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Freshwater rearing is a critical periodielife cycle of anadromous
salmonidsknown to produce carrgver effectanediatinglong-term growth and
survival. Freshwater growth is primarily determined by food availability and
temperature. While many species of salmon rear in freshwater for a full year or
longer, most trophic ecology rearch isrom a narrow window of timevithin the
annual cycleThis work identified temporal biases in research, addressed gaps in
understanding the trophic resources that support juvenile salnthnidg key phases
of freshwater rearingand examined seanal variability inasynchronous resource
pulses anderrestrialaquatic interactions. The first stughythis thesigjuantified
temporal biases in the timing and duration of juveRgeific salmon and trodield
research from the past 30 years. | fotimat across ecological topics, summer studies
occurred 3x as commonly as winter studies and 57% of studies were focused on a
single3-monthseasonThe second study this thesis described the monthly
variation in prey resources utilized Juywenile Steéhead Trou{Oncorhynchus

mykis3 andCoho SalmorfO. kisutch) in the South Fork Skokomish River and its



tributary Vance Creek in Hood Canal, Washington, UB#e results from this study
suggest that stabie situ prey resources and ephemeral allochtherey resources
create an asynchronous energy portfolio supporting juvenile salmonid freshwater
rearing throughout the full annual cycle. Aquatic resources from the benthos and drift
provided a relatively stable source of energy to juvenile salmge&isound but
contributed most heavily to fish digtiring summer somatic growth, overwinter
survival, and early spring prior to smoltification. Terrestrial subsidies contributed to
fish diet over the course of spring, summer, and autumn; however, within the
aggregate of terrestrial inputs, | found multiple ephemeral pulses of specific prey
items. These ephemeral terrestrial invertebrates contributed heavily to fish diets and
coincided with stressful developmental phases including smoltification in spring and
lipid storage prior to the onset of winter: 66%Cifhodiet biomass in May came

from rove beetles, 13% @ohodiet biomass in October came from spiders, and 30%
of Steelheadliet biomass in October came from ground beetles. To an even greater
extent, epbmeral marine subsidi@s the form of salmon eggwovided energy to
salmonids during a key development phase as they stored fat in preparation for
overwinter survival. Multiple spawning events from three different species of salmon
provided an extended resource pugealmon eggstilized by juvenileSteelhead
andCohowith 61-96% of prey consumption during spawning months coming from
marine subsidies. Moreover, despite the depressed size of salmon runs in this system,
consumption of marine subsidies resulted in substantially larger rations than seen at
any other point in the year. While summer research may be more commlamgése

energy fluxes irthis field study cameduringspring and autumn. As salmon



populations in the Pacific Northwest continue to decline, conservation and recovery
efforts couldbenefit from incorporating knowledge of temporal variability in the

trophic resources that juvenile salmonids use throughout freshwater rearing.
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CHAPTER 1. GENERAL INTRODUCTION

The continued decline of salmo@rfcorhynchuspp.) populations is one of the most
important ecological, economic, and cultural issues in the Pacific Northwest, USA. Despite the
billions of dollars spent on restoration efforts, salmon recoleegely remains an unmet goal
and riveme habitadegradation persists (Bernhardt et al. 2005; Stranko et al. 2012). Recent
work has identified two key knowledge gaps that impede restoration: temporal variation in
energy flowdo fish populationgndbiotic interactiondbetween terrestrial and aquatic food webs
(Naiman et al. 2012). Improved understanding of ecological interactitikslisessential to

creating more effective restoration projects.

Are the constraints biotic or abiotic?

While physical characteristics of streams and habitat struaigg6ols, large woody
debris, flow, substrate, temperature) have traditionally been identified as constraining factors to
freshwater fish production, the abundance, quality, and temporal availability of food resources
likely plays a significant role in detefning carrying capacity and productivity within stream
ecosystems (Bilby et al. 1996; Wipfli 1997; Rosenfeld 2003; Weber et al. 2014). Daily physical
variations in habitat, such as river flow, combined with seasonal availability of food contribute to
food supply and feeding rate for juvenile salmonids. Studies have shown a strong relationship
between body size and survival in juvenile salmof@®ot et al. 1995; Quinn and Peterson
1996), emphasizing the importance of improving foraging opportunitiedeSsalope analysis
indicates that freshwater fishes rely on aquatic, terrestrial, and marine sources of food (Wipfli
and Baxter 2010; Scheuerell et al. 2007). The magnitude of reciprocal subsidies between

terrestrial and aquatic food webs are just begimmo be explored.



Bridging the energy gap with terrestrial inputs

The amount of energy needed to support juvenile fish populations is often much higher
than the estimated contribution from autochthonous production within river systems
phenomenon known as the Allen paradahten 1951). Many studies have concluded that
allochthonous energy from the riparian zone provides the remaihfieh energy budgets
(Hynes 1970; Allan et al. 2003; Nakano et al. 1999b; Wipfli and Baxter 2010;ré&siaad
Huryn 1995).Therefore prey availabilityis directly and indirectly shaped by riparian

interactions

Primary and secondary effects of allochthonous inputs
Allochthonous inputs of organic matter from riparian zones cross ecosystem boundaries,
providing a vital source of energy to adjacent streams (Benfield 1996; Peterson and Cummins
1974; Wallace et al. 1997). These allochthonous inputs take two forms: secondary production
from aquatic invertebrate shredders and direct inputs of terrestrial ionate® that fall into the
water as high energy prey available to predatory fishes, such as juvenile salmonids (Quinn 2005;
Wipfli 1997; Baxter et al. 2005Additionally, freshwatemacroinvertebrates are essential for
stream ecosystem functioning and gyeftow within food webs (Polis and Winemiller 1996;
Nai man and Debécamps 1997; Cummi ns et al. 1995

particulate organic matter (CPOM) to fine particulate organic matter (FPOM).

Impacts of terrestrial changes on aquatidiltats



Changes in riparian habitat can have cascading impacts through the teragsiaiat
interface. The effects of fire, deforestation, canopy composition and openness, anthropogenic
habitat degradation (waves from large boats, dredging, land deeiopend pollution) and
biological invasions have been shown to alter primary productivity, invertebrate composition and
abundance, stream food web dynamics and prey available to predatory fish, temperature, flow
and spawning and rearing habitat for fishg 1 | on et al . 2008; Er Rs et
2009; Graca 2001; Arrington et al. 2002; Kaylor and Warren 2017; Mouton et al. 2012, Fierro et
al. 2016; Hawkins et al. 1982). However, the effects of seasonal changes in riparian vegetation

on aquatic fod webs are still poorly understood (Baxter et al. 2005).

Temporal and ontogenetic diet shifts

Diet analysis of freshwater fish pinpoints important prey items and facilitates greater
understanding of resourcdilization based on size and ontogenetic eishifts (Bisson 1978;
Johnson et al. 2013; Werner and Gilliam 1984; Persson and Bronmark 2002; Steingrimsson and
Gislason 2002)Gape andtroat sizenfluenceontogenetic niche shiftsy determining the size
of prey that can be swallowed (Armstrong et24l1Q Johnson and Post 1996 he highly
variable nature of stream habitats results in seasonal variation in food availability and fish

growth rates (McCarthy et al. 2009).

Seasonal bias
Diet informationis often recorded duringummer, sdessis known about how ephemeral
and seasonally fluctuating situand allochthonous prey subsidies (aquatic, terrestrial, and

marine) affect food availability and prey preference (Armstrong et al. 2010; Bridcut 2000; but



see Bellmore et al. 2013). Recent work iadés thasteelhead®@. mykis¥ growth rate and
population distribution varies seasonally, emphasizing the importance efoyeal sampling

(Tattam et al. 2017).

Forage vs drift feeding

Juvenilesalmonids are often spatially segregated within river systems with feeding habits
reflecting minimal overlap even for opportunistic feeders; for example, the diets of juvenile
Coho SalmorfO. kisutch often closely reflect the availability of prey in theft whereas
juvenile Steelhead TrouiO. mykis}¥ diets more closely resemble the availability of benthic prey
(Johnson and Ringler 1980; Bilby et al.1998). However, in Hood Canal, WA, justedihead
diets have been shown to shift from foraging betvata more energetically efficient drift
feeding, particularly in the winter (Wright 201DpctorShelbyand Berejikiarin Draft).
Benthic macroinvertebrates dominated the winter diets of juv€oile Salmon
steelheadainbow trou, and cutthroat troutd. clarkii) in Skokomish, WA with high diet
overlap between mainstem and tributary habitats (Wright 2010). To add further complexity,
aguatic invertebrates have varying rates of intentional drift, accidental drift, and drift distance
(Rader 1997)making heir accessibility to fishes as a prey resources somewhat difficult to
predict Terrestrial subsidies from flood pulses in winter may be a potentially important but
underrepresented food source due to the difficulties of sampling in winter. Temporaaaald sp
shifts in primary and secondary production, prey availability, subsidy pulses, food demand, and

predator diet preferences are important to understanding food web dynamics.

Terrestrial subsides



Aquatic systems are often subsidized by adjacent terrestrial inputs. Aatasst prey
fluxes with alternating subsidies emphasizes the reciprocal nature of seasonal shifts of available
in situand allochthonous prey inputs (Nakano and Murakami 2001;aMbZ et al. 2009; Wipfili
and Baxter 2010). Peaks in terrestrial invertebrate abundance (summer) often corresponds with
the seasonal low in benthic invertebrate availability as well as higher energetic requirements for
fish due to the stress efevatedvater temperatures (Cloe and Garman 1996; Dineen et al.
2007). Several studies have shown that terrestrial invertebrates are an important food source for
stream fishes and may comprise@@ of total prey consumed by juvenile salmonids (Wipfli
1997; Nakanet al. 1999a; Kawaguchi and Nakano 2001; Dineen et al. 2007; Allan et al. 2003;
Mason and MacDonald 1982; Nakano and Murakami 2001; Dunham et al. 2000; Garman 1991,
Edwards and Huryn 1996; Hunt 1975; Li et al. 2016). Terrestrial invertebrate inputatosstre
appears to increase with denser deciduous tree canopy (Cloe and Garman 1996; Nakano et al.
1999b). Terrestrial and aquatic invertebrates are produced directly adjacestreain fish
habitat in-situ, andtransported downstream from fishless headvga phenomenon known as
the River Continuum Concept where downstream commuiiérsfitfrom upstream
productivity (Wipfli and Gregovich 2002; Wipfli and Baxter 2010; Wipfli and Musselwhite

2004; Vannote et al. 1980).

Invertebrate drift and dieleeding habits of fish

Juvenile salmonids primarily feed during daylight hours in the drift (Quinn 2005;
Forrester et al. 1994; Bisson 1978; Allan 1981). However, aquatic invertebrates tend to enter the
drift at night while larger, more buoyant terrestiralertebrates tend to drift during the day

(Rader 1997; Nakano et al. 1999a; Allan 1978); but see recent work on horsehair worms



manipulating their cricket hosts to be drawn to moonlight reflections on streams where they are
eaten by trout (Sato et al. 20). Furthermore, salmonid daytime feeding may not correlate with
the density of invertebrates in the drift, but may show a preferred feeding window, although
individual studies have identifiezbnflicting preferred times includingid-morning (Angradi
andGiriffith 1990) as well as evening (Allan 198This may be highly variable temporally

spatially, and longitudinallyfor each species. This difference in diel availability and fish feeding
times may result in greater contribution of terrestrial invedatgsrto fish diets due to active

foraging times (Baxter et al. 2005).

Marine subsidies

Upon migration to their natal streams to spawn, adult Pacific salmon transfer-marine
derived nutrients to freshwater ecosystems (Bilby et al. 1998; Kline et al. Bxyning
salmon convey this higanergy food subsidy pulse to freshwater food webs directly as eggs and
carcasses consumed by fish (Armstrong et al. 2010; Bilby et al. 1998; Denton et al. 2010) as well
as indirectly with increased abundance of benthi@aginvertebrates (Wipfli et al. 1998;
Wipfli et al. 1999; Collins et al. 2016) and terrestrial invertebrates (Hocking et al. 2013). Eggs
become available to juvenile salmonid consumption within the drift due to redd (nest) digging by
adult salmon, espaly when these redds are superimposed on other redds (Moore et al. 2008).
Additionally, spawning adult salmon disturb the stream substrate, dislodging benthic
invertebrates that are transported downstream in the drift (Moore et al. RR20iNe resource
subsidies, specifically eggs, from spawning sockeye sal@ongrkg have been shown to
increase body size of juveni&ho Salmor{Smits et al. 2016Despite their ephemeral

availability, salmon eggs can fuel more juvenile fish growth than benthidétwates due to



their high energy value (Armstrong et al. 2010; Sereduet al. 2007; Moore et al. 2008; Bilby

et al. 1998; Bentley et al. 2012), large size relative to invertebrates, complete vulnerability, and
superabundance (where salmon remain rer historical densities). If growth and survival of
juvenile salmonids is increased due to higlality energy subsidies, |Heistory traits and

patterns that depend on early freshwater growth, such as migration timing and marine survival,

may be altere significantly.

Benefits of larger size and the importance of madegved nutrients

Freshwater rearing is a critical time for juvenile salmonids. Faster growth and larger size
improve chances of survival by reducing the effects ofs&tective mdality through predation
pressure and throat/gape size limits to food consumption (Sogard 1997). Freshwater growth in
juvenile salmonids is primarily affected by temperature and food availability (Wipfli and Baxter
2010; Brett and Groves 1979)he eggs ath marinederived nutrients provided by carcasses of
anadromous salmon subsidize freshwater ecosystems and can positively influence the body size
of juvenile salmonids of different species (Nelson and Reynolds 2015; Wipfli et al. 2003;
Bentley et al. 2012)with larger body size linked to earlier migration timing (Giannico and
Hinch 2007) Faster growth may result in younger aesmoltification in anadromous
salmonids with size thresholds triggering smoltification (Giannico and Hinch 2007; Irvine and
Ward1989). Larger fish size positively influences ewenter survival of juvenileCoho(Quinn
and Peterson 1996); but see Connolly and Petersen (2003) experiment where warm temperatures
and limited food in winter negatively impact growth, condition, andttatge more acutely in
larger juvenilesteelheadhan smaller fish. There is evidence to suggest that emietyy

ephemeral prey subsidies, such as salmon eggs, may positively influence overwinter survival and



push fish across the size thresholds for sifiedtion, resulting in younger outmigration

(Naslund et al. 2015; Gende et al. 2002)e energy impact from spawning salmon has been
found to persist after the resource pulse has disappeared, positively influencing jQuboile
growth rate and energy algity 6 months after spawning (Rinella et al. 2012). Increased early life
growth in freshwater has been shown to improve marine survival (Thompson and Beauchamp
2014), particularly in poor ocean condition years (Bond et al. 2008; Holtby et al. 1990} Highe
adult return rates for Keogh River, British Columbiaelheadvere correlated with larger smolt
size and freshwater growth, emphasizing the importance of early growth ttetomgurvival

(Ward et al. 1989).

Ephemeral egg subsidies

There is some evahce to suggest that carcasses from spawning salmon may positively
influence the abundance (Bilby et al. 2002) and growth (Wipfli et al. 2003; Bilby et al. 1998) of
juvenile salmonids due to enhanced aquatic food web productivity (Hicks et al. 2005).ddowev
the effects of ephemeral resource pulses orhigtory traits, such as agasmoltification or
sizeat-smoltification, in juvenile salmonids has not been extensively researched. Nelson and
Reynolds (2015) found that spawni@pum Salmordensity pogively correlated to juvenile
Cohosize and noted that spawner density was also associated with a higher proportion of the
population classified as age 0, suggesting but not providing supporting evidence of earlier
juvenile ocean migration. If fish growtk affected by marine subsidies, then the magnitude of
this subsidy may alter the ag&ucture of juvenile anadromous fishes migrating downstream
once they reach the size threshold for smoltification. The impacts of this ephemeral resource

subsidy are paty understood (Naiman et al. 2002). Some research indicates that increased



spawner abundance is associated with increased stream productivity at lower trophic levels
(including common prey items for fish) (Wipfli et al. 1998; Wipfli et al. 1999) as vegligenile

fish growth (Wipfli et al. 2003) possibly due to the ingestion of salmon tissue and eggs (Bilby et
al. 1998). Marine resource subsidies from sockeye salmon may have resulted in higher growth
rate of resident cha(Balvelinuspp), however temperature differences make results unclear
(Denton et al. 2010). Research by Wipfli et al. (2003) showsblad Salmorand resident

cutthroat trout growth increased in the presence of pink sal@ogorbuschacarcass additions

and the juvelte fish maintained this accumulated body mass through winter. Overwinter
survival of juvenile salmonids is largely dependent on body size (Groot et al. 1995). The
growing season, and therefore survival, of freshwater fishes can be temporally extendgd thro
the addition of ephemeral food pulses, such as the return of spawning salmon in the fall and
winter (Bilby et al. 1998; Wipfli et al. 1998). In many systems, this may be mediated by
temperature constraints with maximum consumption rates decliningiiervdue to colder
temperatures; however, in the mild winters of the Pacific Northwest, growth rates may not be as

constricted if f@d is still available.

Loss of marine subsidies

Many salmon runs are now at only a very small fraction of their histarrdoers due to
loss and degradation of habitat as well as overharvest (Lichatowich 1999). Annual adult spawner
returns on the Columbia River, once one of the most productive salmon rivers in the world, are
only 1% of historic returns (Gresh et al. 2000)isT$harp reduction in nutrient inputs may have
significant impacts on future salmon returns through disruptions in this nufeemittack loop

(Schindler et al. 2003).oss of marinederived nutrient subsidies from spawning population



10

declines lowers thebdity of freshwater habitats to support future generations of salmonids

(Bilby et al. 1998). Moreover, pulses of resources may have varying effects in subsidized
systems depending on the magnitude of the pulse (Anderson et al. 2008). Stable isotage analys
has shown that salmon make substantial nutrient contributions to freshwater and riparian
ecosystems, however, the ecosystem consequences of thesededvieé nutrients are not

fully understood (Naiman et al. 2002).

Maximizing resource pulses

While fishes may not be able to extend the temporal availability of resource pulses
through storage, mobile consumers can exploit spatial variation to maximize foraging
opportunities and increase growth during periods of high food abundance (Armstrong ef,al. 201
Armstrong and Schindler 2013). Some fish, such as sculpins have coevolved to exploit this
subsidy pulse during its short availability (Foote and Brown 1998). It is essential that fish
maximize utilization of these shdived yet energetically importamésource pulses as these
pulses tend to move through aquatic food webs faster than terrestrial food webs due to the

importance of togdlown controls and faster growth rates in aquatic systems (Nowlin et al. 2008).

Freshwater residence of juvenile salmon

Seasonal variations in prey availability and prey energy quality may affect juvenile
salmonids with longer freshwater residence time more acutely than those with shorter residence
time. Juvenilesteelheadpend 24 years in freshwater before ocean outntigrawhile juvenile
CohoandChinook Q. tshawytschpatypically spend 1 year in freshwater before smoltification

(Quinn 2005)Chumand pinksalmon spend even less time in freshwater as juveni2s: 1
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months (Quinn 2005). Shifts in prey availability majdrjuvenile salmonid growth during

freshwater residence.

Bioenergetics

Steelheadre often growtHimited by temperature but may be limited by food as well. It
is often assumed that food availability for fish and fish growth rates are higher in sumamer t
winter, but recent work suggests this may not be tru®fanykis{McCarthy et al. 2009,
DoctorShelbyand Berejikiarin Draft). A bioenergetics model based on twiaarly size
sampling estimated juveniteelheadonsumption to be 22% of the ri@um consumption in
summer and 27% in winter; however, daily growth rate is higher in summer than in winter with
an optimal growth rate at 12°C (Doct8helbyand Berejikiarin Draft). But, since maximum
consumption is temperature dependent, 20% in winter is much less food than 20% in summer but
may result in greater growth due to decreased metabolic costs of colder winter temperatures.
Furthermore, increases in diet energy densiigl{sas from energsich salmon eggs) can have
additional positive effects on siselective mortality by raising the optimal growth temperature,
a critical component of freshwater survival in the face of climate change (Beauchamp 2009). If
juvenile salmordigestive capacity is limited by temperature in winter, having a-@igrgyprey
item, such as eggs, could help mediate digestive constraints by increasing energy gains through

high energy prey instead of making cuts to energetic costs.

Food webs forestoration
The temporal flux of seasonally available autochthonous and allochthonous inputs in

stream systems can have individual level effects that lead to population level consequences such
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as growth, survival, and health (Sabo and Power 2002; Baxdkr2&t07; Nakano and Murakami
2001). Food webs are widely regarded as vital to understanding the needs of targeted species
(Vander Zanden et al. 2003; Woodward and Hildrew 2002; Bellmore et al. 2013). Due to linked
ecosystem processes and energy flowsystembased fishery management (EBFM) utilizing a
food web approach that includes habitat and pregatyr interactions may be more effective in

restoration monitoring rather than single species management (Pikitch et al. 2004).

Non-native plants in teestrial-aquatic interactions

The availability of terrestrial prey and input of allochthonous subsidies to streams is
determined by riparian composition (Nai man an
Edwards and Huryn 1996). Changes in nutrientexrfrom inter and intraspecific leaf litter
variation have been shown to affect decomposition rates as well as the abundance and diversity
of invertebrate colonization (Graca 2001; Kominoski et al. 2011; LeRoy et al. 2016; Hladyz et al.
2011; LeRoy and Mrks 2006). Invasive plant species impact riparian zones by altering
biodiversity, light availability, bank stability, terrestrial invertebrate composition and biomass,
ecosystem processes like carbon cycling, and food web structure (Claeson et alhgexiféjde
2003).However, changes in aquatic ecosystem processes and invertebrate assemblages in
detritusbased food webs due to the presence of terrestrial invasive plant species in riparian
communities are poorly understo@@laeson et al. 2014; Hladyzat 2011; Naiman and
Dedbcamps 1997; Kennedy and -netedfibhisgecie? ofterd ) . I ntr
impacts native fish negatively by usurping prey (Baxter et al. 2004). However, the impact of
invasive terrestrial plants on fish is largely unknadue to the unique characteristics of each

invasive species (but see Fierro et al. 2016; Roon et al. 2016). Furthermore, the impact of
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humandriven changes in riparian corridors (deforestation, agriculture, land development)
coupled with frequent naturalsturbances from flooding provide an ideal opportunity for

colonization by invasive plants that thrive in disturbed habitats.

Salmon recovery

Salmon recovery efforts have largely focused on the four Hs: habitat, hatchery,
hydroelectric dams, and harvélsliaiman and Bilby 1998). Temporal and spatial food web
dynamics should be added to that list (Naiman et al. 2012). In many systems, food, not the
traditional metrics of stream characteristics, may be the limiting factor to carrying capacity and
productionof juvenile salmonids (Bellmore et al. 2013). Riparian management directly and
indirectly influences fish productivity by altering the food supply available through aquatic and
terrestrial food webs (Allan et al. 2003). Knowledge of terresaigailatic foal web linkages is
essential to inform a scientased, ecosystems approach to restoring species of concern, such as

Pacific salmonids.

Research objectives

The objectives of the proposed research afl§ tharacterize temporal biases in
ecological reseah that currently informs fisheries restoration and conservatiatetgjmine the
importance and temporal variation of terrestrial and aquatic invertebrates as prey resources for
juvenile salmonids, 3) explore how aquédgerestrial linkages can infornalsnon recovery and
habitat restoration efforts, and 4) assess what effects invasive terrestrial plants have on aquatic

food webs vital to juvenile salmonids.
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CHAPTER 2. BEYOND SUMMER: REVIEW OF THE TEMPORAL
ASPECTS OF JUVENILE SALMON ECOLOGICAL AND RIVERSCAPE
STUDIES REVEALS THE NEED FOR YEAR -ROUND RESEARCH

Megan E. Brady, Jonathan B. Armstrong, and Andrew Chione

Abstract

In recent decades, fish ecologists have become increasingly aware of the need for
spatially comprehensive sampling. However, a corresponding reflection on the temporal aspects
of research has been lackiMje conducted eeviewof theseasonal timing andgentof
sampling for the last 30 years of juveriflacific salmon and troacological researdhroadly
and within the topics of habitat interactions, trophic ecology, and spatial distrilputioB71
studies)as well as the emerging field of spatiallynt i nuous #Ari vers.®Wapeodo sa
found that ecological researalas biased towardgimmelin the northern hemisphe(40%
occurred during JunAugust)and the month of June in particular, at the expense of winter work
(only 13% occurred durinpecembeitebruary) Riverscape studies were also biased toward
summer (50% of studies) and against winter (R&search across multiple seasons was less
common than singleeason studies: 57% of ecological studies collected data from a single
season. Addionally, moststudieswere shorter than 4 months (73% of ecological studies and
80% of riverscape studieg)hese temporal biases may cause researchers to overemphasize
ecological phenomena observed during summer and limit our ability to recognize seasona
interactions such as caroyer effects. Full year and winter studies likely hold valuable insights

for conservation and management.
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Introduction

A key challenge in conservation is to understand how abiotic and biotic heterogeneity
mediate the funain of ecosystems and tkarvival ofbiota that inhabit these environments.

This heterogeneity exists in both space and time, creating a shifting mosaic of physical and
biological conditions that has significant ramifications for bidtited et al. 200 Phenomena
ranging from ontogenetic niche shifts (Werner and Gilliam 1984) to the stability of fisheries
(Brennan et al. 2019) can only be understood by jointly considering interactions between space
and time. However, because resources are limitedlardaterizing stream heterogeneity is a
norttrivial task, it is often not feasible to study multiple dimensions of variation simultaneously.
Indeed, many fundamental concepts in stream ecology are either spatially or temporally focused.

For examplespatal patterns of biota are often described with minimal reference to time.
This applies to early work, such as the longitudinal zonation of fishes (Huet 1959), buealso t
River Continuum Concept (Vannogé¢ al.1980 and more contemporary emphasis on
Arervscapeo ecol ogyTh(oFuaguhs cthi neet iasl .r e2c000g2n)i.zed as
of the riverscape (Ward 1989), in practice, t
large spatial extents of data, which often compounds the challehge®rporating time.

Similarly, time is often considered independently in studies of both habitat and fish.
Stream ecologists increasingly embrace a regime approach to characterizing temporal variation
in habitat conditions, originating with the NatuFébw Regime (Poff et al. 1997), which
considered the statistical distribution of conditions and metrics such as event magnitude,
frequency, seasonal timing, predictability, duration, and rates of change. The regime concept is
now applied beyond water quép to include aspects of water quality (Poole and Berman 2001)

(Caissie 2006), as well as physical attributes such as sediment, large wood, and abundance of
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pools (Beechie and Sibley 1997). In fisheries ecology, temporal variation is probably most
commorty studied in the form of population dynamics, i.e., fluctuations in abundance typically
described at an annual resolution. However, many important processes that may scale up to
affect population dynamics (e.g. growth) play out at Hammaual timescalesnd relate to
seasonality.

It is often recognized that shetdrm datasets can be inadequate because they fail to
capture historical levels of productivity (i.e. the shifting baselime¢veal coarser scale
temporal patterning such as regime sHiftgjia et al. 2019)Likewise, for cyclically patterned
temporal variation, interpretatis may be misleading if they are based on a limited poofian
cycle. For example, many fish switch between habitat types throughout the digNsaodgman
and Wurtshugh 1994%0 only studying animals during daytime may fail to capture important
habitats Similarly, refuge habitat identified in summer may not represent refuge habitat for other
seasons and stressors (Schlosser 1998 riRe systems may exhibit extrerseasonal variation,
with water temperatures rangin@°€ or more and flows varying 1€0Id. This strongly affects
not only fish and other aquatic organisms, but also the feasibility of field sampling. While a
temperature logger can effectively colleatal every day of the year, the cost and logistical
challenges of sampling fish vary tremendously and can strongly govern when biological data are
collected Extrapolating from dta that pertain to specific points in time can lead to misleading
interpretatons regarding how fish behave, the production capacity for ecosystems, and what
locationsor habitat types are importa(fraser and Metcalfe 1997; Bramblett et al. 2008)s is
particularly problematic in the study of mobile organisms that undergoasuilasphysiological

and ecological changes throughout their lifetimes, such as Pacific salmonids. The objective of
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this paper is to characterize the temporal attributes of fish ecology research to elucidate potential
data gaps and guide future research.

Recent work on birdgsamphibians, reptiles, and mammifaisnd strong seasonal biases in
field researct{Marra et al. 2015)but analogous work on fish has been lackirtge assertion
that winter fish ecology is an important, yet understudied portitineofesearch portfolio is not
new (Huusko et al. 2007); however, no quantification of any inequity in research effort has
previously existedHere we characterize the temporal aspects of Pacific salmon and trout
ecology research from the last 30 years.dNaracterized patterns in the seasonal timing and
duration of ecological field studies and considered how these patterns varied across three focal
topics: fiskhabitat interactions, trophic ecology, and spatial distribution. We then assessed

whether spatilly extensive sampling has come at the expense of time.

Methods

To determine whether and to what extent temporal biases are present in juvenile Pacific
salmon and trout research, we conducted a literature review of 1) what months and seasons
juvenile samnonid ecology research occurs, 2) the duration of studies, and 3) whether seasons
were studied individually or if seasonal interactions were examined.

We reviewed 13 journals that commonly publish fisheries ecology res€aohdian
Journal of Fisherieand Aquatic Sciences, Ecology, Ecology of Freshwater, Eistsphere,
Ecosystems, Environmental Biology of Fishes, Freshwater Biology, Hydrobid\agid,
American Journal of Fisheries Managemedgcologia, PLoS ONE, Scienesd Transactions
of the Amecan Fisheries SocietyJsing the Web of Science database, we performed searches

within these journals using the following key
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fiOncorhynchus 0 We t hen examined every -20¥7tandcl e fr om
selectedhose that dealt with the ecology of juverlacorhynchuspecies during freshwater

residence. The juvenile life stages of fry, parr, and smolt were all included. We focused on

juvenile Pacific salmon in freshwater because they arestugdied (providingus the power to

detect trends in sampling) and they live in highly seasonal environments (which means an
incomplete understanding @he annual cycle would be a problem and is thus important to test

for). The past 30 years was chosen to characterizauthent patterns of research. Only papers

that presented original, ecologicaftycused data were included, whether they were

observational studies or experimental studies conducted in a natural environment. We did not
include laboratory studies, reviews,models not validated with field data.

Additionally, we ident i f ihighdresdlutionspatiallg capeo s
continuous sampling (Fausch et al. 2002). Using the Web of Science database, we performed
searches within all peeeviewed jairnals using combinations of the following key words:
Ariverscapeo, fAspatially continuouso, #Alongi't
Aisal moniQ@hsorthynchasnod We t hen examined every articl
19882017, andselected those that dealt with spatially continuous or riversszgde sampling
of juvenileOncorhynchuspecies during freshwater residence.

We classified each publication for both the ecological dataset and the riverscape dataset
by the temporal aspeat$ data collection. First, we recorded the presence/absence of data
collection in each month and season. We defined seasons meteorologically as aligned with the
calendar months of JuneAlgust 31 for summer, SeptembeNbvember 30 for autumn,

December dFebruary 28 for winter, and MarckhMay 30 for spring. Seasons were not defined

by solstice or equinox to stay consistent with presence/absence within a single month. Studies
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may encompass more than one month, therefore the number of data points fanaheses are
greater than the number of studies included in the review. Second, we quantified the frequency
of the number of meteorological seasong)that were included in these studies to analyze
temporal extent and consideration of irteasonal iteractions (i.e., carrpver effects).

To explore whether temporal aspects of sampling differed among research areas, we
classified each study into three focal areas: 1}Hebitat interactions and the impact of habitat
units and types on juvenile salmdibiology or behavior, 2) trophic ecology including fish diet,
foraging, and food web structure, and 3) spatial distribution including movement and landscape
scale distribution. Studies examining fish growth and survival were often presented by
researcheras a function of some aspect of one of the three focal areas identified and were
classified accordingly. The temporal distribution and extent of sampling effort was then
guantified both collectively and by research category. Each study was only atbisgdiene of
the three focal areas based on the main objective of the study. Studies that did not fall into one of
these four main categories were classified as
subset analyses.

We tested for tempordliases using Pearsgfitests for temporal distribution and extent.
Equal values would indicate that no bias exists, supporting the null hypothesis. While the test is
objective, we acknowledge that the interpretation is subjective due to the assumptiaifis th
months and seasons are equally important and present equal stresses, limitations, or opportunities
for growth, fitness, and survival for juvenile salmonids.

We also acknowledge that phenology varies with latitude, elevation, and position in

watersked, so thecological conditions associated with a particular month or season may vary
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among locations (and thus among the studies in our paper). Thus, the implications of the

temporal biases we observed may be somewhat context dependent.

Results
Monthly Temporal Distributiorof Studies

At a monthly resolution across all ecological topics, we found that the most frequently
represented month wastGtimes more common than the least frequently represented month (Fig.
1). December was the least representedtmacross all topics, while the summer months of
June, July, and August were most common among topics. The month of June had a significantly

higher proportion of studies than the month of December at 14% and 3%, respectively.

Seasonal Tempordaistribution of Studies

Across all ecological topics, we found that8®% of studies occurred during summer
while only 1615% of studies occurred during winter (Fig. 1). There has been little change in the
temporal distribution of research efforts witle throportion of winter studies remaining

significantly lower than summer studies (Fig. 2).

Monthly Temporal Exterdf Studies

At a monthly resolution across all ecological topics, we found that most studies had
limited temporal extent across the annualle, with 7:75% of studies containing data from 4
months or less (Fig. 3). Less thai@% of studies across all topics encompassed data from all 12

months of the year.
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Seasonal Temporal Exteoit Studies

Across all ecological topics, we found that@®% of studies occurred during a single
season while only-80% of studies encompassed field sampling from all four seasons (Fig. 3).
The majority of studies, 57%, collected data from a single meteorological seas@6% of
studies were shorter than 4 ntlas Again, there has been little change in the temporal extent of
research efforts with the proportion of singleason studies remaining significantly higher than

multi-season or yeaound studies (Fig. 4).

Riverscape Studies

Analysis of riverscapetgdies revealed wider biases in temporal distribution at monthly
and seasonal scales. The most frequently represented month was 8x more common than the least
frequently represented month (Fig. 5). January and February were the least represented months,
while June, July, August, and September were most common. Summer encompassed 50% of all
juvenile Pacific salmon and trout riverscape studies while only 9% of studies occurred during
winter (Fig. 5).

Monthly temporal extent was limited within riverscape stgdas well. Spatially
continuous studies were almost entirely conducted during a limited amount of time: 80%
contained data from 4 months or less and only 3% of studies encompassed data from a full 12
months out of the year (Fig. 5). Seasonal extent ¥erscape studies was the one metric that
was more representative than the ecological studies we examined: 45% of riverscape studies
occurred during a single season, 39% occurred over two seasons, 8% occurred over three

seasons, and 8% occurred during @lirfseasons (Fig. 5).
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Discussion

In our review of 371 ecological studies and 38 riverscape studies from the last 30 years of
juvenile Pacific salmon and trout research, we observed strong biases in seasonal timing
(distribution) and temporal extent. Within research topics where seagaosglérticularly
relevant, we observed the same general pattern of temporal bias; the period of summer was
overrepresented in the study of fishbitat interactions, trophic ecology, and spatial distribution.
Below we discuss these temporal patterns td dallection and consider their potential causes

and consequences.

Bias in Temporal Distribution of Studies

The most conspicuous pattern in the data was the lack of research during winter. For
example, the month of December had less thargoaeter agnany studies as that of June
Winter studiesepresented only 105% of total ecological research and 9% of riverscape
studies. Winter may be tempting to overlook because it is generally a period of low biological
activity in freshwater ecosystems. Winietypically the coldest time of year, limiting the scope
for growth and activity in aquatic poikilotherms. Further, winter is the darkest time of year,
limiting primary productivity (Uehlinger 2006) and the foraging opportunity for visual predators
(Frase and Metcalfe 1997). Indeed, many stredwelling fishes tend to allocate energy to fat
stores in anticipation of winter (Hurst and Conover 2003), suggesting it is generally a period of
negative energy balance. Though juvenile salmonids may be lessiaativeer and not achieve
substantial growth (Tattam et al. 2017), this does not mean that understanding winter ecology is
not critical. If fish rely on summer and fall fat stores to survive winter, then any food intake

during winter helps to minimize theeed to deplete those stores. Identifying winter foraging
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opportunities, trophic pathways, and habitat use could provide insights into how fish survive
during this time of year (Cunjak et al. 1987). For example, recent research exploring how
environmentatonditions influence fish interactions and movement has identified habitat not
utilized outside of the winter months (McMeans et al. 2020). In many systems, winter survival is
hypothesized to be a limiting factor to freshwater population productivityt§Bland Narver

1975) and reducing winter mortality is often an objective of largescale restoration efforts
(Cederholm et al. 1997). Understanding winter habitat use and foraging ecology could help
improve our ability to increase overwinter survival.

Thelack of winter research contrasted with the overabundance of summer studies. While
emphasis on summer has benefits, such as an improved understanding of salmonid ecology
during periods of climate stress, relying on sumiiased data could pose probleros f
conservation and management by violating assumptions of médelsxample, species
distribution model¢SDM) are increasingly used in climate change adaptation and rely on the
assumptions that a species occurs in all suitable habitats and thakea spécioccupies a
portion of that suitable habitat due to constraining factors such as competition or predation
(Guisan and Thuiller 2005Reveloping such models from temporally biased datald be valid
only if the focal species were sedentandtheir habitat use did not vary over time. However,
itdéds rarely possible to confirm that a specie
representative data (i .e., you candét di smiss
winter habita use). Using data from a limited period of time can cause SDMs to erroneously
dismiss critically important habitat. For example, Smeraldo et al. (2018) demonstrated that
SDMs based on seasonally biased data failed to identify the habitats needed tostppor

hibernation and reproduction in bats. Defining climate refugia based on sthiased data
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(Isaak et al. 200)=could similarly leave out critical overwinter habitats if fish exhibit seasonal
movements and require multiple habitat types to comptetamnnual cycle. While summer heat
stress may be the most vivid threat of a warming world, climate change may also make winter
more challenging by increasing maximum flow&cCabe et al. 20Q7or reducing ice cover
(Huusko et al. 2007 The lack of wintestudies in our analysis, and the emphasis on summer in
both empirical studies and climate modéésék et al. 2015 suggests that winter may be a
blindspot for climate change adaptation work on Pacific salmon.

Our current classification system for longitnal fish zonation is largely based on
summer sampling (Huet 1959). While recent decades have seen an emphasis on more spatially
representative fish sampling (Angermeier and Smogor 1994) and a movement towards multiscale
analysis of spatial distributiorf8Viens 2002), this work tends to not be temporally
representative. For example, spatially contin
for our understanding of salmonid spatial distributions (Fausch et al. 2002), yet our results
confirm that vrtually all of this work is conducted during summer or early autumn (Brenkman et
al. 2012; Flitcroft et al. 2014). While longitudinal patterning is inherently relevant to lotic
ecosystems (because they are linear networks), fish may also exhibit prahspaiial
patterning in lateral, and vertical dimensions (Favrot et al. 2018). In temperate regions of the
Pacific salmon range, floodplains may only be connected and wetted during winter, so-summer
biased sampling may hinder our ability to understandit@ficance of offchannel habitat use.
Where summer and fall are the wet seasons (e.g., much of coastal Alaska), usharfod
habitats may vary seasonally and require temporally extensive sampling to understand key
dynamics. For example, the spapatterning of juvenil&Coho Salmoron a stream floodplain

shifted over time, tracking shifts in water temperature (Armstrong and Schindler 2013) caused by
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fluctuating water levels. Use of temporary aquatic habitats by fish may be disproportionately
important when they are available at the right place and time; however, research is lacking to
capture this ephemeral aspect of fish ecology (Heim et al. 2019).

The distribution of juvenile salmonids among charurgt scale habitat types (Bisson et
al. 1982) nay also vary among months and seasons. For example, Nickelson et al. (1992) found
that juvenileCohoprimarily occupied backwater pools in spring, mairannel pools in summer,
and alcoves and beaver ponds in winter. Distribution of juvenile salmonidb-irabitats (e.g.
riffles, pools, backchannel ponds) can also impact fish growth and fithess through energetic costs
and benefits (Rosenfeld and Boss 2001). While-die&il studies of fish distribution help
identify quality salmonid habitat, our analygismonstrates that this data implicitly favors

summer habitat and devalues winter habitat.

Bias in Temporal Extent of Studies

While a bias against winter studies is seen in temporal distribution, a bias against full
annual studies is seen in tempordkeex. Studies examining all four meteorological seasons
represented only-80% of total research. Research is heavily skewed toward shorter, single
season studies: 73% of all studies capturing 4 months or less of data and 57% of studies focused
on a singleseason in isolation. Within riverscape studies, 80% of research occurred during 4 or
fewer calendar months. These patterns are similar to what Marra et al. (2015) found in their
review, which did not include fishes. While there is increasing recognititrewvalue of long
term study (Lindenmayer et al. 2012), this usually means having multiple years or decades of
data collection. Our review shows that there is also a lack of temporal extent in terms of the

annual cycle. Lacking extent at this timescalgdss to two issues. First, we are likely to
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temporally extrapolate and draw conclusions based on a subset of the year (as discussed above)
and second, we will often lack the ability to identify interactions between different time periods,
or carryover efects (Marra et al. 2015).

Carry-over effects from one life stage or season can have significant impacts on fitness
and survival of individuals and populations in subsequent seasons or life stages (Harrison et al.
2011). As climate change and increasingavdemands make summer more stressful for salmon
in regions such as the western United States, there is a strong need to understand how conditions
during spring and fall mediate the effects of summer stress on freshwater rearing capacity. The
ability of fish to survive negative energy balance during harsh summer conditions should depend
on their ability to store energy in spring and rebuild energy stores in fall. For exampte, over
winter survival of juvenile salmon is often positively associated with |drgdy size at the onset
of autumn (Holtby 1988). There is evidence that ephemeral food subsidy pulses, such as salmon
eggs during the adult spawning season, can positively influence juvenile salmon growth rate and
energy density as long as 6 months aftexr €phemeral resource pulse has disappeared (Rinella
et al. 2012). Whether juvenile salmonids grow large enough to consume eggs depends on their
emergence timing and early growth opportunities (Armstrong et al. 2010). Thus, small increases
in the growth &fry during spring may determine whether marine subsidies benefit parr during
fall, influencing overwinter survival and the size of smolts the following spring, which relates to
subsequent marine survival (Thompson and Beauchamp 2014).

Sampling during mitiple seasons is more likely to capture any cawgr effects that
span prepulse, pulse, and peptilse. Food availability, along with temperature, strongly affect
fish growth rates with extreme variation in growth between seasons (Tattam et aM39idid

and Kennedy 201)9Quantifying fish growth and food resources at multiple points in time are
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essential to avoid bias in assumptions and to identify ephemeral trophic pathways that could be
disproportionately important during that season or in sulesgcgeasons. The lack of full annual
cycle research on Pacific salmon has likely hindered our ability to recognizeeatsynal carry
over effects, which may become increasingly important in the future.

A core concept in landscape ecology is that of habitat complementation and different
patches of space functioning at different times (e.g., different lifestages or s€Bsomshg et
al. 1992; Schlosser 1999)he use of habitat by juvenile salmonidsftshl) seasonally as river
conditions such as temperature gradually change (Nickelson et al. 1992) 2) momentarily as a
balance of energetic costs and benefits (Rosenfeld 2003), 3) ontogenetically as resource needs
change (Werner and Gilliam 1984) and 4hemerally, such as during discrete events like floods
or drought (Schlosser 1995). Without full annual studies, the effects of these stressors on fish
(e.g. energetic costs, food availability, competition, predation) are poorly understood. Habitat
restoraibn may be more successful if information is available to allow for targeting of the
limiting life stage or limiting habitat in salmonid productivity (Roni et al. 2002). Identification of
these productivity limitations is hindered by two kinds of errorassumption of limitation and
an assumption of importance. First, the assumption that winter is limiting to juvenile salmonid
survival is problematic because without more winter studies we cannot validate this assumption
or understand the mechanisms behimaker mortality or winter vulnerability. Second, if we
assume that summer is more important because significant growth occurs in the summer months,
we assume that summer sampling can characterize spatial distribution and habitat use. This is
problematidbecause it hinders the ability to identify limitations to juvenile salmonid survival
outside of spring through fall. It is wedlstablished that the challenges faced by steagiling

fishes in winter are vastly different (Brown et al. 2011). In ordéett protect the habitat
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supporting juvenile salmon and trout, more effort is needed to understand the importance of

winter ecology.

Considerations

The seasonal bias of research could potentially be a product of two human limitations:
environmental chadinges and allocation of scarce resources. First, the summer months generally
present the least challenging environmental conditions for human access to-sairing
habitat, particularly in the Pacific Northwest where a significant amount of Pacifiorsalm
research takes place: low stream flow, warm temperatures, and minimal precipitation. Sampling
fish in the winter months can be patrticularly challenging, as snowuitédity, andhigh flow
events limit safe access for researchers and lead to fiitexdbehaviors that make them
difficult to capture (e.g. winter concealment, nocturnality). Second, academic calendars create a
seasonal bias towards summer field work by their very structure, allowing time for field work
while classes are on break aigisummer. Field projects outside of academia also often follow a
summefintensive field season program due to the availability of field technicians who are often
college students. Institutional hiring policies can further exaggerate these patternsnkoleex
at our institution students cannot work > 20 hours per week duringuramer months, and it
costs ~30% more to hire seasonal assistants that are not students (due to the need for a temporary
hiring agency). This makes n@ummer field work considably more expensive. Thus, a
combination of environmental challenges, logistical hurdles, and institutional culture make field

work more likely to happen in summer.

Conclusion



40

In recent decades, stream ecology has strongly emphasizeeethéor more sially
comprehensive sampling of fi§Rausch et al. 2002); however, the focus on space has often
come at the cost of time. Mapping the entire riverscapereveal rich, multiscale patterns, but
efforts typically fail to reveal how these patterns shiftratime Fish may not occupgvery
meter of space available to them, but they do live in every second of time. Furthermore,
phenomena such as floodplain dynamics (Whited et al. 2007), seasonal movement (Baldwin et
al. 2002), portfolio effects (Schindler&. 2015), resource waves (Armstrong et al. 2016), and
thermoregulation (Wurtsbaugh and Neverman 1988) are driven by the interaction between
spatial and temporal variation. We hope that our review encourages researchers to allocate more
of their effort b understudied portions of the year, which likely hold valuable insights for

conservation.
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Figure 1. Temporal distribution of juvenile salmon ecology studies

Left column:monthlydistribution of samplingeffort for juvenile Pacificscalmonand trout
studiesfrom 19882017 for (A) all studiesxf=289.58, p < 0.0001, n=1476, median=119.5), (B)
habitat studiesxf=97.421, p < 0.0001, n=413, median=28), (C) trophic ecology studies
(x>=78.131, p < 0.0001, n=244, median=18), (D) spdiwtribution studiesx{=53.67, p <

0.0001, n=439, median=27). Right column: seasois#iilbution of samplingeffort for juvenile
Pacificsalmonand trout tudiesfrom 19882017 for (E) all studiesd=243.39, p < 0.0001,
n=1476, median=345.5), (F) hatitiudies £*=84.482, p < 0.0001, n=413, median=83), (G)
trophic ecology studies?=56.295, p < 0.0001, n=244, madF57.5), (D) spatial distribution
studies £?=45.258, p < 0.0001, n=349, median=8Ihe number of studies for each month or
season wasatculated using presence or absence of research during that timeDashed
horizontal lines are data mediétudies may occupy more than one month or season. Seasons
were defined meteorologically, but as whole mongwsnmer is defined as the monthse,

July, and August; Autumn is defined as the months September, October, and November; Winter
is defined as the months December, January, and February; Spring is defined as the months
March, April, and May.
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Figure 2. Seasonal study distribution over time
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19882017 in 5year increments.
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Figure 3. Temporal extent of juvenile salmon ecologgtudies

Left column: frequency of the number of months per calendar ye)(found in juvenile

Pacific salmon and trout studies from 198817 for (A) all studiesxf=670.07, p < 0.0001,

n=371, median=5.1), (B) habitat studig&(73.55, p < 0.0001, 168, median=4.6), (C)

trophic ecology studies3=120.92, p < 0.0001, n=60, median=8.3), (D) spatial distribution
studies £?=173.01, p < 0.0001, n=89, median=5.1). Right column: frequency of the number of
seasons per calendar yea#)ifound injuvenile Pacific salmon and trout studies from 1988

2017 for (E) all studies?=230.95, p < 0.0001, n=371, median=17.8), (F) habitat studies
(x*=80.296, p < 0.0001, n=108, median=16.7), (G) trophic ecology stud/9(6, p < 0.001,

n=60, medan=20.8) (H) spatial distribution studies?72.573, p < 0.0001, n=89,
median=14.6)The extent or duration was calculated by counting the total number of unique
months (in a calendar year) that were included in each andigategorizing them by season as
defined aboveMonths and seasons may not be consecutive or evenly distributed throughout the
year.Data median is marked with a dashed horizontal line. Studies were only represented once at
their greatest monthly extent and greatest seasonal extent.
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(A)Mont hly distribution of sampling effort for
involving juvenile Pacific salmon and trout from 198817 (°=68.23, p < 0.0001, n=122,
median=6); (B) seasonal distuition of sampling effort for riverscape studig$52.885, p <

0.0001, n=122, median=25); (C) frequency of the number of months per calendarj2gr (1

found in riverscape studieg£65.508, p < 0.01, n=38, median=2.6); (D) frequency of the

number of sasons per calendar year4)found in riverscape studieg£18, p < 0.001, n=38,
median=23.68)The number of studies for each month or season was calculated using presence
or absence of research during that time frabsshed horizontal lines are data medBtudies

may occupy more than one month or season. Seasons were defined meteorologicely, b

whole monthsSummer is defined as the months June,, Jang August; Autumn is defined as

the months September, October, and November; Winter is defined as the months December,
January, and February; Spring is defined as the months March,auatiMay.
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CHAPTER 3. ASYNCHRONOUS PREY RESOURCESCREATE A YEAR -
ROUND ENERGY PORTFOLIO FOR JUVENILE SALMONIDS

Megan E. Brady and Jonathan B. Armstrong

Abstract

Juvenile salmonidsdncorhynchuspp.) rearing in freshwater depend on a diverse
portfolio of prey resources to support somatic growth, lipid storage, overwinter survival, and the
parrto-smolt transformation. While many studies have expanded our knowledge of juvenile
salmonid trophic ecology, most of this effort has been focused on a narrow aésgugre that
fails to capture variation in the importance of prey resources throughout the entirety of
freshwater rearing. This study examined broad patterns in the contributions of aquatic, terrestrial,
and marine trophic pathways to juverfdeho Salmor{O. kisutch andSteelhead TrouiO.
mykis3 as well as specific sources of energy throughout the year in the South Fork Skokomish
River and Vance Creek, Washington, USA. Prey resource availability and use by juvenile
salmonids was evaluated by samplingdrtebrates from benthic, drift, and terrestrial
environments and then comparing those to juvebidbeoand steelhead diets from corresponding
monthly sampling events. The timing of peak and low productivity of each environmental source
demonstrated asyhmnous availability of prey resources. Juvenile salmonid diets exhibited
temporal variation in quantity, composition, and selectivity. Aquatic resources supported fish
during summer somatic growth, overwinter survival, and early spring prior to smahifica
Terrestrial input to fish diet was clearer at a monthly scale, contributing a large portion of fish
diet in May during smoltification and October as fish switch from somatic growth to lipid

storage in preparation for winter. Juvenile salmonids bigéeefirom interspecific variation in
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salmon spawning events during autumn and early winter when lipid storage is essential before
river flows increase, daylight decreases, temperatures drop, and food productivity declines.
Despite the depressed state difrgan runs in this system, the largest diet rations of the entire
year were observed in months where marine subsidies (e.g. eggs) contrib@62d 61 total
biomass consumed by juvenile salmonids. We found that ephemeral subsidies were also
responsible fothe large ration sizes observed in May, with terrestrial rove beetles contributing
66% ofCohodiet biomass. Overall, our results indicate that a temporally diverse energy
portfolio with asynchronous peaks in prey components supports juvenile salmagjithdor

during each phase of freshwater rearing.

Introduction

Salmon conservation and recovery efforts have traditionally considered the four Hs:
habitat, hatchery production, hydroelectric dams, and harvest (Naiman and Bilby 1998).
However, morenterest has recently been given to biotic interactions, including predation
(Berejikian et al. 2016), competition (Thornton et al. 2017), and the trophic pathways that
support juvenile rearing (Woo et al. 2019). There is increasing evidence that cdiwidira
temporal and spatial food web dynamics is needed for more effective habitat restoration (Naiman
et al. 2012). Indeed, in many freshwater systems, juvenile salmonid productivity may be more
limited by food than physical stream characteristics (Bailéet al. 2013; Weber et al. 2014).
Further, while physical variables such as water temperature and velocity mediate energy costs
and scope for growth, the energy budgets of fish are most sensitive to consumption rates (Bartell
et al. 1986) and thus strgly influenced by food abundance. As salmon populations

(Oncorhynchuspp.) continue to decline in much of their native range, examining the trophic
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resources that support juvenile salmon during key phases throughout the year is vital to
conservation andecovery efforts.

The food available to stream dwelling fish derives from multiple trophic pathways (Allen
1951; Hynes 1970; Allan et al. 2003). Aquatic prey resources provide a significant source energy
source for fish (Brett et al. 2018) and can come fobmthin situ productivity or subsidies
flushed downstream from (often fishless) headwater streams (Wipfli and Gregovich 2002;
Rosenfeld and Raeburn 2009). Diversity witimrsitu invertebrate production comes from the
physical habitat preferences of imabrates such as differences in invertebrate communities
found in drift versus benthic environments (Johansen et al. 2010) or the benthic invertebrates
found within pools versus those found in riffles (Brown and Brussock 18@%gral studies
have showrthat terrestrial invertebrates aksoan important food source for stream fishes and
may comprise 5@0% of total prey consumed by juvenile salmonids (Wipfli 1997; Nakano et al.
1999a; Kawaguchi and Nakano 2001; Dineen et al. 2007; Mason and MacDoB2jdNaBano
and Murakami 2001; Li et al. 201@)errestrial invertebrates are often more energy dense than
aguatic invertebrates (Cummins and Wuycheck 1971) and can be a key prey subsidy to aquatic
systems at times when aquatic productivity is at its lo@dskano et al. 1999b). Variation in
terrestrial invertebrate subsidies to streams appears to be a function of seasonality (Nakano and
Murakami 2001; Dineen et al. 2007) and the characteristics of riparian vegeidiorat and
Dedcamps 199 7c¢Donsld X82€loeaanddsarMan 1996; Nakano et al. 1999b).
Marine-derived nutrients comprise a third trophic pathway supporting fish. Marine subsidies
vary in their type, e.g., kelp subsidies to estuaries versus anadromous fish migrations, and within
each ype there may be finer levels of variation. For example, rainbow trout were shown to

exploit populatiorevel variation in sockeye salmon subsidies to streams, thereby extending an
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ephemeral resource pulse (Ruff et al. 2011). Marine subsidies in theffeedmmn eggs are-2

times more energy dense than benthic invertebrates and capable of fueling greater fish growth
than benthic or terrestrial invertebrates despite their short period of availability (Armstrong et al.
2010; Scheerell et al. 2007; Mooreteal. 2008; Bilby et al. 1998; Bentley et al. 2012). Juvenile
salmon may exploit each of these resources at different points in time. A key challenge is
understanding how this trophic diversity affects the potential for watersheds to rear salmon.
Here, weconsider how trophic diversity is patterned in time and how fish consumption integrates
temporal diversity.

Most trophic pathways exhibit temporal variation in the foraging opportunity they present
to fish. Some trophic pathways, such as masingsidies from spawning anadromous fish, may
occur as pulses that last a month or less at small spatial extents. In contrast, aquatic production
may occur yearound but exhibit seasonal patterning. The effect of temporal variation on
consumers depends the level of asynchrony in variation. If component parts vary
asynchronously, then the aggregate is more stable over time, a phenomenon known as the
Portfolio Effect (Schindler et al. 2015). There is increasing interest in how asynchrony among
trophic resarces stabilizes consumer energy gains (Schindler et al. 2015; Armstrong et al. 2016;
McMeans et al. 2016). Population diversity in the timing of salmon returns can extend the
portfolio of resources available from a single species of salmon from weekstba{Schindler
et al 2010) or even longer when multiple species of salmon spawn at sequential or minimally
overlapping dates. Similarly, variation in the emergence timing of aquatic insect species can
extend the availability of resource subsidies wittpusatial adult phases (Uno and Pneh 2020).
While some resource pulses come during the peak growing season for fish, other ephemeral

resource pulses come at the tail ends of the growing season, thus extending growth opportunity
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and allowing fish to achievgreater body size before winter, aiding in overwinter survival (Bilby
et al. 1998; Wipfli et al. 1998; Groot et al. 1995). Greater growth in freshwater has also been
shown to have carrgver effects, positively correlating with increased marine survival
(Thompson and Beauchamp 2014; Ward et al. 1989), particularly in years with poor ocean
conditions (Bond et al. 2008; Holtby et al. 1990). While the full importance of ephemeral
resource pulses to juvenile salmonid survival is not-vesearched, the asynohy observed in
resource pulse timing likely helps to stabilize foraging opportunities.

Resource heterogeneity creates more stable foraging opportunities than dependence on
any single prey item (Schindler et al. 2015; Deacy et al. 2017). If overwintevawof juvenile
salmonids is influenced by body size, as research suggests (Groot et al. 1995), then extending the
growing season through asynchronous prey resources is important. Yet, we do not have a firm
understanding of how asynchronous and epherpegglavailability varies throughout juvenile
salmonid freshwater residence. While a diverse portfolio of prey resources can mediate risk
through variation in energy availability, it does not consider how predator needs change over
time or how important dersity is at different energetic phases. For example, fish energy budgets
vary seasonally (Cunjak et al. 1987; Post and Parkison 2001). The warmer temperatures of spring
coupled with high food resource availability initially act as a catalyst for grgateth rates, but
as temperatures continue to warm, metabolic costs rise as well with energy no longer going
primarily toward growth but rather toward meeting high daily basal metabolic needs (Jones et al.
2002; Dockray et al. 1996). The energetic needsmduhe primary somatic growth phase (Limm
and Marchetti 2009; Elliott 1982) that allows fish to grow large enough to eat large prey (Jaecks
and Quinn 2014; Armstrong et al. 2010) or evade predators (Biro et al. 2005) is different from

the energetic needsd metabolic activity that occurs during the gamolt transformation
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(McCormick and Saunders 1987) and still different from the needs of fish during the building of
fat stores for winter that aid in overwinter survival (Bull et al. 1996; Cleary 204R; Berg and
Bremset 1998). Likewise, the prey resources that support these unique phases of energetic needs
are not homogenous.

While there is much interest in how trophic pathways or subsidies combine to support
salmonids (Wipfli and Baxter 2010; Salier et al. 2015; Bellmore et al. 2013), our
understanding has been limited by a lack of comprehensive data. Many studies have provided
insights into components of the full resource portfolio (Ruff et al. 2011; Scheet al. 2007)
or the importance ddllochthonous inputs (Cloe and Garman 1996; Wipfli 1997); however,
virtually none of these encompass the full annual cycle (but see Nakano and Murakami 2001).
During the last 30 years, 3B1% of all juvenile salmonid field research occurred during summer
while only 1615% of studies occurred during winter with 73% of studies spanning fewer than 4
months per calendar year (Brady etlaldraft). Possibly the most likely prey resources to be
ignored by temporally narrow sampling are ephemeral sources\ailglde to fish during a
limited window of time.

Yearround research is needed to understand how the energy that fuels growth,
accumulation of fat stores, physiological changes, and behavior varies over time. Here, we used
the South Fork Skokomish RivemdVance Creek in Washington, USA to examine yeand
utilization of prey resources by juvenBteelhead TroyO. mykis3 andCoho Salmor{O.
kisutch combined with yearound availability of aquatic, terrestrial, and marine prey resources
that contrilute to a temporally variable energy portfolio. The purpose of our study was to answer
the following questions: 1) how do prey composition and biomass vary across time within

benthic, drift, and terrestrial sources, 2) how do juvenile steelhea@admatliets compare to the
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availability of prey across time, and 3) at what temporal and taxonomic resolutions are important

prey items captured in samples?

Methods
Study System

The Hood Canal is an 8am fjord that comprises one of the four dodsins of Puget
Sound, Washington, USA. Puget SowtdelheadO. mykis} have been listed as threatened
under the Endangered Species Act (ESA) since 2007 and populations continue to decline despite
greatly reduced fishing mortality associated with commercial, recregtanmdtribal fisheries
(Moore et al. 2010).

This studyexaminedhe South Fork Skokomish River (g 6), one of eight control
and supplemented rivers in the larger Hood CateadlheadProject (HCSP)and its largest
tributary, Vance Creeklhe HCSP is 47-year study led by the National Oceanic and
Atmospheric Administration (NOAA)

The South Fork Skokomish River is a 44.2 km long (37.0 km anadromy limit) river
originating in the Olympic Mountains and flowing into the southwest side of Hood Canal. It is
rainrrdominant stream with an elevation of 1646 m, mean annual water temperature of 8.1°C, and
mean annual flow of 20.95 m3s(Berejikian et al. 2013). Tidal influence extends up the
mainstem Skokomish River to the confluence of the South Fork and Raki{Canning et al.

1988). A rotary screw trap operated by NOAA is located at river mile 1.8, one mile upstream
from the confluence of the South Fork SkokonaskdVance Creek.

Anadromous populations steelheac&indCohorear as juveniles the studyriver.

Chinook(O. tshawytscheare present in low numbers in the South Fork Skokomish and are



57

largely regarded as hatchery strays and not a viable population. The South Fork Skokomish
historically supported pink salmon, spri@yinook and early run summ&hum however,
these populations have been extirpated (WDNR 1997).

Average annual wintesteelheadgpawner escapement between 1986 and 2014 to the
Skokomish (South Fork, North Forkibutaries,and mainstem combined) is 503 per year
(PNPTC 2015). The gority (81.3%) of outmigratingteelheadn the South Fork Skokomish
are age2 smolts with an average length of 167.8 mm.-Adé&L=156.8mm) and agé
(FL=185.3 mm)steelheadmolts represented a small portion of average annual outmigration,
2.2% and 16.% respectivelyDoctorShelbyand Berejikiarin Draft). Peak juvenile
downstream migration is in late April and early May. South Fork Skokostéestheadpawn in
mid-March to midMay with juvenile emergence in mitlly.

South Fork SkokomisBohoare abundant and currently not listed under the ESA. They
typically spawn in Octobedanuary, emerge in early March to late July, and outmigrate &k age
smolts(WCC 2003), with peak outmigration occurring from rhihy to lateJune (USFWS
2011).Peak spawning activity faCohois estimated at mifDecember to early January
(Weitkamp et al. 1995)Coho escapement is not as closely monitored as the other spebieg as t
are considered a healthy populatibat typically ranges averages at least 2,000 spawning adults
in the Skokomish Basin (WCC 2003)jance Creek is a particularly important streamdoho
productivity.

The Hood Canal has both ESAI st ed fiduhmehumand modisted fall
Chum Peak live count of summ@&humin the lower mainstem Skokomish River is estimated at

1600 fish in late August and September (SIT and WDFW 2017)ClRalnare abundant in the

Hood Canal ri ver s viyen freshveater aslaher&pecies ef Hoy(Quanis h e a
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2005). The fish found spawning in the Skokomish are a mix of hatchery and natural origin fish.
Annual fall Chumescapement to the Skokomish River (includes South Fork, North Fork,
mainstem, and tributariegdnges between 926 and 1913 per year (HSRG 2004). Spawning
typically occurs duringNovembesJanuary in the lower South Fork Skokomish River and Vance
Creek(HSRG 2004) with juvenile emergence peaking in-fédbruary. The outmigratinghum
fry average 42mnfork length (USFWS 2011).

A very small number o€hinookspawn in the South Fork Skokomish. Despite not
having a sustainable population, a&lyinookfound in the Skokomish Rivers are considered part
oftheESAl i st ed At hr e a Chnoak drinualRvegge (199R@6) nadural origin
escapement is calculated based on a combination of the South Fork Skokomish, North Fork
Skokomish, and the mainstem Skokomish River and is estimated at 390 per year (SIT and
WDFW 2017). Spawning typically occurs SeptmmnOctober with peak emergence in January
mid February (SIT and WDFW 2017).

Collectionwasdone under Washington State Department of Fish and Wildlife Scientific
Collection Permit, Endangered Species Act (ESA) Section 10(a)(1)(A) permits from NOAA and
USFWS for pacific fish/invertebrate research, and Oregon State University Institutional Animal

Care and Use Committee approved Animal Care and Use Proposal (IACUP).

Data Collection
We sampled fish diets and food availability every month to characteripmtaim
patterns. Specifically, we identified, counted, and measured all prey items in fish stomachs, and

potential macroinvertebrate prey items in the stream drift, the benthos, and terrestrial fallout.
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Invertebrate prey resources

On the first day that flswere sampled each month and in the same reaches, we collected
environmental samples of available invertebrate prey resources from benthic, drift, and terrestrial
sources.

Benthic. Benthic macroinvertebrates were collected with a Surber sampternffié
substrate samples and five pool substrate samples (Johnson et al. 2013) were collected each
month A standard Surber sampler-{fame net) with 80x30cmarea and 500 um mesh size
wasused. The substrateasdisturbed for 30 seconds at each collatsiteto a depth of one
inch. Samplesverecollected working downstream to upstream to reduce impacts of substrate
disturbance on subsequent samples. The samplesieved to remove detritus and inorganic
matter and then preserved in 70% ethanol.

Drift. To assess the availability of prey for juvenile salmonids in the water column during
active foraging times (Baxter et al. 2005), three replicate drift(86t30x90cm)wvere deployed
across a riffle section of the rivdirectly above a pool where juvienfish have been sampled
lowered just above the stream bottdpnift sampling occurred on the first day of fish sampling
each monthThe netsveredeployedwice for 30 minutes (n=6 per month) between dawn and
dusk (Wipfli and Gregovich 20029 collectfloating aquatic and terrestrial invertebradéshe
same time as stomach content samples were obt&eédontentsveresieved (500 um) and
preserved with 70% ethanol.

Terrestrial.Fallout trapsveredeployed for 24 hours monthly to quantify the input of
terrestrial invertebrates into the river system from specific terrestrial plant speciesoTraps
collect falling terrestrial invertebrates weraced on the stream bank, underneath six species of

plantscommon in the riparian areligleaf maple, red aldeSitkawillow, vine maple,
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Bohemian knotweed, and Himalayan blackbekiyotweed plants die back in the winter and,
thereforewerenot sampled during the months of Decemld@y when the traps wodlonly
collect invertebrates from nearby vegetation of other spebggeplicate trap$19x3L cm)
weredeployed for each of the plant speaesh monthEach trapvasfilled with approximately
1 liter of water and a small amount of dish detergeitieak surfacevater tensioninvertebrates
werecollected and preservaal 70% ethanofor later identification.

Environmental samples of invertebrates warentedandclassified as terrestrié.g.
ants, spidersjquatic(e.g. mayfly nymphs, midge larjaor marine (e.g. salmon eggs)angin.
Invertebrates werielentified tofamily or species where possil{iderritt et al. 2008) with life
stage (larvae, pupae, aduited.Invertebratesveremeasured to the nearest millimeter to
calculate dry mass bed on published lengiimass regressions (Sabo et al. 2002; Sample et al.
1993; Benke et al. 1999%almon eggs were dried and weighed to create a diameight
regression. Adult forms of invertebrates that emerged from aquatic larval stages weredlassifi

as aquatic.

JuvenileSteelhead Trowand Coho Salmon
A total of 229 naturabrigin juvenile steelhead and 58®howere sampled between
August 2018 and December 2019. A portion of thegeimpled in April and Mawerecollected
using an &oot diameer rotary screw trap that is operated daily from April 1 to June 1 on the
South Fork Skokomish Rivéry NOAA and the Skokomish Indian Trib&ll other monthly fish
werecollectedfish usingeithera stick (beach) seir@ minnow traps baited with cured sadn
eggs. Cured eggs were contained in perforated bags and inaccessible to fish for consumption.

Summer fish collectionccurred at dusk to capture peak daily stomach fullness (Beauchamp et
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al. 2007). Winter fish collection occurred at dawn, as fish ame @active at night during the
winter (Roni and Fayram 2000).

Snorkel observationsereconducted immediately prior to seining, river flow permitting,
to minimize impact to notarget species and simultaneously identify appropriate sites with
target specie present. Twpeople madenultiple passes of the sampbeationusing a hand
held 306foot knotless nylon mesh seine to collect fish predéytio 50 individualseach from
steelhead an@ohoweresampled each month

Fishwereanesthetized witfiricaine methanesulfona(MS-222) at a ratio of 5 ml:1
gallon of water and measured to the nearest mm by fork length (FL), followed by taking a caudal
fin clip and performing gastric lavagRiver conditions and fish presence dictatadhple
locations. Previous research has found tiett deight, and length faCoho Salmorare not
significantly different betweethe habitattypes (pools, tributaries, riffle®) the Skokomish
River, likely due to fish mobility (Wright 2010). Stomachtentswereremoved by gastric
lavage a nonlethal sampling method'(vomey and Giller 1990; Giles 1988hown to renove
90-100% of fish stomach contents (Light et al. 1983; Meehan and Miller 1978; McCarthy et al.
2009) with very low mortality and handlireffects (Hafs et al. 2011). Only salmonids >60mm
FL weresampled due to size requirements for safe and effective gastric lavage. Diet contents
wereflushed onto a clean coffee fillavashed into whirlpaksandpreserved in 70% ethanol.
Fishwereplaced n an aerated bucket, processed, and released after full recovery (generally
within 15 minutes of collection) in a leflow section of the stream with adequatestream
cover. Preservediet samplesverecountedandclassified as terrestrié.g. ants, sders),
aguatic(e.g. mayfly nymphs, midge larva), or marine (e.g. salmon eggsigim. Invertebrates

wereidentified tofamily or species where possil{iderritt et al. 2008) with life stage (larvae,
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pupae, adulthoted.Recently ingested, intact intebratesveremeasured to the nearest

millimeter to calculate dry mass based on published lemgis regressions (Sabo et al. 2002;
Sample et al. 1993; Benke et al. 19%8Imon eggs were dried and weighed to create a
diameterweight regression. Adult fms of invertebrates that emerged from aquatic larval stages

were classified as aquatic.

Data Analysis
Invertebrate prey resources
Monthly and seasonal proportions and sums of mass were calculated for each of the prey
items (by order and species) foundeiach of the environmental samples (benthic pool, benthic

riffle, drift, and terrestrial).

JuvenileSteelhead Trowand Coho Salmon
Monthly and seasonal me#ork length and length frequencies wesdculated for each
fish species and graphed to traighfsizeat a cohorscaleover time. Fish mass was calculated
using lengthweight regressions (Roni 2000).
Monthly and seasonal diet proportions and sums of mass were calculated for each of the
prey items found in fish gut contents by order and souraeaf@yg terrestrial, marine). Fish
rations were calculated as prey resource biomass (by order and source) then divided by fish

biomass, grouped by month.

Feedingelectivity
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To determine if fishes are exhibiting preference or avoidance of prey gelagivity

was calculatedusingander pl oeg and Scaviabs electivity i

0

wherew —

ri = proportion of taxomin the diet

pi = proportion of taxom in the environment

n = number of kinds of food items
whereO represents the relative proportion of a prey item in the diet compared to the proportion
of a prey item found in the environment, with values @ltmdicating avoidance and values 0O to

+1 indicating preference or selection.

Results
Invertebrate preyesources

Benthic. Benthic invertebrate productivity in pools was highest in August (574.77
mg/n?) (Fig. 7) with the largest contributing invertebrate orders consisting of Decapoda (30%),
Ephemeropteré27%), andlrichoptera(20%) (Fig. 8a). Benthic invetbeate productivity in
pools was lowest in February (6.8&)/n?) (Fig. 7) with the largest contributing invertebrate
orders consisting ddiptera(51%) andPlecopterd35%) (Fig. 8a).

Benthic invertebrate productivity in riffles was highest in April (47H&28n¥) (Fig. 7)
with the largest contributing invertebrate orders consistirigjexfopterd79%) andTrichoptera
(14%) (Fig. 8b). Benthic invertebrate productivity in riffles was lowest in January (2.03)mg/m
(Fig. 7) with the largest contributing inveltrate orders consisting of Coleoptera (3@)iera

(31%), andPlecopterd28%) (Fig. 8b).
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Autumn benthic biomass was comprised primarilfPl&fcopteran pools and a mixture
of TrichopteraandPlecopteran riffles. Winter benthic biomass primarily consisted of
Trichopterain pools andPlecopteran riffles. Spring benthic biomass for pools was similar to
winter, but riffles more closely resembled the summer assemidggerawere found in larger
propotion in pools than riffles in summer, winter, and spring; however, in autDipterawere
more abundant in riffles (Fig. 8t)

Drift. Invertebrate productivity in the drift was highest in April (735.01 mg/30
minutesD.48m?) (Fig. 7) with the largest conibuting invertebrate orders consisting of
Trichoptera(68%) andEphemeropterél5%) (Fig. 9a). Invertebrate productivity in the drift was
lowest in December (1.14 mg/30 minu@48mq) (Fig. 7) with the largest contributing
invertebrate orders consistin§Plecopterd42%) andTrichoptera(40%) (Fig. 9a). At a
seasonal resolutioffrichopteravas a major component of drift in every season: 85% in
summer, 80% in autumn, 38% in winter, and 62% in spring (Fig. 9c).

Drift samples consisted almost entirelyagfuatic invertebrates; at no point in time was
terrestrial input into the drift greater than aquatic contribuffoichopterawere the largest
contributors to drift invertebrate biomass during all seasons with the exception of winter, when a
single salmoregg was found in the drift sample and the mass of this single egg outweighed
aquatic invertebrate biomass.

Terrestrial. Invertebrate productivity among terrestrial vegetation in the riparian zone
was highest in September (647.08 mg/97(Rig. 7) with he largest contributing invertebrate
orders consisting dlymenopterg40%),Lepidoptera32%), andlrichoptera(17%) (Fig. 10).
Terrestrial invertebrate productivity was lowest in December (0.00%) (Fig. 7) when the weather

was dominated by snow and icedamo invertebrate were collected (Fig. 10).
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Terrestrial invertebrate samples showed large amoumtgraEnopteran summer,

Araneae in autumrmlecopteran winter (January in particular), ai@bleopteran late winter

spring.

JuvenileSteelhead Trowind Coho Salmon

Fish rations. The average weight of prey resources ingested per weight of fish varied
widely from month to month. Juvenii@hoaverage rations were highest in September (0.211
mg prey/g of fish) followed by December (0.163 mg prey/g of) f{Big. 11a). Coho rations
were lowest in February (0.019 mg prey/g of fish) and January (0.02 mg prey/g of fish). Juvenile
steelhead average rations were highest in September (0.514 mg prey/g of fish) and November
(0.348 mg prey/g of fish). Steelhead oats were lowest in March (0.002 mg prey/g of fish) and
July (0.01 mg prey/g of fish (Fig. 11b); no prey items were found in the stomach contents of the
sole steelhead collected during the month of January. The average weight of marine prey items in
fish raions first peaked in September for b@bho(0.146 mg/g of fish) and steelhead (0.365
mg/g fish) and then again in December@who(0.133 mg/g of fish) and November for
steelhead (0.335 mg/qg of fish) (Fig. 3dx Terrestrial rations were greatest imyand June for
Coho(0.061 mg/g of fish and 0.031 mg/g of fish, respectively) and September and May for
steelhead (0.073 mg/g of fish and 0.04 mg/g of fish, respectively) (Figd)1Rgjuatic rations
were greatest in September (0.076 mg/g of fish) and &p057 mg/g of fish) for steelhead and
August (0.087 mg/g of fish and June (0.079mg/g of fishiClaino(Fig. 11cd).

Trophic pathways. Broad sources of energy (marine, terrestrial, aquatic) vari€oho
diet proportion by month (Fig. 12b) and seaféig. 13b). Marine contribution to tot&lohodiet

showed up in September (61%) and December (89%), corresponding with spawning times for
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Chinook Salmor{September) an@humor Coho Salmor{December) (Fig. 12b). At a seasonal
resolution, marine resources were importar€abo diet in autumn (49%) and winter (76%)

(Fig. 13b). Terrestrial contribution to tot@bho diet peaked in May (78%) and October (56%)

and was lowest in January, Febgyand July (all 0%). At a seasonal resolution, terrestrial
resources were important @ohodiet in summer (19%) and spring (21%) (Fig. 13b). Aquatic
contribution to totalCohodiet was high all months of the year, except for September (32%) and
Decembe(7%) when salmon eggs were available and in May (22%) when terrestrial
invertebrates dominated the diet (Fig. 12b). The months of January, February, and July were
supported solely by aquatic prey resources (100%). At a seasonal resolution, aquaticsresource
were important t€ohodiet in all seasons, but to varying degrees: summer (81%), autumn
(39%), winter (20%), and spring (79%) (Fig. 13b). Similar patterns in broad energy contribution
(marine, terrestrial, aquatic) were seeistaelheadliet proportiorby month. Marine

contribution to totaBteelheadliet showed up in September (69%) and November (96%),
corresponding with spawning times fohinook Salmor{September an@humor Coho Salmon
(November) (Fig. 12e). At a seasonal resolution, marine resowee important t&teelhead

diet in autumn (68%) (Fig. 13e). Terrestrial contribution to tStaklheadliet peaked in May

(75%) and was lowest in November, December, January, February, March, and June (all 0%). At
a seasonal resolution, terrestrialo@ses were important ®teelheadliet in spring (56%),

summer (19%), and autumn (16%) (Fig. 13e). Aquatic contribution toStaalheadliet was

high all months of the year, except for September (15%) and November (4%) when salmon eggs
were availablerad May (25%) and October (44%) when terrestrial invertebrates dominated the

diet (Fig. 12e). At a seasonal resolution, aquatic resources were impoSetiteeadliet in all
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seasons, but to varying degrees different from that se@ahin summer (81%)autumn (15%),
winter (100%), and spring (44%) (Fig. 13e).

Diet composition.Monthly and seasonal diet contents of juveSiteelheacindCoho
demonstrated the importance of a variety of invertebrate prey resources at different points in the
year. No singt prey resource uniformly dominated diet biomass throughout the year at a
monthly or seasonal resolution for eitl@sho(Fig. 12a, Fig. 13a) d8teelheadFig. 12d, Fig.
13d). The annual portfolio contributing @ohodiet consisted of 13 orders of preysources and
42 unique prey resources. The annual portfolio contributir®jgelheadliet consisted of 12
orders of prey resources and 43 unique prey resource€olRarEphemeropteréd1%) and
Hymenopterd16%) dominated summer digiomass salmon eggé9%) andDiptera(21%
dominated autumn didiomass salmon eggs (76%) dominated winter dietmassand
Plecopterd43%) combined wittColeopterg27%) dominated spring dibitomasgFig. 13a).

For SteelheadEphemeropteréb3%) andHymenopterd19%) cdminated summer didiomass
salmon eggs (68%) dominated autumn diemass Trichoptera(95%) dominated winter diet
biomassandColeopterg32%) combined wititHymenopterd28%) dominated spring diet
biomasqFig. 13d).

Dominant prey resources.The top two specific prey resources that contributed to fish
diet also varied by month. Some prey items only showed up as a top contrillDodrotdiet
during one month of the year (Table 1) (e.g. rove beetles). Other prey resources shosvad up a
top contributor across multiple months fooho(e.g. predaceous diving beetleS)eelheadliets
also revealed varied prey resources that contributed the bulk of their diet each month (Table 2).

Mayfly nymphs (spiny crawler, small minnow, and flatheaere the largest contributors to
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Steelheadliets in June, July, and August; however, ephemeral prey resources became the
dominant prey items when available (e.g. salmon eggs).

Fish size.The size frequency distribution (Fig. 12c) and mean sit&obbsampled
showed a growth progression starting in June at 65.96 mm fork length (FL) (SD=5.04, n=50) and
finishing the following May at 97.45 mm FL (SD=7.55, n=20). The size frequency distribution
(Fig. 12f) and mean size 8teelheadampled showed two ageaskes of juveniles residing in
the river system. Age 0 fish (<100 mm FL) showed a growth progression starting in August at
71.7 mm fork length (FL) (SD=6.82, n=33) and finishing the following May at 94 mm FL
(SD=5.66, n=2). The mean size of fish largenth@0 mm FL fluctuated throughout the year

with sizes averaging between 122 mm FL and 145 mm FL throughout the year.

Feedingelectivity

The prey items that provided the largest proportion of fish diets wereaaftesnmed at a
higher rate than found ithe environment durinthat timeframe for both juvenil€oho(Table 1)
andSteelheadTable 2).

Benthic. Cohobenthicelectivity showed patterns of preference and avoidance of
invertebrate prey items available in the benthic environment (Tallec8ydimg to the
Vanderploeg and Scavia electivity index (1979) where positives values indicate preference and
negative values indicate avoidanG®hoavoided flathead mayfly nymphs during all months
(E=-0.63 t0-1.00) except for August when river flow was ateamual low (E=0.79). Rolled
wing stonefly nymphs were preferred Gphoin all months except for July (E2) and October
(E=-0.17). Some prey items were available most months of the year but avoiGethdaguring

all months: common stonefly nymphs, egfly larva, northern case maker caddis nymphs, and
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spiny crawler mayfly nymphs. Small minnow mayfly nymphs were preferrétbyin June,

August, October, December, February, March, April but avoided in July, September, November,
and May. LikewiseStedheaddisplayed distinct patterns of preference and avoidance of
benthically available invertebrate prey items (TableS#@elheacvoided northern case maker
caddis nymphs, riffle beetle larva, crane fly larva, and common stonefly nymph®yadr

Spiny crawler mayfly nymphs were preferred 8teelheadn June but avoided during all other
months. Stripetail stonefly nymphs were preferretgelheadn April but avoided all other
months.Steelheagbreferred flathead mayfly nymphs in July and Augustawatided them the

rest of the yeaiSteelheagbreferred small minnow mayfly nymphs July through October but
avoided these prey items the rest of the year.

Drift. Cohodrift electivity showed patterns of preference and avoidance of invertebrate
prey itemsavailable in the benthic environment (Table®Gyhoavoided northern case maker
caddis nymphs yeaound. Rolled wing stonefly nymphs were preferredCimhomost of the
year except for June (E8.24) and July (E=1.00). Small minnow mayfly nymphs were
preferred byCohoin November through March but avoided the rest of the y&attopreferred
nontbiting midge larva at all points in time that this prey resource occurred in the drift. Adult
mayflies were preferred bgohoin April and May.Steelheadlisplayed distinct patterns of
preference and avoidance of invertebrate prey items available in the drift (TeBlegfead
avoided northern case maker caddis nymphs and riffle beetle larveoyeal Steelhead
preferred flathead mayfly nymphs in July bubmled them the rest of the ye&teelhead
preferred norbiting midge larva July through October, rolled wing stonefly nymphs June
through September, and small minnow mayfly nymphs June through July, but avoided these prey

items the rest of the year.
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Terr estrial. Cohoterrestrialelectivity showed clear patterns of preference and avoidance
of invertebrate prey items available in the terrestrial environment (Table 7). In g&udral,
avoided most terrestrially available invertebrates with two exceptions: adult rolled wing
stoneflies were pferred October through January and adult-biimg midges were preferred
November through January. While these two invertebrates were considered aquatic due to their
larval origin, they were found in the terrestrial environment in their adult sségehead
displayed distinct patterns of preference and avoidance of invertebrate prey items available in the
terrestrial environment (Table &teelheagbreferred ants during May, July, and August and
preferred flying ants in September and October. Adulédolling stoneflies were preferred by
Steelheadn October. Caterpillars, adult crane flies, adult dance flies, leaf hoppers, spiders, and
wasps were avoided yeesund bySteelheadGround beetles were preferred ®tgelheadn

May and October but avoidedl other months of the year.

Discussion

This study quantified the portfolio of prey resources available to juvenile salmonids
throughout the annual cycle, and how fish integrated this trophic diversity through their foraging
behavior. Our results suggest that streaaring juvenileéSteelhead ToutandCoho Salmon
exploit complementary prey resources throughout the year, showing temporally distinct
preference and avoidance of stable and ephemeral prey items. Indeed, our data revealed greater
complexity in the seasonal dynamics of prey resoutwas previously documentéblakano and
Murakami 2001) For example, instead of a single temporal peak of terrestrial inputs, taxon
diversity drove multiple distinct peaks of terrestrial inputs to fish diets. Moreover, contrary to

predictions of functionabdinction of salmon at low abundandg@doore et al. 2008we found
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that marine subsidies from ESited populations generated the highest ration size of the annual

cycle for bothSteelheadndCoha

Asynchronous prey resource portfolio

Sampling prey bundances through the annual cycle revealed how different prey
resources stabilize the aggregate portfolio of prey resources available in the environment. While
there are large bodies of work on how physical aspects of rivers vary in space (Vannote et al.
1980; Tockner et al. 2000) and time (Poff et al. 1997), our understanding of heterogeneity in
biotic aspects, such as food webs, is comparatively lacking (Naiman et al. 2012). We found
evidence of a portfolio effect in the biomass of invertebrates sarapteds time from benthic,
drift, and terrestrial environmental samples. This derived from strong asynchrony in peaks in the
biomass produced in each type of environment. We found that prey asynchrony was fractal, in
the sense that it was similarly expredst multiple levels of analysis. For example, at higher
resolution, focusing on each environmental source of prey as the aggregate portfolio, we
observed similar asynchrony. However, the invertebrate taxa within each component stock
exhibited variancglampening (Figge 2004) where the temporal variation prolonged broad
resource pulses, thus minimizing periods of low prey abundance in the environment. For
example, while there was some synchrony observed as invertebrate abundances declined during
autumn andavinter, the four sources reached their annual low during different months, thus off

setting periods of prey scarcity for consumers.

Timing of environmental availability of prey resources
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Phenological shifts in the structure and size of the prey respartfelio coincided with
shifts in environmental phenology (e.g. flow, temperature) and shifts in fishidifery
phenology. Benthic invertebrate biomass in riffles peaked in April and May, coinciding with
higher flows from spring snowmelt and juvenildraon outmigration to saltwater. Benthic
invertebrate biomass in pools peaked in August, coinciding with the potential stressors of high
temperature (and thus elevated metabolic costs), low drift biomass, arehmrgence growth
of youngof-year salmonig. Drift invertebrate biomass peaked in April, coinciding with spring
snowmelt, low invertebrate biomass available in pools, and juvenile salmon outmigration.
Terrestrial invertebrate biomass peaked in September, coinciding with low flow, low drift
biomasslow benthic pool biomass, declining benthic riffle biomass, and the timeframe when
juvenile salmonids likely began storing lipids in preparation for overwinter survival (Berg and
Bremset 1998). Sampling prey resources in the environment revealed aspushdgnamics of
prey abundance, but abundance may correlate poorly with patterns of predator consumption if
many prey items are invulnerable (Kauffman et al. 2007) or if predators are highly selective
(Stephens and Krebs 1986). Indeed, we found thatotim@asition of prey resources in fish
stomachs was often dissimilar to that in the environment, demonstrating that data on foraging

ecology is needed to understand the functional significance of prey resource portfolios.

Fish preference and avoidance oép resources

Fish diets exhibited temporally variable levels of selectivity and avoidance of specific
invertebrate prey resources. For example, while flathead mayfly nymphs provided the greatest
source of mass tBteelheadliets in August and were posiily selected for during that month

(E= 0.81 in benthic samples, not found in drift samples), they were avoided almost every other
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month of the year (E=1.00) except for July when they were also positively selected for (E=
0.37). As August and Septembee generally the points of lowest flow in Washington rivers, we
found that the availability of drifting prey items is often also at its lowest during this time while
benthic invertebrate production is high (Fig. 7). While aquatic resources may have bkdteava
and preferred during summer and winter, ephemeral terrestrial and marine subsidies that offer
higher energy density (Cummins and Wuycheck 1971; Hendry and Berg 1999) and were
preferred when available. For example, while small quantities of roviebeedre seen in

multiple months, the largest pulse was observed in May when they were positively selected for
by Coho(E= 0.85 in terrestrial samples) and contributed 66%asfodiet. Rove beetles were
largely avoided during the rest of the year ¢(E:80 to-0.71) except in November when they

were again preferred (E= 0.42) but did not provide a substantial contribution to diet biomass.
Preference of terrestrial invertebrates was not surprising due to two main factors: terrestrial
invertebrates tend to lmeore active in daytime than aquatic invertebrates and their larger size
makes them more visible in the drift and therefore more susceptible to fish predation (Nakano et
al. 1999a; Edwards and Huryn 1996). However, diet samples from juvenile salmonidgferay

in the proportion of aquatic and terrestrial invertebrates based on whether the fish defend
foraging stations by hierarchy or float freely (Nielsen 1992). Like terrestrial invertebrates,
salmon eggs were highly visible, preferred prey resourcegrinatied the bulk of fish diet

during their shortived availability. Some ephemeral prey items, like salmon eggs, occurred in
fish diet samples but did not occur in concurrent environmental samples. This was possibly due
to the timing of fish feeding a high level of selectivity where these prey items were removed
from the drift so quickly that environmental samples failed to capture their true abundance.

While environmental factors such as high flows certainly affect the ability of fish to forage, thes
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data support a pattern of preferential feeding-yeand with top contributing diet items virtually

always being positively selected for against their relative availability in the environment.

Subsidies to fish diets

External subsidies were largelymaited by juvenileSteelheacitndCohoduring
transitional periods (e.g. spring smoltification, autumn shift from somatic growth to lipid
storage) whilen situ prey resources were a major source of energy during periods with extreme
metabolic differencege.g. summer growth and winter survival). Increased rations were observed
in fish in late springearly summer and again in autumn, corresponding with ephemeral resource
pulses of terrestrial and marine subsidies, respectively. However, the autumn pudsaef
subsidies was considerably larger than the spring pulse of terrestrial sul&iekdiseadations
in September were 2 orders of magnitude greater than the mass of March(tla¢idoaest
annual rations observedhile rations in May were only drder of magnitude greater than the
mass of March rations. Moore et al. (8Dp@rgued that the role of salmon within freshwater
ecosystems could become functionally extinct at low spawning densities because
superimposition of redds is required to releasgd quantities of eggs into the stream drift where
they would be available to consumers. This may be particularly true for species that are less
competitive at preying on eggs (Bentley et al. 2012). While juv€luleo Salmorare known to
rely heavily oneggs where salmon are still superabundant (Rinella et al. 2012), they are less
benthicallyoriented than trout species (Bisson et al. 1988) and, therefore, it is likely they are less
effective at exploiting eggs that are not readily available in the @hits, we did not expect
marine subsidies to provide substantial foraging in an area where salmon runs are severely

depressed. However, we found that the pulse of eggs in September that provided the greatest
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ration of the year for botBteelheacindCohocame from a small spawning population of ESA
listedChinook Salmon Two possi ble explanations are that
require redd superimposition to access substantial quantities of eggs or 2) even at low spawner

densities, adult sadon are patchily distributed (Einum and Nislow 2005) and superimpose redds

Marine resource contribution to the yessund energy portfolio

Diverging patterns in fish diet at seasonal and monthly resolutions emphasized the
importance of temporally contious sampling. At a seasonal resolution, marine contributions to
Cohodiet appear to occur twice (autumn and winter) while contributioS¢aelheadliet appear
to only occur once (autumn). However, at a monthly resolution, we found that each focal species
benefitted from two pulses of egg subsidies, with the timing of the second pulse differing. At a
monthly resolution, marine resources were most abundant in September and Dece@dteo for
and September and November SteelheadThis corresponds witBhinook Salmorspawning
in September an@ohoandChumspawning in November through December. The earlier onset
of ChuniCohoeggs inSteelheadliets may be becausteelheadre better adapted to holding in
riffles where salmon spawn (Bisson et al. 1988). Phenological diversity among salmon taxa has
been shown to benefit consumers by prolonging pulses of eggs. For-dirediing fishes this
has been shown in rainbow trouatimove among tributaries to exploit intraspecific variation in
sockeye salmon spawning (Ruff et al. 2011). We foundGbabandSteelheaguveniles
benefitted from specidgvel variation in spawaiming, which allowed them to consume eggs
for a longermportion of autumn into early winter. This irkgpecific level diversity has been
shown to also correlate with higher levels of salmon consumption in black bears (Service et al.

2019). While ag® salmonids in northern populations are often unable to ixggg subsidies
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because they have a shorter (and more thermally constrained) period over which to grow large
enough to swallow eggs, we found that fish in this system were able to consume eggs during
their first year. Diet samples fro@ohoas small as #8m fork length showing eggs from both

pulses of spawning. Armstrong et al. (2010) found that fish as small as 43mm could consume
soft fresh eggs but needed to be at least 67mm to consume water hardened eggs. This suggests
that theCoho Salmorin this studywere also feeding on watbardened eggs, supporting the

notion that the eggs were derived from redd superimposition or scouring during high flows,

rather than spillage during spawning (which would provide fresh eggs).

Terrestrial resource contributioto the yeairound energy portfolio

Terrestrial subsidies also revealed different patterns between seasonal and monthly
resolutions. Based on other studies such as Nakano and Murakami (2001), we predicted that
terrestrial invertebrates would provide a unttabpeak of energy during summer. What we
found was a more complex pattern. At a seasonal resolution, terrestrial invertebrates did not
appear to be a major source of energydohqg comprising 1% of seasonal diet biomass.
However, at a monthly resolah, the component taxa within the aggregate terrestrial subsidy
produced multiple peaks of substantial energy contribution. For example, 18éhadiet
came from terrestrial invertebrates in May, 39% in October, and 31% in June. The peak in May
terrestral invertebrate biomass @ohodiet was predominantly from ephemerally available rove
beetles. The June terrestrial biomass peakédrowas driven by ants and October by spiders.
Steelheadon the other hand, revealed terrestrial invertebrates astheaht energy source at
both seasonal and monthly resolutions. In spi8tgelheadte terrestrial invertebrates at a rate

of 1.27 times the mass of aquatic invertebrates. At a monthly resolution, peaks in May and
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October terrestrial invertebrate biomasSteelheadliet were both predominantly from ground
beetles Thus, we found that the contribution of terrestrial invertebrates was not as simple as a
seasonal pulse, but instead reflected monthly pulses from different taxa that were differentially
consumed by our two focal specidBaxter et al. (2005) suggested that low contribution of
terrestrial prey may limit fish growth; our results suggest that phonological diversity in terrestrial

inputs is likely important as well.

Aquatic resource contributioto the yeairound energy portfolio

Aquatic invertebrates provided a stable prey resourcergead for bothSteelheadnd
Coha Aquatic invertebrates were particularly important in winter when prey consumption can
slow the depletion of lipid stores. Atseasonal resolution, the highest proportions of aquatic
invertebrates were found in diets in summer and sprinGdoand summer and winter for
SteelheadHowever, the importance of aquatic invertebrates at a monthly resolution revealed
almost yearrourd dominance: over 50% of diet biomass consisted of aquatic resources in 9 out
of 12 months foCohoand 7 out of 11 months f@teelheaqsample size from one month was
low and consisted of empty stomachs). Additionally, the prey items that appeareddigpeat
(e.g. rolled wing stonefly nymphs, adult predaceous diving beetles, small minnow mayfly
nymphs) in fish diets present the possibility of a baseline of stablifood resources
available throughout a large portion of the year. However, epheneyatgsources (e.g. salmon
eggs, rove beetles, ants, pupa stage oftiomg midges) were generally highly preferred when
available and provided the bulk of diet mass during those times, even when stable aquatic
invertebrates were more abundant. Therefitre contributions of marine, terrestrial, and aquatic

prey resources complement each other with aquatic resources providing a relatively consistent
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level ofin situenergy between the pulses of marine and terrestrial subsidies. Resources with low
relative abundance may still be functionally critical when their phenology is unique within the

resource portfolio (Armstrong et al. 2020).

Linking trophic resources and phases of juvenile salmonid freshwater rearing

By overlapping seasonal fish foraging wittetphysiological processes that fish
experience as they complete the full annual cycle of freshwater rearing, several patterns
emerged. How fish allocatnergy for competing demangksg.somatic growth and lipid
storagé can drastically impact juvenilésh survival (Post and Parkinson 2001). Fish may
allocate energy toward somatic growth until a size threshold is reached, after which energy is
allocated toward lipid storage (Biro et al. 200Byr results suggested that the prey resources
that contributd substantially to juvenil€ohoandSteelheadliets shifted at each phase of
rearing.For example, in the summer when environmental conditionspeygiologically
optimaltemperatures, long daylight hours, low stream flaxg)e likely morgavorable for
foraging andgrowth, the most important prey items fdohoandSteelheadvere aquatially-
derived, withEphemeropterproviding the bulk of diet mass, specifically flathead and small
minnow mayfly nymphs. In autumn, when enewggs likelyallocated towats lipid storage
(Biro et al. 2005; Berg and Bremset 1998parinederived nutrients were most important for
CohoandSteelheagdwith salmon eggs providing the bulk of diet mass. In winter, when depletion
of fat storescould beoffset by prey consumption, aquatic invertebrates were most important for
SteelheadparticularlyTrichoptera Consumption of eggs from later runs of satnspawning
providedCohowith most of their winter foraging biomaskEhen in spring, when fisiwould be

undergoingstressful physiological changesgst ofthe parrsmolt transformation, or
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Asmol tificationo process, temestdadrvertsbratehbecaimet o mi g
most important foSteelheadparticularlyColeopterdi.e. ground beetles) artdlymenopterdi.e.

bees, ants), while aquatic invertebrates and terrestrial invertebrates were impoGahioferth
Plecopterdi.e.stripetdi stonefly nymphs and rolled wing stonefly nymphs) &udeopterdi.e.

rove beetles) providing the bulk of diet mass. Growth of stresaring salmonids is often foed

limited (Quinn 2005). Decreased availability of prey resources (Boss and Richardspn 2002
Wipfli and Baxter 2010) and unfavorable temperature (Brett and Groves 1979; Elliott 1982) can
result in reduced growth. Furthermore, the interaction between food and temperature can impact
fish growth.Lower levels of food can reduce the optimum tempeeadf water for juvenile

salmonid growthexacerbating the stress of warm{Bgett et al. 1982). The complementary

prey resources that support fish during different phases of their life cycle during freshwater
rearing (e.g. summer somatic growth, autdipia storage, ovewintering, smoltification) may

provide additional data that could be incorporated intechfele modeling and restoration plans.

As temperatures rise in freshwater syst&@msngsummer, knowing the specific resourtiest

support fishat that time could be particularly useful for guiding restora8ynconsidering the

links between fish foraging and intrinsic physiological processsstat restoration efforts could

be strategically targeted support fish at different points in tinelevelopmen{Pikitch et al.

2004).

Considerations
While our data are temporally continuous on a monthly scale and represent several days
of sampling during each month, they are not temporally continuous on a daily scale as year

round daily sampling was not feasible. Therefore, we acknowledge that gsibleathat very
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shortlived ephemeral prey pulses were not fully accounted for in the diet or environmental data.
Our diet data were paired with stable isotope samples to provide a broader view of trophic

pathways; however, these samples were not prat@ssiene for inclusion in this thesis.

Conclusion

We found that juvenile salmon foraging behavior integrated a portfolio of prey resources
and that temporal variation in these resources overlapped with the phenology of key rearing
phasesAt a seasonakesolution, patterns in prey resource dominanaaur focal system were
stronger, but also fatlto capture the full impact of ephemeral prey resouM&sfound three
key pulses of ephemeral prey resources that dominated fish diets at critical times of
development: terrestrial invertebrates in May during the stressful smoltification probessok
Salmoneggs in September at the nexus of somatic growth and lipid storagehanmtndCoho
Salmoneggs in November/December at the onset of winter. Malémved nutrients in Pacific
Northwest rivers are estimated to be ordy% of their historic values due to the collapse
anadromous Pacific salmon (Gresh et al. 2000). While thelE84 population of spawning
adultChinook Salmonn the Skokomish riveis very small, during their September spawning
run, eggs were found to be a significant portion of li&@hoandSteelheadliet, supporting the
largest prey ration sizes per fish found in the year. As winter mortality is possibly constraining to
freshwaterearing of salmonids, the increased ration size observed in autumn due to multiple
pulses of salmon eggs could offer greater understanding of how fish allocate energy in
preparation for overwintering and thereby potentially increasewiwder survival Hurst and
Conover 2003). The aggregate energy portfolio supporting juvenile salmonids throughout

freshwater residence exhibited monthly and seasonal variation withoreat foraging
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opportunities maximized by asynchronous pulses from individual preyTagaiming of

ephemeral energy resources often coincided with periods of stress as fish underwent
physiological changes. The synergy of ephemeral and stable prey resources supporting juvenile
Coho SalmorandSteelhead Trouhroughout the year may havaportant implications for fish

fitness, survival, and conservation efforts.

References

Allan, J.D., M. S.Wipfli, J. P.CaouetteA. Prussianand JRodgers. 2003. Influence of
streamside vegetation on inputs of terrestrial invertebrates to salmonid food webs. Canadian
Journal of Fisheries and Aquatic Sciences 60:30Q.

Allen, K. R. 1951. The Horokiwi streama:study of a trout population. Bullet dfew Zealand
Department of Fishery 10:431.

Armstrong, JB., D. E.Schindler K. L. Omori, C. P.Ruff, andT. P.Quinn 2010. Thermal
heterogeneity mediates the effects of pulsed subsidies across a landscape. Ecology 91(5):1445
1454,

Armstrong, JB., D. E. Schindler,C. J.CunninghamW. Deag, and P Walsh.2020.Watershed
compl exity increases tihteractorsnacastal ecosysterns. s al mon
Conservation Letters 13(2)t2689

Armstrong, JB., G. T.Takimoto,D. E. Schindler M. M. Hayes, and. J. Kauffman 2016.
Resource waves: phenological diversity enhances foraging opportunities for mobile consumers.
Ecology 97:10991122.

Bartell, S. M., J. E. Breck, R. H. Gardner, and A. L. Brenkert. 1986. Individual parameter
perturbation an@rror analysis of fish bioenergetics models. Canadian Journal of Fisheries and
Aquatic Sciences 43(1):16I58.

Baxter, CV., K. D. Fausch, anilv. C. Saunders2005. Tangled webs: reciprocal flows of
invertebrate prey link streams and riparian zones. @shn Biology 50:202220.

Beauchamp, DA., D. H. Wahl, andB. M. Johnson. 2007. PredatBrey Interactions. Pages 765
842 in C. S. Guy and M. L. Brown, editors. 2007. Analysis and interpretation of freshwater
fisheries data. American Fisheries SocietythBeda, Maryland.

Bellmore, JR.,C. V. Baxter,K. Martens, andP. J.Connolly. 2013. The floodplain food web
mosaic: a study of its importance to salmon 8tetlheadvith implications for their recovery.
Ecological Applications 23(1):18207.



82

Benke, A.C.,A. D. Huryn,L. A. Smock, and. J.Wallace. 1999. Lengiimass relationships for
freshwater macroinvertebrates in North America with particular refetertbe Southeastern
United States. Journal of the North American Benthological Society Ii&3368

Bentley, K.T., D. E. SchindlerJ. B.Armstrong,R. Zhang,C. P.Ruff, P. J.Lisi. 2012. Foraging
and growth responses of stredmelling fishes to inteennual variation in a pulsed resource
subsidy. Ecosphere 3(12)1T.

Berejikian, B.A., L. A. Campbell, andM. E. Moore. 2013. Large scale freshwater habitat
features influence the degree of anadromy in eight Hood Qararhynchus mykiss
populations. Cardian Journal of Fisheries and Aquatic Sciences 707856

Berejikian, B. A., M. E. Moore, and S. J. Jeffries. 2016. Pregaty interactions between
harbor seals anaiigratingSteelhead Trowtmolts revealed by acoustic telemetry. Marine
Ecology Progres Series 543:285.

Berg, O. K., and G. Bremset. 1998. Seasonal changes in the body composition of young riverine
Atlantic salmon and brown trout. Journal of Fish Biology 52(6):122@8.

Bilby, R. E.,B. R.FranseP. A.Bisson, and. K. Walter. 1998. Rgponse of juvenil€oho
Salmon(Oncorhynchus kisut¢fandSteelheadOncorhynchus mykiss$o the addition of salmon
carcasses to two streams in southwestern Washington, USA. Canadian Journal of Fisheries and
Aquatic Sciences 55:19a018.

Biro, P. A., J. RPost, and M. V. Abrahams. 2005. Ontogeny of energy allocation reveals
selective pressure promoting ritking behavior in young fistohats. Proceedings Biological
Sciences 272(1571):1443148.

Bisson, P. A., K. Sullivan, and J. L. Nielsen. 1988. Channel hydraulics, habitat use, and body
form of juvenileCoho SalmonSteelheadand cutthroat trout in streams. Transactions of the
American Fisheries Society 117:28Z73.

Bond, M.H., S. A.Hayes,C.V. Hanson, an®. B. MacFarlane. 2008. Marine survival of
SteelheadOncorhynchus mykisgnhanced by a seasonally closed estuary. Canadian Journal of
Fisheries and Aquatic Sciences 65:2-22%2.

Boss, S. M., and J. S. Richardson. 2002. Effecteaf and cover on the growth, survival, and
movement of cutthroat troubficorhynchus clarkiin coastal streams. Canadian Journal of
Fisheries and Aquatic Sciences 59:1040563.

Brady, M. E., J. B. Armstrong, and A. Chione. In draft. Beyond summer: refidve temporal
aspects of juvenile salmon and riverscape studies reveals the need{muyehresearch.

Brett, J.R., andT. D. D. Groves. 1979. Physiological energetics. Pp-2%32 in Fish Physiology,
vol 8. W.S. Hoar, D.J. Randall, and J.R. Bretts. New York: Academic Press.



83

Brett, J. R., W. C. Clarke, and J. E. Shelburn. 1982. Experiments on thermal requirements for
growth and food conversion efficiency of juven@@inook Salmor©Oncorhynchus tshawytscha
Canadian Technical Report of Fisheriesl &quatic Sciences No 1127.

Brett, M. T., G. W. Holtgrieve, and D. E. Schindler. 2018. An assessment of assumptions and
uncertainty in deuteriurbased estimates of terrestrial subsidies to aquatic consumers. Ecology
99(5)10731088

Brown, A. V., and PP. Brussock. 1991. Comparisons of benthic invertebrates between riffles
and pools. Hydrobiologia 220:9808.

Bull, C.D., N. B. Metcalfe, andVl. Mangel 1996 Seasonal matching of foraging to anticipated
energy requirements in anorexic juvenile salmoncPro Soc. Lond. B 2633-18.

Cleary, J. S., M. J. Bradford, and D. M. Janz. 2@easonal and spatial variation in lipid and
triacylglycerol levels in juvenil€hinook SalmorfOncorhynchus tshawytschiom the Bridge
River, British ColumbiaLimnologica42(2):144150.

Cloe, W.W., andG. C.Garman. 1996. The energetic importance of terrestrial arthropod inputs
to three warrwater streams. Freshwater Biology 36:4106!.

Cummins K. W., and J. CWuycheck 1971 Caloric Equivalents for Investigations in
Eoological EnergeticsSIL Communications, 1958996,18(1):1-158

Cunjak, R. A., A. Curry, and G. Power. 1987. Seasonal energy budget of brook trout in streams:
implications of a possible deficit in early winter. Transactions of the American Fisherieg/Socie
116(6):817828.

Deacy, W. W., J. B. Armstrong, W. B. Leacock, C. T. Robbins, D. D. Gustine, E. J. Ward, J. A.
Erlenbach, and J. A. Stanford. 2017. Resource synchronization disrupts predation. Proceedings
of the National Academy of Scienck$4(39):1043210437.

Dineen, G.S. S. CHarrison, andP. S.Giller. 2007. Seasonal analysis of aquatic and terrestrial
invertebrate supply to streams with grassland and deciduous riparian vegetation. Biology and
Environment: Proceedings of the Royallr&cademy 107B(3):16182.

Dockray, J. J., S. D. Reid, and C. M. Wood. 1996. Effects of elevated summer temperatures and
reduced pH on metabolism and growth of juvenile rainbow t®@aotérhynchus mykisen
unlimited ration. Canadian Journal of Fisheaesl Aquatic Sciences 53:272263.

DoctorShelby K., andB. Berejikian. InDraft. Trophic dynamics and temperature interact to
determine growth and agd-smoltification in Hood CandbteelheadOncorhynchus mykiss.

Edwards, ED., andA. D. Huryn. 1996.Effect of riparian land use on contributions of terrestrial
invertebrates to streams. Hydrobiologia 337:159.

Einum, S., and K. H. Nislow. 2005. Loestale densitylependent survival of mobile organisms
in continuous habitats: an experimental testgigitlantic salmon. Oecologia 143:2@30.



84

Elliott, J. M. 1982. The effects of temperature and ration size on the growth and energetics of
salmonids in captivity. Comparative Biochemistry and Physiology Part B: Comparative
Biochemistry 73(1):891.

Figge,F. 2004. Biefolio: applying portfolio theory to biodiversity. Biodiversity and
Conservation 13:82849.

Giles, N. 1980. A stomach sampler for use on live fish. Journal of Fish Biology 156253

Gresh, T., J. Lichatowich, and P. Schoonmaker. 2000. #hmaton of historic and current
levels of salmon production in the Northeast Pacific ecosystem: evidence of a nutrient deficit in
freshwater systems of the Pacific Northwest. Fisheries 25¢2%15

Groot, C.,L. Margolis, andW. C. Clarke, editors. 199%hysiological ecology of Pacific
salmon. University of British Columbia Press, Vancouver.

Hafs, A.W., J. M.Niles, andK. J.Hartman. 2011. Efficiency of gastric lavage on-8d&ook
trout and the influence on growth and survival. North American Joafrkasheries
Management 31:53634.

Hendry, A. P. and O. K. Berg. 1999. Secondary sexual characters, energy use, senescence, and
the cost of reproduction in sockeye salmon. Canadian Journal of Zoology ~18HB63

Holtby, L. B., B. C.Anderson, andR. K. Kadowaki. 1990. Importance of smolt size and early
ocean growth to interannual variability in marine survivaCoho SalmorfOncorhynchus
kisutch. Canadian Journal of Fisheries and Aquatic Sciences 4721381

Hatchery Scientific Review GroypiSRG). March 2004. Hatchery Reform Recommendations

for the Puget Sound and Coastal Washington Hatchery Reform Project: Hood Canal. 62 p. Long
Live the Kings, 1305 Fourth Avenue, Suite 810, Seattle, WA 98101 (available from
www.hatcheryreform.org)

Hurst, T. P., and D. O. Conover. 2003. Seasonal and interannual variation in the allometry of
energy allocation in juvenile striped bass. Ecology 84:33%D.

Hynes, H. B. N. 1970. The ecology of running waters. University of Toronto Press, Toronto, 555
pp.

Jaecks, T., and T. P. Quinn. 2014. Ontogenetic shift to dependence on-dahwed nutrients
in Dolly Varden char from the Illiamna River, Alaska. Environmental Biology of Fishes 97:1323
1333.

Johansen, M., E. B. Thorstad, A. H. Rikardsen, J. |. Kok&¥ikJgedal, A. J. Jensen, L.
Saksgard, and T. F. Neaesje. 2010. Prey availability and juvenile Atlantic salmon feeding during
winter in a regulated subarctic river subject to loss of ice cover. Hydrobiologia 6422217



85

Johnson, .H., J. E.McKenna, an&K. A. Douglass2013. Movement and feeding ecology of
recently emerge8teelheadn Lake Ontario tributaries. Journal of Applied Ichthyology 29:-221
225.

Jones, W., W. S. C. Gurney, D. C. Speirs, P. J. Bacon, and A. F. Youngson. 2002. Seasonal
patterns of grwth, expenditure and assimilation in juvenile Atlantic salmon. Journal of Animal
Ecology 71:91024.

Kauffman, M. J., N. Varley, D. W. Smith, D. R. Stahler, D. R. MacNulty, and M. S. Boyce.
2007. Landscape heterogeneity shapes predation in a newly dgstedatoprey system.
Ecology Letters 10:69@00.

Kawaguchi, Y., and S. Nakano. 2001. Contribution of terrestrial invertebrates to the annual
resource budget for salmonids in forest and grassland reaches of a headwater stream. Freshwater
Biology 46(3):33-316.

Li, J.L., W. J.Gerth,R. P.Van DriescheD. S.Bateman, ané. T. Herlihy. 2016. Seasonal and
spatial fluctuations i®ncorhynchugrout diet in a temperate mixddrest watershed. Canadian
Journal of Fisheries and Aquatic Sciences 73:183¥0.

Light, R.W., P. H.Alder, andD. E. Arnold. 1983. Evaluation of gastric lavage for stomach
analyses. North American Journal of Fisheries Managemerit&581

Limm, M. P., and M. P. Marchetti. 2009. Juver@hinook SalmorfOncorhynchus tshawytscha
growthin off-channel and maiohannel habitats on the Sacramento River, CA using otolith
increment widths. Environmental Biology of Fishes 85:151.

Mason, CF., andS. M. MacDonald. 1982. The input of terrestrial invertebrates from tree
canopies to a strearfRreshwater Biolgy 12:305311.

McCarthy, SG.,J. J.Duda,J. M.Emlen,G. R.Hodgson, and. A. Beauchamp. 2009. Linking
habitat quality with trophic performance $teelheadlong forest gradients in the South Fork
Trinity River watershed, Californid.ransactions of the American Fisheries Society 138:506
521.

McCormick, S. D., and R. L. Saunders. 1987. Preparatory physiological adaptations for marine
life of salmonids: osmoregulation, growth, and metabolism. American Fisheries Society
Symposium 1:21-P29,

McMeans, B. C., K. S. McCann, T. D. Tunney, A. T. Fisk, A. M. Muir, N. Lester, B. Shuter, and
N. Rooney. 2016. The adaptive capacity of lake food webs: from individuals to ecosystems.
Ecological Monographs 86(1)X9.

Meehan, WR., andR. A. Miller. 1978. Stomach flushing: effectiveness and influence on
survival and condition of juvenile salmonids. Journal of the Fisheries Research Board of Canada
35:13591363.



86

Merritt, R.W., K. W. Cummins,and M. B.Berg. 2008. An introduction to the aquatic inseaft
North America, 4th edn. Kendall Hunt, Dubuque, IA.

Moore, JW., D. E.Schindler, andC. P.Ruff. 2008. Habitat saturation drives thresholds in
stream subsidies. Ecology 89(2):3B862.

Naiman R. J., and R. E. Bilby, eds. 1998. River Ecology and Maneuwt: Lessons from the
Pacific Coastal Ecoregion. New York: Springégriag.

Naiman, RJ.,andH.De 6 camp s . 1997. The ecology of inter:
Review of Ecology and Systematics 28:6338.

Naiman, RJ.,J. R.Alldredge,D. A. Beauclamp,P. A.Bisson,J. CongletonC. J.Henny,N.
Huntly, R. Lamberson(C. Levings,E. N.Merrill, W. G.PearcyB. E.Rieman,G. T.Ruggerone,
D. Scarnecchial. E.Smouse, an@. C.Wood. 2012. Developing a broader scientific
foundation for river restorain: Columbia River food webs. Proceedings of the National
Academy of Sciences 109(52):21291207.

Nakano, S. and M. Murakami. 2001. Reciprocal subsidies: dynamic interdependence between
terrestrial and aquatic food webs. PNAS 98(1):186.

Nakano, S.Y. Kawaguchi,Y. Taniguchi,H. Miyasaka,Y. ShibataH. Urabe andN. Kuhara.
1999a. Selective foraging on terrestrial invertebrates by rainbow trout in a forested headwater
stream in northern Japan. Ecological Research 143861

Nakano, S.H. Miyasaka,andN. Kuhara. 1999b. Terrestrialquatic linkages: riparian arthropod
inputs alter trophic cascades in a stream food web. Ecology 86224135

Nielsen, J. L. 1992. Macrohabispecific foraging behavior, diet, and growth of juvedgho
Salmon Transations of the American Fisheries Society 121:6BA.

PointNo Point Treaty CounciiPNPTQ. 2015. Hood Candteelheadgnanagement plan: 20414
2015. 19p.

Poff, N.L., D. Allan, M. B. Bain,J. R.Karr, K. L. Prestegaard. D. Richter,R. E.Sparks, and
J. C.Stromberg1997. The natural flow regime: a paradigm for river conservation and
restoration. BioScience 47(11):7884.

Post, J. R., and E. A. Parkinson. 2001. Energy allocation strategy in young fish: allometry and
survival.Ecology 82(4):104@.051.

Quinn, T.P. 2005. The behavior and ecology of Pacific salmon and trout. University of
Washington Press: Seattle, Washington.

Rinella, D. J., M. S. Wipfli, C. A. Stricker, R. A. Heintz, and M. J. Rinella. 2012. Pacific salmon
(Oncahynchusspp.) runs and consumer fithess: growth and energy storage inditedimng
salmonids increase with salmon spawner density. Canadian Journal of Fisheries and Aquatic
Sciences 69:784.



87

Roni, P. andA. Fayram. 2000. Estimating winter salmonid adbamce in small western
Washington streams: a comparison of three techniques. North American Journal of Fisheries
Management 20:68892.

Roni, P 2000.Responses of fishes and salamanders to instream restoration efforts in western
Oregon and Washington. Diocal dissertation. University of Washington, Seattle.

Rosenfeld, J. S., and E. Raeburn. 2009. Effects of habitat and internal prey subsidies on juvenile
Coho Salmomgrowth: implications for stream productive capacity. Ecology of Freshwater Fish
18:572584.

Ruff, C. P., D. E. Schindler, J. B. Armstrong, K. T. Bentley, G. T. Brooks, G. W. Holtgrieve, M.
T. McGlauflin, C. E. Torgersen, and J. E. Seeb. 2011. Tempeiataoeiated population
diversity in salmon confers benefits to mobile consumers. Ecolodyl §20732084.

Sabo, JL., J. L.Bastow, andM. E. Power. 2002. Lengtimass relationships for adult aquatic
and terrestrial invertebrates in a California watershed. Journal of the North American
Benthological Society 21:33843.

Sample, BE.,R. J.Coope, R. D.Greer, andR. C.Whitmore. 1993. Estimation of insect
biomass by length and width. American Midland Naturalist 129:234.

Scheuerell, MD., J. W.Moore,D. E. Schindler, andC. J.Harvey 2007. Varying effects of
anadromous sockeye salmon oa ttophic ecology of two species of resident salmonids in
southwest Alaska. Freshwater Biology 52:1-94%66.

Schindler, D. E., R. Hillborn, B. Chasco, C. P. Boatright, T. P. Quinn, L. A. Rogers, and M. S.
Webster. 2010. Population diversity and the ptidfeffect in an exploited species. Nature
465:609612.

Schindler, D. E., J. B. Armstrong, and T. E. Reed. 2015. The portfolio concept in ecology and
evolution. Frontiers in Ecology and the Environment 13(5):263.

Service, C. N., A. W. Bateman, M. S. &us, K. A. Artelle, T. E. Reimchen, P. C. Paquet, and
C. T. Darimont. 2019. Salmonid species diversity predicts salmon consumption by terrestrial
wildlife. Journal of Animal Ecology 88:39204.

Skokomish Indian Tribe and Washington Department of &hWildlife (SIT and WDFW.
2017. Recovery Plan for Skokomish Ri¥&hinook2017 update. Skokomish Indian Tribe,
Skokomish, WA; Washington Department of Fish and Wildlife, Olympia, WA.

Stephens, D. W., and J. R. Krebs. 1986. Foraging Theory. Princeteersityl Press: Princeton,
New Jersey.

Thompson, JN., andD. A. Beauchamp. 2014. Sizelective mortality oSteelheadluring
freshwater and marine life stages related to freshwater growth in the Skagit River, Washington.
Transactions of the American Fesies Society 143:91925.



88

Thornton, E. J., J. J. Duda, and T. P. Quinn. 2017. Influence of species, size and relative
abundance on the outcomes of competitive interactions between brook trout and fDekaile
Salmon Ethology Ecology & Evolution 29(2):75169.

Tockner, K., Malard, F., and J. V. Ward. 2000. An extension of the flood pulse concept.
Hydrological Processes 14:28@883.

Twomey, H.G., andP. S.Giller. 1990. Stomach flushing and individual Panjet tattooing
salmonids: an evaluation of theng-term effects on two wild populations. Aquaculture and
Fisheries Management 21:1342.

Uno, H., and S. Pneh. 2020. Effect of source habitat spatial heterogeneity and species diversity
on the temporal stability of aquatic-terrestrial subsidy by emging aquatic insects. Ecological
Research 35(3):47481.

U.S. Fish and Wildlife Servic@JSFWS. 2011. Biological Sampling in the Skokomish River
Basin, Washington: Army Corps of Engineers General Investigation. Fisheries Division,
Washington Fish and Wilde Office, Lacey, Washington.

Vanderploeg, HA., andD. Scavia. 1979. Calculation and use of selectivity coefficients of
feeding:zooplankton grazing. Ecological Modelling 7:13319.

Vannote, RL., G. W.Minshall, K. W. Cummins,J. R.Sedell, andC. E Cushing. 1980. The
river continuum concept. Canadian Journal of Fisheries and Aquatic SciencesB37130

Ward, B.R.,P. A.SlaneyA. R. Facchin, andR. W.Land. 1989. Sizdiased survival in

Steelhead TroufOncorhynchus mykissbackcalculatedlemghs fr om adul t s6 scal
migrating smolts at the Keogh River, British Columbia. Canadian Journal of Fisheries and

Aquatic Sciences 46:18b53858.

Washington State Conservation CommisgMiCC). 2003. Salmon anfiteelheadHabitat
Limiting Factors:Water Resource Inventory Area 16: Dosewalljiokomish Basin. Olympia,
WA.

Washington Department of Natural Resour@¥®NR). 1997. Washington State salmonid stock
inventory: bull trout/Dolly Vardon. Olympia, WA.

Weber, N.N. Bouwes,and C. EJordan. R14. Estimation of salmonid habitat growth potential
through measurements of invertebrate food abundance and temperature. Canadian Journal of
Fisheries and Aquatic Sciences 71(8):1-1380.

Weitkamp, L. A., T. C. Wainwright, G. J. Bryant, G. B. Milner,DTeel, R. G. Kope, and R. S.
Waples. 1995. Status review©@dho Salmorirom Washington, Oregon, and California.
National Oceanic and Atmospheric Administration, Technical Memorandum NWARESG

24. Seattle, Washington.



89

Wipfli, M. S. 1997 Terrestrial invertebrates as salmonid prey and nitrogen sources in streams:
contrasting olegrowth and youngyrowth riparian forests in southeastern Alaska, U.S.A.
Canadian Journal of Fisheries and Aquatic Sciences 5411269

Wipfli, M. S., andC. V. Baxter. 2010. Linking ecosystems, food webs, and fish production:
subsidies in salmonid watersheds. Fisheries 35(8)3873

Wipfli, M. S. andD. P.Gregovich. 2002. Export of invertebrates and detritus from fishless
headwater streams in southeastern Alagkplications for downstream salmonid production.
Freshwater Biology 47:95969.

Wipfli, M. S.,J. P.Hudson, and. Caouette. 1998. Influence of salmon carcasses on stream
productivity: response of biofilm and benthic macroinvertebrates in southeasa Aekadian
Journal of Fisheries and Aquatic Sciences 55:15531.

Woo, I., M. J. Davis, C. S. Ellings, S. Hodgson, J. Y. Takekawa, G. Nakai, and S. E. W. De La
Cruz. 2019. A mosaic of estuarine habitat types with prey resources from multiple envirdnmenta
strata supports a diversified foraging portfolio for juvedii@nook SalmonEstuaries and

Coasts 42:1938954.

Wright, L. A. 2010. Winter feeding ecology @oho SalmorfOncorhynchus kisut¢hSteelhead
(O. mykis¥ and cutthroat troud. clarkii) in the Skokomish River, Washington. (Published
masterod6s thesis). The Evergreen State Coll ege



90

123°%00W !23'2:70'W 123'110‘0'\\/
1
South Fork
4T300N a7 300N
Aradromous fsh North Fork
l barrier
SFS n
ehar Creek
Pme Creck
- LC1 2
SFd Browns Creek
BC1
SF3
SFC

ve3

Vemce Creck
47 200N =47 200N
ve2 .
w ~
1 1 |
123" 300w 123°200W 123'100'W

Figure 6. Study system map
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Figure 7. Monthly total environmental productivity

Monthly mass (mg) of invertebrates found in environmental samples. Drift samples n=6 per
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Figure 8. Benthic invertebrate composition

Monthly andseasonal resolution of invertebrates found in the benthic environment with
proportion by order found in pools (A, C) and riffles (B, D). Seasons defined as Summer (June,
July, August), Autumn (September, October, November), Winter (December, January,
February), and Spring (March, April, May).
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Figure 9. Drift invertebrate composition

Monthly and seasonal resolution of invertebrates found in the drift environment: A) monthly
drift invertebrate proportions by order, 83asonal drift proportions by order, C) monthly
proportional contribution of marine, aquatic, and terrestrial energy pathways available in the
drift, D) seasonal proportional contribution of marine, aquatic, and terrestrial energy pathways
available in tharift. Seasons defined as Summer (June, July, August), Autumn (September,
October, November), Winter (December, January, February), and Spring (March, April, May).












































































































































































































