

3.3 RESULTS

Water temperaturegs the stream mouth were consistently higher in the warm stream
across the period of record (Dedsgn 2015 November 2017); > 95% of daily mean
observations were higher in the warm stream with an average difference of 1.6°C + &%6.9 (
=9.7,P<0.001). The warm stream was also warmer than the cool stream throughout the study
year 2016; the na 30 min interval water temperature at the mouth of the warm stream in
August was 1.4°C higher than the cold stregsm$)= 27.49,P < 0.0001) and in Janog 4.0°C
higher than the cold streartu$ss=153.81,P < 0.0001). All 30 minute observation®in the
spawning and incubation season (28 Septemberi2@3aVay 2017) were higher in the warm
stream with an average difference of 2.8°C + SD th& )= 123.92,P < 0.0001).

In all eight years of spawning time data, spawning was earlier in thatceam (range: 4
T 28 d; Table 2). In 2016, median spawning date was 25 d earlier (27 September; Figure 1) in the
cool stream than the warm stream (22 Octpliestimated median hatching in 2016 occurred

only 8 d apart (14 December in the cool streamZhBecember in the warm stream). Fish in
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the warm stream were projected to emerge 23 d earlier (15 February) than fish in the cool stream
(9 March), with duraon of incubation of 165 d in the cool stream and 117 d in the warm stream.
Water temperature wadways higher in the warm stream over the life history event periods, by

1.4°C during spawning, 4.4°C during hatching, and 2.3°C during emergence.

3.4 DISCUSSION

The hypothesis that bull trout spawning would occur earlier in a cool stream was
supported, as expected from patterns of breeding timing in other salmonids. Both streams
demonstrated | ater spawning than imilarwateher par
temperatures, supporting the hypothesis of a threshold spawning temperature consistent with
other observations of spawning at < 9°C (McPhail & Murray, 1979; Fraley & Shepherd, 1989;
Baxter, 1997; Guzevicét al, 2017). Estimated emergence water in the cool stream,
demonstrating divergence in total larval development time between fish in the two streams
consistent with faster development in warmer temperatures. This result differs from some other
salmonid studies, in which emergence is syoebus despite different thermal regimes (e.g.,
Campbell et alin presg. Empirical data would be needed to test-sgecific adaptation in
juvenile bull trout emergence timing. The results of this study suggest a few lines of speculation
for further regarch to explore. There may be some advantage to emerging early in a warm
stream, although a range of conditions appears to be suitable for juvenile bull trout growth and
survival. If observed emergence occurs earlier in the warm stream, in accordarnmer with
predictions, this would suggest neither an extreme degree -apsiteic adaptation, nor a
completely generalized regionally consistent pattern of environmental drivers, but perhaps a

response to thermal threshold for the initiation of spawning.
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As this region is dominated by both rain and snow, the opposing factors of high
temperatures in the fall and scouring snowmelt runoff in the spring potentially drive a common
developmental pattern of developmental timing. If juvenile experience drives sainne,
multiple factors could be involved, including ambient thermal regime, flow dynamics, and
timing of invertebrate hatch (Namahal, 2016). Downscaled climate models for Puget Sound
drainages forecast a ~1°C increase in water temperature bydtbétbe century (Mantuat al.,
2010). Increasing empirical thermal regimes by 1°C during bull trout larval development would
decrease time to median emergence by 2 weeks in the warm stream and 3 weeks in the cool
stream. However, phenological impacts laaed to predict, as they result from interactions
between variable regional and streapecific hydrology and water temperature, particularly at
freezing level thresholds as in the basin of study, and climate velocities may be slower than
initially prediced at higher elevations (Isaakal, 2016). Thermal regime variation can shift
emergence timing and development at emergence @takl2012), and larval development in
cold water fishes could be affected in complex ways. Food sources for juveimiie headwater
streams such as macroinvertebrates can be impacted by multiple factors including regional
climate cycles and climate change (Durance & Ormerod, 2007). Thus baseline understanding of
the relationships between water temperature and repredwtd early life history phenology

are critical.
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Table2.2. Physical habitat characteristics for a cool stream (Downey Creek) and a warm
stream (Bacon (&ek), in the Skagit River basin, Washington State, USA. Drainage area, mean
basin elevation, and mean annual peation were calculated from National Hydrography
Dataset Plus Version 2. Summer water temperatures (°C + SD) recorded at 30 min intdrvals w
Hobo Water Temp Pro V2 loggers (Onset Corporation, Bourne, MA) anchored imixet
pools near the stream i, where adult fish must pass prior to spawning. Winter water

temperatures (°C + SD) were recorded farther upstream of the mouth, whereut@alvelinus

confluentuspawn and embryos incubate

Cool Warm
Drainage area (kfy 92.6 132.1
Meanbasin elevation (m) 1296 1085
Mean annual precipitation (cm) 351 282
Mean August temperature in 2016 11.8+1.2 13.2+1.6
Maximum August tempeaiture in 2016 14.6 17.0
Mean January temperature in 2017 1.7+0.9 5.7+0.3
Minimum Januaryemperature in 2017 0.1 4.0
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Table2.2. Estimated median bull tro®alvelinus confluentuspawning date (day of
year) in a cool stream (Downey Creekiilanwarm stream (Bacon Creek), in the Skagit River
basin, Washington State, USA, and difference in days between these estimates. Empirical data
consisted of redd surveys, from which a mldtiel hierarchical Bayesian model related new

redd counts to runze, day of year, and strealppendix A

Difference
Year Cool Warm (warmcool)
2009 280 284 4
2010 287 291 4
2011 286 293 7
2012 276 288 12
2013 287 294 7
2014 275 297 23
2015 270 297 28
2016 270 295 26
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Figure2.1. Observed daily mean water temperatures in 20157 in a warm stream (Bacon
Creek) shown in black, and a cool stream (Downey Creek), shown in grey, in the Skagit River
basin, Washington State, USA. Horizontal bars show median dates of buataalirus

confluentug i fe history events in the warm stream (
marks median spawning date as estimated from weekly field observations over eight years. The

l etter AHO indicates estitmatngd amealditeare H eattdhleir
estimated median emergence dates. Hatching and emergence were estimatedZ01 20d6n
thermal relationships reported for bull trout by McPhail and Murray (1979). The total estimated
duration of incubation from the mediapawning date was 117 d in the warm stream and 165 d

in the cool stream
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Chapter4aDl FFERENTI ALERMONSGHI FTS I N THE
OF SPAWNI NG BY WI LD-AND HA
DERI VED SKAGI T RI VER CHI NO
UNDER CLIDRATVEEN | NCREASI NG
TEMPERATURE REGI MES

4.1 INTRODUCTION

Thetiming of reproduction in fish populatiosan adaptation to lontgrm patterns of
natural selection on adults and offspr{@ushing 1969)Across a wide range of species,
tempeature is a critical environmental condition affecting breeding timing, e.g., in capelin,
Mallotusyvillosus(Carscaddert al.1997) damselfishDascyllus albiselldDanlowicz 1995)
andsmallmouth basdvlicropterus dolomieufRidgwayet al.1991) Spawning and migration
timing are frequentljinked, and may both be tied to thermal conditions, as in American shad,
Alosa sapidissim@d_eggett and Whitne$972) Timing of reproduction has implicatis for
juvenile success, e.g., in seasonal iatefannual growth of fathead minnoRimephalus
promelas(Divino and Tonn 2007)end growth and overwinter survival in bluegill sunfish,
Lepomis macrochiru@Cargnelli and Gross 98).

In many bodies of water, fish breedidgtes are shifting in association with progressive
increases in water temperature (e.g., Warren et al. 2012; Lyons et al. 2015) and shifts in flow
regime, which is often associated with temperagiirabbenhoftet al.2014) Fishes with highly
plastic esponses may track these environmental chamigeseas those with a greater degree of
genetic control will change more slowly, with selection from one generation to the next (e.qg.,
American shad vs. sockeye salm@mcorhynchus nerk&uinn and Adams 1996n

salmonids, artificial propagatidn hatcheries has also been associated witleehreeding over
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decades due to deliberate or inadvertent sele@@amn et al. 2002; McLeagt al.2005; Ford et
al. 2006) Hatchery propagation may select for earlier breeding but, simultaneously, climate
warming may select for later breeding, produaogflicting pressures on spawning timing
(Quinn et al. 2002; Tillotsoat al.2018) Understandinghe reproductivéink between
generations, thers vital for determining the current adaptations of populations to their habitat
and theconsequencesf climate and human activitiésr population persistence

In salmonids, spawning phenology varggeatlyamongdiscree populations (e.g.,
sockeye salmortiodgson and Quinn 200Zhinook salmonO. tshawytschaBrannon et al.

20049). The timing of spawning interacts withe thermal regimexperienced by incubating
embryosto determine the timing of juvenile emergence montles (Beacham anturray

1990; Murray and McPhail 198&mergence timingn turn, is adagdto local temperature and
prey availability that determine growtand the risk of predation in the environment where the
juveniles emergé€Quinn 2@.8). For example, Chinook sabmn vary greatly in the timing of

return from the oceanyen within a given watershed, and often exist as distinct populations with
separate river entry times and spawning destinations that could respond differently to varying
natural and anthropogenic peeires. These populations are classified as spring, syimniall
according to their migration timing (Healey 1991) but they may also differ in the timing of
reproduction in the fall.

The Skagit River in Washington, USA (Figure 1), supports six populgtioups of
Chinook salmon, each utilizing multiple bddeg areas, that collectivelyigrate from the ocean
from May to Octobeand spawrirom August to November (Figure 2). These populations are
part of the Puget Sound Evolutionarily Significant Urstdd asThreatened under thé. S.

Endangered Species A¢tederal Register 1999;uRkelshaus et al. 20Q6)he watershed

62



contains jdroelectric dams that modulate the temperaturenainstem fish habitaiga various

ways that could impact life history event timing but the tributaries used by Chinook salmon are
free-flowing and thus sybct to climatedriven processes

The purpose of thistisdy was to explore spawning phenology of Skagit River Chinook salmon
populations in relatioio multi-decadalwater temperature patterrSur objectiveswere tq i.)
Estimate current median spawnitigning for six wild population groupsand onenaturally
spawning group, a subset of one of the populations, that has substantial input of strays from a
nearbyhatchery as well as the timing of egg take in the hatchery itgelfDetermine whether
thereis evidence for change gspawning timing in any of thespopulationsover the period of
recordas a possible reflection of climate change. We then used the ensuing resaitptoec
phenology estimates frommerarchical modelwith calculations based gmeak counts fronan
areaunderthe-curve escapement methodologgtermine the extent to which patterns in timing
are associated withasinlevel variation inexposure taiver temperatureduring the period of

spawningand estimate fry emergence timingjven empirical thermal datar each population

4.2 METHODS

Studysites

The Skagit River drains an 8,500 kbasin originating in British Columbia, Canada,
passing through rugged mountains and a serigg@éreservoirs with impssable dams, joined
by a umber of unregulated small tributaries dhdlargerSauk River and its tributaries at river
kilometer (rkm)106 before reaching urban and agricultural alluvitmWashington State
United States (Figure 1l} is the largest wigrshed in Puget Sound, tvitpper elevation
precipitationregimesdominated bysnow and seasonglacial melt,and lowlands by rain
(Beechie et al. 2006Mean annual discharge near the mouth at Mount Vernon is #%3 m
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(Pickett 1997)averaged ovdrigher flows inwinter and springandlower flows insummerand
early fal (U.S. Geological Survey 2019). The Skagit Hydroelectric Project (Federal Energy
Regulatory Commission Project Number 553) above rkm 155 regulates downstream flow and
releases hypolimnetic water from project reservairgststrongly affectinghe 49 km aove the
Sauk River confluence. The basin supports all salmonid species native to the region: Chinook,
coho Q. kisutch, chum Q. ketg, pink (O. gorbuschy and sockeye salmon, steelhead/rainbow
trout (O. mykis} coasal cutthroat trout@. clarkii clarkii), andbull trout Salvelinus
confluentuy, as well aPolly Varden §.malm3 in the reservoirs above rkm 185owery and
Beauchamf2015) Hydrologic regineshave been shifting in the Skagit River basin, consistent
with climate change, due to changes in precipitation form and timing within and among years
(Riedel and Larrabe2016; Stumbaugh and Hamlet 2016)
Populationgroups

Our analysis of spawning phenology consideteldixSkagitRiver Chinooksalmon
populationgroups described using genetic analysis by National Oceanic and Atmospheric
Administration (NOAA) FisheriegRuckelshaus et al. 2008Gjhese populationgrenamedby a
combination of the part of the basiterethey spawn and tlirearrival timing in the river
system Suiattle River spring, Cascade River spring, SauleiRspring, Sauk River summer,
Skagt River summer, and Skagit River féRuckelshaus et al. 200bigure ). Each population
group displays a quasiormal distribution of spawning timing, and distrilautitails are not
thoroughly sampledbut the populations are divided spatially and temporally for management
purposes and sampled accordingly during their respective spawning seasons (Table 1; Figure 1).
The Suiattle River spring population is sampledilbutaries to the Suiattle River August and

September, as the mainstem is turbid with glacial runoff and cannot be surveyed. The Cascade
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River spring population is sampled in the Cascade River above rkm 13 in August and September.
The Sauk River springopulation is sampled in the Sauk/& and its tributaries above rkm 52

from August through October, whereas the Sauk River summer population is sampled in the
rivero6s mainstem and tributaries below rkm 52
Riversummer population is sampledireth r i ver 6 s mai nstem and tri but
Cascade River below rkm 6) above Skagit rkm 108 and after a management cutoff date of

September 1 through October. The Skagit River fall population is sampled in théemaamsl

tributaries below rkm 10&iSeptember and October, a less well defined spatial and temporal
separation relative to the Skagit River summer population than the other population groups are

from each other, although genetic analyses support theatiepgRuckelshaus et al. 2006)

These population groups generally have little hatchery influence. Musslewhite and
Hayman (2007) concluded that the hatchery com
adults raged from 0.27%, depending on theumber of hatchery juveniles released, except for
the Cascade River spring population, which ranged fré289%. Clark Creek Hatchery at
Marblemount]ocated on th€ascade Rived.8 rkm above its confluence with the Skajiver,
is the only source of pragated Chinook salmon in the syst@vtusslewhite and Hayman Q@

Figure ). Hatchery originish were first noted spawning in the upper Skagit River and
tributaries i n t he mengoret since200M0sSlewhite andl Hdlymane b e e n
2007) This naturally spawning hatchery spring group is surveyed in the lower 1.4 km of the

Cascade River (near the hatchery itself) and in several tributaries to the kagieiRd/er,

overlapping in spaceith the Skagit River summer population group (Figure 1). Hatchery origin

fish are identified by coded wire tags and adipose fin clips, which in the case of the hatchery

influenced group recorded in July and August, coag8i90% of the individuals on the
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spawning ground (WDFW unpublished data). Since there is no discrete spatial and temporal
divide between spawning of the hatchery influenced group and the Skagit summer population,
we considered a continuous distributmirspawners in the Skagit summeppttion for all

dates of record (Jul@ctober), and then separately analyzed a subset of the data (July and
August records) as a rough proxy for the tail of the distribution that consists of greater hatchery
influence. herefore, we include analysis fohatchery spring group consisting of naturally
spawning wild and hatchery origin fish that are sampled in the Skagit mainstem and tributaries
(including the Cascade River below rkma®)ove Skagit rkm 108 starting in Jupyrior to the
management cutoff taof September 1.

Dataanalysis

To estimatanedian spawning date population groups o€hinook salmon, we used
visual redd count data fro@8 discrete spawning sitestime mainstenSkagit River and
tributaiies that ach hachonzerareddcountsfor atleast 8 years and up to 66 years (Table 1)
Each of the sippopulation groupsvas represented in the datasetliy separate spawning sites
that weretypically surveyedevery 710 days over 48 weeks each yeérable 1). To ensure redd
survey data compaiiity, analysiswas conducted on data frapatially consistent surveys
performed by comparable observation methods yigual counts from ground level made on
foot and by boat, or aerial counts from fixgohg aircraft and helicopteiable J.

Ratherthan estimate separate median spawning timing for ga@hlation group, in each
site, in eaclyear, we employed a hierarchical Bayesian mealkdred for each spawning site
which useddata fromall years ad datesimultaneously to improve parametermsttion over
single year calculation®dkison and Su 2001)he hierarchical method allowed us to use data

rich years to impree model estimates for other years that weta gaorfor each sitemissing
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late season surveys as seasonal rainfall increased water turbidity, reducing visibility for aerial
surveys, anavhenhigh flows made foot and boat surveys unsafe. Countsaeedeictedby
experienced observeand sothe puposes of this analysise assumed that interannual
observation bias was minimal andriation in precisionwas consisteramongyears, as in
Walsworth and Schindl€R015). Deviations from this assumption, likalelated to autumn high
flow events, would only bias estimates if there was a trend in discharge during the spawning
season over the period of record. August discharge (cms) at the U.S. Geological Survey
Newhalem gage (rkm 150) has not changed signiflgamter the study period (1962018), but
discharges in September and October have increased (September slope 17.8 (SE 4.2), adjusted R
0.23, p <0.01; October slope 26.6 (SE 7.8), adjuste@l B, p <0.01)However, surveys are not
performed when visilily is estimated to be <80%, which means that survey frequency, but not
survey accuracy, is likely to be reduced by increased discharge later in the season. Any bias due
to decreased survey frequency latehia $eason is likely to be in the directionaififg to detect
later spawners, and thus if anything create the false impression of progressively earlier spawning
T the opposite of what was observed.

In addition to redd survey datagwlsoevaluated datan the timing ospawningatthe
hatcherysince1984, when the currebroodstockwvas obtainedDate number of female
spawned, and number of eggs taken were recorded for the spring Céatimak hatchery
programfrom 1984to 2018. For 20 evenishenegg take was recorded but number of fish was
not, we estimated number of females based on linear regression of the relationship between

number of females and number of eggs per femabatchery recordédjustedr? = 0.89).
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Analysis of median reproduge timing was performed usingnaodelthatpredics the
expected number of new reddsa survey site for populatianyeary, on dayt (éz‘,t,y) is Error!
Reference source not found.

t+At
City =iy A1) ydt
t (3.3

Wherer,yis run size of populationin yeary, Dt is the number of days since the last
suvey, f(t)iyis a normal probability density function with parametysndo, (thus, mean
timing data varies by year but standard deviation does not).

Aerial surveys were handled differently, as the data consisted of total visible redds rather
than rew reddsWe introduced a new parameter that represents the duration that avisdulas
after spawning. Thus, the expected number of redds observed from these surveySregiials
Reference source not found.

t
éi,t,y = Ti’y/t . f(t)%ydt (3 2)

We relate the model expected vaue thenewredds observed by foot or bpdénoteds ;y for

each site, dayt, and yeay, using a Poisson likelihabError! Reference source not found:

e . i’l7y
o (3.3

L(eiyy) =
The parametersy were modeled hierarchicalpndassumed to be drawn independently
from a normal distribution, with estimated parameteendo; (the mean and standard deviation
of theeiy) for each site. Broad, bounded, udefined hyperparameters included unifqurors,
with € set to dayof year>160 andr; set to 850. No covariance among thg was assumed, due

to insufficient information in the dat&®/e used a uniform prior dmaxfrom 141 28 days Qrrel

1976, but our intention was not to estimate thisgpaeter (as there is little information in these
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data to this end) but rather to ensure that our estimates of median spawning date integrated over

the uncertainty in how long redds were visiBleor! Reference source not found:

exp(—@iny) i,
ity

L(eisy) =
Cit,y (3.4)

We numerically esthated posterior probability distributions usithig NeU Turn
Hamiltonian samplemplemented in Sta(Stan Development Team 20MWgw.r-project.org.

We wished to model variance in timing in additionpak timing but the data insufficiently
captured zm counts preand postspawning season and model convergence was not possible
with the inclusion of @riance. For the same reasea did not model observer erréiocusing on
peak timing, thenhie sampler was allowed to warm up for 5,000 iterationgvi@t by 3 chains
of 10,000 iterations for most sites, and 2 for sites with high redd counts andhigh c
variability, then checked using standard convergence diagn®Bfic&elman and Rubin 1992)
and model fifGelman and Rubin 1995)

Finally, we compared the results from the hierarchical model with results obtained using
linear model fis to raw peak redd counts for eaife in eaclyear, a method that is often used in
the estimation of salmgpopulationescapement using araaderthe-curve methodg¢Orrel
1976; Englisket al.1992;Smith and Castle 1994jillar et al.2012)

Simple linear models were fit to estimated posterior median spawning dates for each
spawning gk and for the population grougisat consisted of a single site (Cascade River spring,
and the hatchery egg take). To assess population group trends where multiple sites were
involved, we fit robust lineamixed effects models to the estimated dates, hwedjby the

inverse of the standa error of the date estimaté&3andidate models included random effects for

populationonly, site only, angbopulationsite interactiorwith the most parsimonious chosen

according to Akaikeds I nformation Criterion
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We used the relationship betweeatar temperature and Chinook salmon embryo
incubation rate reported by Beacham and Mu(i®@0) and the reciprocal equation format
suggested by Sparks et @017; Austinet al.2019)to estimate a scenario for median juvenile
emergence timing for each popul ation. For thi
medan spawning date (mean of thetltnge annual values) and populatispecific empirical
experienced thermal regime from siésin temperature gages. Few ldagn water temperature
data are available for the Skagit River basin. The only datasets-péas duration were from
USGS gagem the lower Skagit River at rkm 26 below significant tributary inputs and rainfed
lowland catchments (Mount Vernon, 198818, where the metric with the longest record was
daily maximum e.g., Figure 2), and in the uppeé@git River at rkm 127 where tlt®minant
hydrologic influence is the hypolimnetic water released from the hydropower project dams
(Marblemount, 198&018, for continuity, daily maximum). For these two sites we calculated
linear model slopes over time forean monthly temperatures in AgguSeptember, and
October, when most Chinook salmon spawn in the bksinall other sulbasin gages with short
time series data, daily mean temperatures were available for the most recent water year,
beginning October 2018, allowing us to compare tingal regimes among sit@sthat year.

Daily mean water temperatures were also available for the 2019 spawning and incubation
year at USGS gages corresponding to each population, except for the Suiattle springppopulati
which had data from a gage mt@ined by the Sauk Suiattle Indian Trilddl. analyses were

conducted in the statistical software R (R Core Team 2017).

4.3 RESULTS

Skagit River Chinook salmon population groups varied in median spawning date from
August 26to0 September 30 ilastfive-year averagetaken to represent the current period
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(ANOVA F = 6.48, p <0.01; Table 2). Model comparison of annual medians from the entire
temporal span of the datasets (as far back as 1952) indicated that all six wild popuatiwed
progressively latespawning over tim¢€0.03 1 0.48d/yr; Figure 3. Five of six trends were
significant (Table 3); of these, tl8aukRiver springpopulation demonstratebe fastestrate of
changg0.48d/yr, SE 0.06 and theSkagitRiver fall populationthe slowest(0.22 d/yr, SE 0.04.
The CascadRiver springpopulation monitored at @&inglespawningsiteand with fewer redds
than other populationbad atrend towards later spawning that wem significant (003 d/yr, SE
0.10. Over the atire datasets, id Chinooksalmonnow spawHater in the year than in the past
at 13 of 23 individual spawning sitgp, < 0.05 Figure J; later trends at seven sites and earlier
trends at three sites were not significg@irdblel; Figure 3. Trendsdelived fromannualpeak
reddcountsalso revealed later spawning over time temtded to underestimate chasge
spawning phenologselative tohierarchical estimatiofFigure4; linear model significance
<0.01, slope estimate 0.69, slopggiue <0.01).

Hatchery fish demonstratelde opposite trend fronthewild populations. The naturally
spawning hatcheryinfluencedspringChinooksalmon group, consisting of a subset of the Skagit
River summer population, had a liste-year median spawning date of Al 2. The
hatcheryinfluencel group trended earlier in timing, unlike the wild populatiG0sL8 d/yr, SE
0.05; Table 2 At the Clark Creek hatchery facility on the Cascade River, the averaas of |
five-yearmedianegg take datat the hatcherwas Awgust 3 23 d before the eaglst wild
popul ati on gr ou pdastimngdadegqgtake fgapridgaChikook sdfmon
propagatiorsince 1984lso trendeearlier, by -0.58 d/yr (SE 0.06.

Thermal regimes varied between swdsins used for spawningaincubation of

Chinook salmon populations in the water year beginning October 1, 2017 (Figure 5). The lowest
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mean annual temperature was in the Suiattle RivetQJ,4vhere the Suiattle Riv@opulation

group spawns, followed by the Sauk River abovetétechuck (7.8C), used by the Sauk

spring population group. In increasing order, the next lowest temperatures were in the Cascade
River at Marblemount (7°€) corresponding to the Cascade sgnpopulation and the Skagit

River at Marblemount (7°€) coresponding to the hatchery spring group and the Skagit River
summer population. The highest temperatures were in the Sauk River at Sa0k (8.7
corresponding to the Sauk summer population, faibly the Skagit River at Mount Vernon
(9.4°C) correspondingp the Skagit River fall population. Monthly means of daily mean
temperatures revealed that the relative ranking of warm and cool sites varied over the Chinook
spawning seasofM &ble5). In Augus and September, the lowest temperatures were observed in
theupper Skagit River mainstem close to the hydropower project and the highest temperatures in
the lower Sauk and lower Skagit Rivers. In October, the lowest temperatures were observed
instead inte major tributaries: the Suiattle, Cascade, and Sauk riviilg, the lower Skagit

River was the warmest, followed by the upper Skagit River. October mean of daily mean
temperature in each sdttasin was correlated with median spawning date of the réspect
population spawning in that sddasin (adjusted :0.74,p=0.01).

Long term temperature trend data were available for two sites in the Skagit River
mainstem, demonstrating that water temperature during the Chinook salmon spawning season
rose over theetades of study. At rkm 26, daily maximum temperature wasumea 1982
1970, 19741981, and 2012019, over which period mean of daily maximum temperature in
August, the warmest month of the year, rose by G/8ecade (95% CI 0.20.8,p-value<0.01;

Table 3), for an estimated total change of’€.8Closer to thelams, at rkm 127, daily

temperature was measured starting in 1986, over which period mean daily maximum August
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temperature rose by 0°€/decade (95% CI 0.100.7,p-value 0.@; Table 3; Figur®), or for a
total change of 1°C. Subsequent monthly metamperatures also rose over this period of

record, but less so (Table 3).

4.4 DISCUSSION

The general sequence of spawning in the fall by the wild population groups followed the
predictions based ohérmal regime$ earlier in cooler water and later in warmeater.
Analysis of the longerm data revealed progressively later spawning by wild fish, contrasting
with the trend towards earlier hatchery egg take and redd counts for the naturally spawning
hatcheryinfluenced group. These two patterns were consistghtthe intermediate pattern (no
change) in the Cascade River population that has received more hataharyish than the
ot her popul ations desi gnat e d widpoplladiondwag he di r e
consistent witlthe prediction thaticreasingemperaturérendsin the Skagit Rivewould be
met with progressively later spawning to prevent or retard the advancement of juvenile
emergence in the absence of hatchery influence.

The greatest rates of change in timing were in the Sauk Rogerdations. While long

term data were not available to assess interdecadal changes in temperature in-bashsub
interannual comparison among sites showed that the warmest spawning segsoatures are
in the lower Skagit River, where the poputatialready spawns latest, and in the Sauk River,
which has less snow and glacial input from the headwaters than the Cascade or Suiattle rivers
(Beechie et al. 20Qd able 6; Figure 6 The populationsgawning in the mainstem Skagit River
changed less, and thesaches are cooled in August and September relative to adjacent rivers by
cool and less variable hypolimnetic water released from the hydroproject dams (Table 6). The
Skagit River summer populati analysis also included data from the hatchery influenaagg
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and therefore captured a combined trend even if hatchery origin fish are spawning earlier than
wild origin fish. However, the numerical importance of hatchery influenced individuals weuld b
smaller in the Skagit River summer population (mean amedal count 3058) relative to the
Cascade spring population (mean annual redd count 98).

The wild Cascade spring population, which did not show significant phenological
change, spawns in a rivéirat may be cooled in summer relative to historic conditinglacial
meltwater from the South Cascade Glacier, which is rapidly retreating (maximum elevation
~2300 m)(Marcinkowski and Peterson 201%Yhile recent dat do not suggest that the Cascade
River is the Chinook spawning location with the lowest temperature (Table 6), trends in basin
warming in the mainstem Skagit River may not apply equally to #se#tle River due to glacial
influence. Several sources of égnce also suggest that there may be hatchery influence on
spawning phenology in the Cascade spring populatimssiewhite and Hayma2007)
reported higher proportions of hatchemygin fish in this population than the other wild
populations. Moreover, the hatchery is located downstream of @aRtaer spring spawning
grounds. Carcass identification d&eurther explore the prevalence of hatchery bred
individuals on the spawning grounds were limited. Of 349 carcasses recovered in Cascade spring
surveys since 1961, 4% were hatchery fish basetbded wire tags and adipose fin clips, 26%
were unmarkedral presumed wild, and 69% were unknown (WDFW unpublished data). Given
the impossibility of disentangling hatchery and environmental influences on the wild Cascade
spring Chinook salmon populatievith current data, further exploration is warranted.

Anadramous fish other than salmonids (e.g. river herrikigsaspp.; Quinn and Adams
1996;Lombardo et al. 2019)ave demonstrated changing spawning timing associated with

warming water. These species spawn in the spring, as temperatures are increasing, and spawn
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earlier in the year with arming trends. In contrast, fapawning salmon such as those we

studied in e Skagit River spawn as temperatures are descending. Skagit River temperatures,
particularly in August, have become warmer over the period of record, and all pooled wild
populaton groups are spawning progressively later. However, hatchery timing trenc®ang
contrary to adaptive or plastic response patterns in the basin. Because spawning date is highly
heritable(Carlson ad Seamons 2008hatchery fish timing can rapidly shift in response to
deliberate and/or inadvertent selecti@uinn et al. 2002Ford et al. 2006Tillotson et al. 2018)

as appears to have happened sirfi#4 in this system. This selection arises from the fact that the
fish that arive early are more likely to be spawned in the hatchery, since the number and quality
of late arrivals are uncertain. Even slight unintentional biases toward earlier spawriigy ti
compound over generatiofigcLeanet al.2005) Additionally, the progeny of earlier spawning
adults may also experiea a competitive advantage over the progeny of later adults owing to the
body size differential resulting from earlier initiation of feeding. Management considerations
should in¢tude the impact of such divergence on hatchery runs as well as potentiakimpac
natural spawning by such fish.

Temperature is an important influence on breeding timing in fishes with impacts across
generations. Small changes in temperature (e.gverage of 1C) can shift juvenile emergence
timing by a monti{McCullough1999) However, temperature and timing interact, such that if
thermal regimes during spawning season increase but spawning occurs later in the year, juvenile
emergence timing salmon could remain steady, presumably continuing to optimize conditions
for growth and survival in spring. In our juvenile Chinook salmon development scenario, the
estimated date of emergence among populations spanned four months, with the predominant

difference between the naturally spawning hatcleftyenced group and thetural origin
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populations. Theoretically, the range of emergence timing in a given populations may be wide
and buffered relative to the magnitude of change in spawning ti{8payks et al. 2018But the
effects on hatcherinfluenced fryemerging in November, like any population of an early
emerging fall spawningpecies, could include the advantages of growth and survival in spring
compared to later emerging individuals, as well as the disadvantages of low winter temperatures,
volatile gorm-driven flows, and limited prey availabilifGhuter et al. 202). For example, wild
steelhead trout spawned later in the spring and phegeny emerged later, when flows are
lower, than did hatchergrigin steelhead in Forks Creek, Washington, and high discharge was
associated with lower reproductive successhieyhatchery origin fisiMackey et al. 2001;
Seamons et al. 2012)cross fishes, larger juveniles teto survive better, although
environmental conditions, predation, and other factors can reverse théSogiaad 1997)More
research is still needed on the energetitsequences of juvenile emergence at different
developmental states and times as climate change drives riverine thermal regimgBbange
and Anderson 2001; Campbell et al. 2019)

Changes in salmon phenology may produce ecosystem effects in addition to the effects
on the focal species. Rubenstein e{2018)found thatchum and cohsalmon spawning
migrations wergetting latein the Skagit River basin, increasing the exposure of carcasses to
floods and thereby reducing foraging opjinities for bald eagle$i@liaeetus leucocephalus)
Diverse expession of migration and spawning timing are also linked to regional life history
diversity that provides spatial and temporal ecological buffering, which can be compromised by
environmentathange and anthropogenic impacts, especially at lower lati(Hidlbsrn et al.
2003; Satterthwaite and Carlson 201A)wide range of factors inatling streamflow and ocean

conditions can influence population dynamics in adjacent locations and the scale of the impacts
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can vary(Crozier and Zabel 200Q6although the Skagit River basin is cooler than adjacent
watersheds, suggesting that regional trends be examined for coh@eertz2016)In North

American fish populations, changing reprotive phenology is among the responses that have

been linked to trends in temperature, stream flow, and hydrologic regime, although
anthropogenic factors such as dams, hatchery programs, harvest, land use, poltittmers,

can have compounding or daeming effect§Lynch et al. 2016)However, where warming
freshwaters are pnapting later breeding in fall spawning fishes, managers should consider the
impact of dams and hatchery programs on wild populations, as well as explore the consequences

of phenological change for the persistencénocdatened fish populations.
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Table3.3. Chinook salmon@ncorhynchus tshawytschigedd count survey sites in the Skagit
River watershed, Washington State, USA, used in data analysis. River km distances indicate
lower and upper bounds of surveyed area, as measured from the mouth ofddesienthat

were used in analysis; in somesea a slightly truncated range of rkm were analyzed than have
been recently surveyed due to data insufficiency. Surveys were typically performed-é@ery 7
days over 88 weeks each year from the ground, byt fmoboat unless markédindicating aerial
suveys completed by airplane or helicopter. Trends in median spawning date and significance
from estimated median spawning date in each year at each site were estimated using a
hierarchical sampling algorithrtg which a linear model was fit; asterisks deenpvalues < 0.05

Population Site Survey First n Mean CV Median Slop p
location survey yr annual spawn e
(river yr redd day of
km) count year
Suiattle
spling Big Creek 0-1.0 1959 42 23 162.1 250 0.43 <0.00 *
Suiattle
spiing Tenas Creek 0-0.5 1959 40 13 110.6 238 0.34 <0.01 *
Suiattle
spiing Straight Creek 0-1.1 1965 33 8 295.6 233 0.10 0.60
Suiattle
spiing Buck Creek  0-1.3 1959 47 72 126.8 242 0.30 <0.01 *
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Suiattle
spiing
Suiattle
spiing
Suiattle
spiing
Suiattle
spiing
Cascade
spiing
Sauk
spiing
Sauk
spiing
Sauk
spiing
Hatchery
spiing
Hatchery
spiing
Hatchery
spiing
Hatchery
spiing
Hatchery
spiing
Sauk
summer
Sauk
summer
Skagit
summer
Skagit
summer
Skagit
summer
Skagit
summer
Skagit
summer
Skagit fall
Skagit fall
Skagit fall

Skagit fall

Lime Creek  0-0.3
Downey
Creek 0-0.2

Sulphur Creek 0-0.5
Milk Creek 0-0.2
Cascade Rive 13-31
Sauk River  52-64

Falls Creek 0-0.5
South Fork
Sauk R. 0-5.6

lllabot Creek 0-4.2

Cascade Rivel 0-1.4
Boulder
Creek 0-0.5

Bacon Creek 0-2.4
Goodell
Creek 0-1.1

Dan Creek 0-0.6

Sauk Rive?  21-34
108
Skagit Rive 126

lllabot Creek 0-3.1
Cascade Rivel 0-1.4

Bacon Creek 0-2.4
Goodell

Creek 0-1.1
Skagit Rive? 39-108
Day Creek 0-3.5
Finney Creek 0-6.7
Jackman

Creek 0-0.8

Hatchery egg take NA

1966

1990

1959

1959

1965

1964

2010

2000

2007

1990

2006

1990

2006
1984

1956

1952
1966
1969
1974
1960
1955

1984
1974

1980

36

17

46

23

33

41

16

10

20

12

16

12

13

44

35
31
40
29
35

30
33

14
25

18

26

32

11

98

200

38

10

97

356

3058

68

118

32

787

29
34

114.7

77.3

78.1

68.3

54.5

79.5

106.6

71.1

55.5

85.8

57.6

56.7

152.1

105

167.8

80.3

107.4

99.7

66.8

88.6
85.5
82.2
114.9

114.2
NA

234

240

229

237

246

257

270

257

227

224

225

236

273

288

265

268

253

229

263

258
272
201
331

272
216

0.18

0.42

0.21

0.31

0.08

0.44

1.80

-0.09

-0.20

-0.23

-0.59

-0.20

-1.33

0.15

0.26

0.31

-0.08

-0.60

0.26

0.28
0.27
0.24
0.39

0.50
-0.45

0.08

0.16

0.03

0.07

0.57

<0.01

0.23

0.82

0.79

0.13

0.51

0.38

0.08

0.66

<0.01

<0.01

0.70

0.02

0.10

0.12
0.03
0.22
0.02

0.13
<0.01



(Clark CreeR 1986

Table4.2. Mean date for hatchery egg take is the mean annual median egg take date over the
last five years of record (2042D18) andnean date for the Cascade spring population is the
mean annual median spawning date over the last five years of recoreR(2I8}4 vwhere?
denotes a single site or data source for the group. Mean date for all other groups, one hatchery
influenced groupad five wild populations, is the populatiavide average of sitspecific
estimates of mean annual median spawning date over the lastdireof record, as weighted
by mean annual redd count contribution to the population total {2018). Estimate (gf) and
standard error (SE) are calculated using robust linear models weighted by the standard error of
the annual date estimates; trenddatks the direction of change of estimated median spawning
timing, if any, that is supported by model results

Mean Estimate

Popuhtion date (d/yr) SE Trend
Hatchery egg také 3-Aug -0.58 0.06 earlier
Hatchery spring 12-Aug -0.18 0.05 earlier
Suiattle spring 26-Aug 0.28 0.03 later
Cascade spring 2-Sep 0.03 0.10 none
Sauk spring 13-Sep 0.48 0.06 later
Sauk summe 21-Sep 0.30 0.06 later
Skagit summer 22-Sep 0.29 0.03 later
Skagit fall 30-Sep 0.22 0.04 later
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Table4.3. Water temperature trends over tifayr) at twoUnited States Geological Survey
gages located on the mainstem SkRgver: Mount Vernon, rkm 26 (1963018, daily
maximum) andMarblemountykm 127 (198€2018,daily maximum). F statigts, degrees of
freedom, and adjustecf Refer to the overall model, while slope, 95% confidence interval, t

statistics, and{values dscribe the coefficient year in linear models of the format Temperature ~

Year
Month F df Adj R2 Slope 95% ClI t p
Mourt
Vernon
August 1225 1,15 041 0.05 0.02-0.08 35 <0.01 *
September 7.17 1,14 0.29 0.03 0-0.05 2.68 0.02 *
Octadber 583 1,15 0.23 0.02 0-0.04 2.42 0.03 *
Marblemount
August 547 1,24 0.15 0.03 0-0.07 2.34 0.03 *
September 1.17 1,23 0.01 0.01 0-0.03 1.08 0.29
October 0.67 1,27 -0.01 0.01 -0.01-0.25 0.82 0.42
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Table4.4. Estimated juvenile Chinook salmon emergence timing in Skagit River populations

based on median populatispecific spawning dates averaged over 20048, population

specific water temperature from United States Geological Surveydggrom 2018 and

thermal development relationships reported in Beacham and Murray (1990)

Time from Mean water
Date of fertilization to  temperature (°C)
Population emergence emergence (d) on emergence dat
Hatchery spring 23-Nov 103 6.0
Suiattle sping 20-Jan 147 4.1
Cascade spring 20-Jan 140 5.3
Skagit summer  17-Feb 148 4.2
Skagit fall 25-Feb 147 3.0
Sauk spring 3-Mar 171 3.4
Sauk summer 5-Mar 165 4.7

Table4.5. Monthly mean of daily mean temperatures in 2017 at Unitete Staologic

Survey and Sauk Suiattle Indian Tribe stream gages

Population Gage location August September October
Hatchery spring upper Skagit River 11.8 10.8 9.5
Suiattle spring  Suiattle River 12.7 11.0 7.4
Cascade spring Cascade River 13.0 11.1 8.2
Sauk spring upper Sauk River 14.3 12.2 8.1
Sauk summer  lower Sauk River 15.7 13.1 8.8
Skagit summer upper Skagit River 11.8 10.8 9.5
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Skagit fall lower Skagit River 15.8 13.8 10.7

Figure3.1. The Skagit River study are®/ashington State, USA. Black bars indicate
hydroelectric dams; star indicates hatchery location; boundaries indicate spawning locations for
wild Chinook salmon populations. Naturally spawning hatchery fish are found in the lowe

Cascade River and tributes to the upper Skagit Riviar
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