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ABSTRACT

The Ecosystem Role of Fishes in Lotic Environments

by

Christopher C. Wheeler, Doctor of Philosophy
Utah State University, 2014

Major Professors: Dr. Todd A. Crowl and Dr. Scott W. Miller
Department: Watershed Sciences

Among stream organisms, fishes are especially likely to influence ecosystem
properties as a result of their unique properties. The functional role played by many
freshwater fishes remains unknown, however. Furthermore, fish effects are often
context-dependent. Thus, identifying different factors that mediate fish effects is a
critical step in understanding ecosystem dynamics and managing freshwater resources.
To address these issues, I studied the ecosystem role of fishes in lotic environments. My
specific research objectives included (1) quantifying migratory fish excretion and
determining its importance to stream nutrient dynamics, (2) determining how two
adfluvial salmonids affect different stream ecosystem properties, and (3) performing a
meta-analysis of fish effects in lotic ecosystems.

Results indicated that migratory fish excretion can be a significant nutrient subsidy to
recipient ecosystems. However, the excretion subsidy magnitude varied considerably
across space and time, and was related to changes in both biotic and abiotic conditions.

Excretion subsidies were large relative to tributary nutrient export and were capable of
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meeting the majority of ecosystem nutrient demand during migrations. However,

migrant fertilization impacts were relatively limited. In contrast, migrants had more
substantial negative effects on periphyton chlorophyll-a due to spawning activity. In
general, field results agreed with results from the meta-analysis. Fishes in streams tended
to have positive effects on nutrient concentrations (ammonium and soluble reactive
phosphorus) and periphyton chlorophyll-a. Strong differences in effect sizes existed
among trophic guilds and taxonomic groups, whereas effect size variation among abiotic
and methodological covariates was far less pronounced. The meta-analysis also revealed
that effects of some fishes (e.g., stonerollers) can rival those of native Pacific salmon.
Finally, the meta-analysis demonstrated that data extraction choices can influence final
conclusions in meta-analyses.

Overall, my work demonstrates the important functional role of fishes in lotic
environments by identifying ecosystem effects associated with adfluvial migrants, as well
as factors that mediate effects. Additionally, my meta-analysis illustrated the capacity of
fishes to affect ecosystem properties, suggesting more research should examine fish
functional roles in streams. While fish effects in streams vary, the roles of these
widespread organisms should be understood given their potential influence on ecosystem
dynamics.

(169 pages)



PUBLIC ABSTRACT

The Ecosystem Role of Fishes in Lotic Environments

Christopher C. Wheeler

It is important for humans to understand how ecosystems work because we depend on
them for a variety of products and services. For example, rivers and streams provide
fisheries, improved water quality, and recreational opportunities to many individuals. In
rivers, interactions among fishes, other stream plants and animals, and the physical river
environment can influence continued provision of these valuable services. However, the
role played by many freshwater fishes in the provision of these services remains
unknown. Additionally, it is important to identify different factors that affect the
outcome of interactions involving riverine fishes. To address these issues, I evaluated
how fishes influence different properties of rivers and streams, using a combined
approach that summarized previous studies of fish effects on trophic structure and
organic matter processing and incorporated field work in natural systems.

Overall, my work demonstrated that fishes can play important roles in rivers and
streams. In particular, fish spawning migrations from lakes to streams can introduce
nutrients to streams. Compared with other nutrient sources for streams, nutrients
delivered by fish migrations can be substantial, and they may be used by other plants and
animals in the stream to increase productivity. Beyond nutrient introduction, the physical
disturbance of river sediments caused by the spawning activity of large migratory fishes

can influence the availability of food resources for other stream animals. Additionally,
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my summary of previous fish studies indicated the consistent influence of fishes on

nutrient dynamics and other stream organisms. While the role of riverine fishes varies,
natural resource managers and researchers should focus on understanding how these
widespread organisms influence valuable ecosystem services derived from freshwater

resources.
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CHAPTER 1

INTRODUCTION

One of the fundamental objectives of ecology is to understand factors that influence
ecosystem structure and function. Focusing on this objective entails asking basic science
questions related to species interactions, relationships between biotic and abiotic
ecosystem components, and fundamental ecosystem processes like primary production.
Our collective knowledge of the factors governing ecosystem dynamics may help to
sustain biodiversity and ensure continued provision of critical ecosystem services (Daily,
1997).

Animals have been shown to exert significant control over ecosystem structure and
function (Naiman, 1988). Animal mediated-influence may occur through a variety of
mechanisms, including consumer-resource interactions (e.g., Hairston, Smith &
Slobodkin, 1960; Hrbacek et al., 1961; Brooks & Dodson, 1965; McNaughton, 1985;
Pastor et al., 1988; Louda, Keeler & Holt, 1990), physical habitat modification (Laws,
1970; Thayer, 1979; Jones, Lawton & Shachak, 1994), and the introduction of nutrients,
energy, and detritus to recipient habitats (e.g., Polis, Anderson & Holt, 1997; Nakano,
Miyasaka & Kuhara, 1999; Naiman ef al., 2002). Direct and indirect effects associated
with these mechanisms have the potential to change patterns of organismal distribution
and abundance as well as biogeochemical cycling rates (Naiman, 1988).

In stream ecosystems, the notion that physical processes ultimately regulate
community composition and ecosystem processes (e.g., nutrient cycling) has prevailed

over time (Resh et al., 1988; Vanni, 2010). While the influence of hydrology and
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geomorphology cannot be discounted, more recent research has demonstrated that stream

biota can also shape the distribution and abundance of organisms and resources. For
example, beavers (Naiman, Melillo & Hobbie, 1986) and other vertebrates (e.g., Moore,
2006), amphibians (e.g., Whiles et al., 2006), and a diverse array of invertebrates (e.g.,
Grimm, 1988a; Pringle et al., 1993; Creed, 1994; Covich, Palmer & Crowl, 1999; Strayer
et al., 1999; Hall, Tank & Dybdahl, 2003; Atkinson et al., 2013) have all been shown to
influence stream ecosystem structure and function.

Over the past 35 years, the ecosystem effects of fishes in streams have been well
documented. Through a variety of direct and indirect pathways (Matthews, 1998), fishes
can alter algal biomass, structure, and composition (e.g., Power & Matthews, 1983;
Power, 1984; Power, Matthews & Stewart, 1985; Power, Stewart & Matthews, 1988),
invertebrate abundance, production, life history, and behavior (e.g., Flecker, 1992;
Peckarsky & Mclntosh, 1998; Hall, Taylor & Flecker, 2011), nutrient dynamics (e.g.,
Grimm, 1988b; Mclntyre et al., 2008; Ruegg ef al., 2011; Small et al., 2011), stream
metabolic properties (e.g., Taylor, Flecker & Hall, 2006; Holtgrieve & Schindler, 2011),
and particulate dynamics (e.g., Flecker, 1996; Moore et al., 2007).

Although fish effects on assemblage composition and material cycling can be
substantial, they are not ubiquitous. Rather, fish effects are frequently context-
dependent, varying over time and space in response to changes in biotic and abiotic
conditions (Vanni, 2010; Gido et al., 2010). Inter- or intraspecific biotic differences that
mediate fish effects include variation in body size (e.g., Hall et al., 2007), population
density (e.g., Moore & Schindler, 2008), trophic guild (e.g., Schindler & Eby, 1997),

body stoichiometry (e.g., Capps & Flecker, 2013), and reproductive traits (e.g.,



iteroparity vs. semelparity, timing). Similarly, abiotic factors like temperature (e.g.,
Kishi et al., 2005), background nutrient concentrations (e.g., Flecker et al., 2010), and
hydrogeomorphic characteristics (e.g., Power, 1992; Flecker, 1997; Winemiller et al.,
2006; Power et al., 2008) can alter the magnitude and direction of fish effects in streams.

Understanding and predicting fish effects in streams is important given escalating
rates of human-induced community change in freshwaters and the valuable services
provided by these ecosystems (Dudgeon, 2010). Consequently, I studied the ecosystem
role of fishes in lotic environments, using a combined approach that summarized
published studies of fish effects and incorporated field work focused on determining fish
effects in natural systems. My specific research objectives included (1) quantifying
population-level excretion of dissolved inorganic nutrients by migratory fishes and
determining its importance to ecosystem nutrient dynamics, (2) determining how two
adfluvial salmonids affect different stream ecosystem properties, and (3) performing a
quantitative synthesis (i.e., meta-analysis) of fish effects in lotic ecosystems. A common
theme linking all objectives was the context-dependency of fish effects, and I explicitly
incorporated this perspective into my research, with the aim of identifying biotic and
abiotic characteristics that most strongly mediated fish effects.

My field survey centered on adfluvial migrations of two introduced salmonids
(Bonneville cutthroat trout and kokanee salmon) in Strawberry Reservoir, Utah. In one
chapter, I used short-term (~ 30 minute) incubations of individuals from both species to
determine excretion rates and ratios. I then combined these values with observed size
distributions and migrant densities to estimate population-level excretion. I determined

the relative importance of migrant-derived nutrients by comparing them with ecosystem
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nutrient demand and tributary nutrient export. Additionally, I evaluated how the relative

contribution of migrant excretion to nutrient cycling varied as a consequence of changing
abiotic and biotic conditions (Chapter 2). I also determined effects of the migratory
salmonids on a suite of stream ecosystem properties: periphyton biomass, dissolved
nutrient concentrations, nutrient limitation, and food web dynamics. Here, I assessed
how migrant effects differed between species and streams used for spawning (Chapter 3).
My meta-analysis (Chapter 4) consisted of a broad literature review to address the
question of how fishes affect structural (dissolved nutrient concentrations, periphyton
biomass and composition) and functional (leaf decomposition and net ecosystem
metabolism) characteristics of stream ecosystems. Moreover, I examined how fish effect
sizes varied as a function of different biotic, abiotic, and methodological factors. Finally,
I compared how fish effect sizes differed between two different approaches for extracting

data from published studies.
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CHAPTER 2
MIGRATORY FISH EXCRETION AS A NUTRIENT SUBSIDY

TO RECIPIENT STREAM ECOSYSTEMS'

SUMMARY

1.

There is compelling evidence that consumer excretion can be an important
component of nutrient cycling in aquatic ecosystems. Uncertainty concerning the
functional role of many freshwater organisms remains, including those with
migratory life history strategies that may introduce nutrients to recipient systems.
Although generalizations remain elusive, differing abiotic and biotic conditions
mediate the relative contributions of excretion to nutrient cycling.

Given the paucity of information on the functional significance of
potamodromous fishes, we quantified the magnitude, variability, and importance
of fish excretion in the context of stream nutrient cycling. In 2011-12, we
collected data from a central Utah reservoir used by two potamodromous fishes
(Bonneville cutthroat trout — BCT, Oncorhynchus clarkii utah; kokanee salmon —
KOK, Oncorhynchus nerka) with temporally separated spawning migrations. To
quantify the contribution of two migratory freshwater fishes to tributary nutrient
cycling, we extrapolated interspecific measurements of per-capita nitrogen (N)
and phosphorus (P) excretion rates to the population level within the local
environmental context of two tributaries.

We observed differences in excretion subsidies between species and tributaries.

BCT excretion rates and ratios were significantly greater than those for KOK.

' Co-authored by Kit Wheeler, Scott W. Miller & Todd A. Crowl
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Estimates of the ratio of population-level migrant excretion to tributary nutrient

export were highly variable through time and between tributaries. Evidence
suggested these estimates were influenced by spatiotemporal hydrologic variation
and were positively related to ratios of migrant biomass to discharge. During
migrations, estimates of daily migrant excretion loading comprised a maximum of
6-859% and 1-388% of tributary NH4-N and SRP export, respectively.

4. Measurements of nutrient uptake suggested that migrant excretion could meet a
substantial portion of ecosystem nutrient demand. Migrant excretion fluxes
comprised 46-188% of ecosystem NH4-N demand and varied between streams
and species. In contrast, the proportion of SRP demand supplied by migrant
excretion (35%) was invariant.

5. These results demonstrate an important functional role for potamodromous fishes
as nutrient sources in recipient ecosystems. Furthermore, our data provide
empirical support for predictions of when and where effects of fish-derived
nutrients will be strongest, thereby advancing the understanding of context-
dependent migratory fish effects in riverine ecosystems. Although widespread
and common, we suggest that potamodromous fishes are overlooked but

important organisms capable of substantially affecting stream nutrient cycling.

INTRODUCTION
Nutrients that originate in one ecosystem and move across boundaries into different
systems can have pronounced impacts on population, community, and ecosystem

dynamics within recipient habitats (Polis, Anderson & Holt, 1997). Due to periodic or
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seasonal migrations among ecosystems, animals can influence ecological processes by

nutrient translocation. For example, animal-derived nutrients, commonly called
subsidies, can have bottom-up effects in recipient habitats by reducing resource limitation
of primary producers (Flecker et al., 2010).

Although excretion is not the only mechanism by which animal nutrient subsidies are
introduced to recipient systems (Flecker et al., 2010), it is generally considered the most
direct (Vanni, 2002). Due to its potential importance, the release of dissolved nutrients
via consumer excretion has been the focus of numerous studies in aquatic ecosystems.
For example, consumer-driven nutrient recycling can play a critical role in sustaining
lake primary production (e.g., Schaus et al., 1997) and phytoplankton community
composition (e.g., Elser et al., 1988). Similarly, excretion by stream invertebrates (e.g.,
Grimm, 1988a; Hall, Tank & Dybdahl, 2003) and vertebrates (e.g., McIntyre et al., 2007,
Small et al., 2011) can alter ambient nutrient concentrations (e.g., Capps & Flecker,
2013a) and nutrient limitation of algae (e.g., Atkinson ef al., 2013).

Migratory fishes that spend all of their lifecycle in freshwater are common around the
world yet remain understudied relative to diadromous fishes that use both marine and
freshwater habitats (Flecker et al., 2010). Potamodromous (confined to freshwaters)
migrations can be associated with feeding, reproduction, or seeking refuge from
unfavorable conditions, and may take place among a variety of freshwater habitats (e.g.,
main-stem rivers and tributaries, impoundments and inlets; Northcote, 1997). Regardless
of the motivation or location, potamodromous fish migrations provide opportunities for
significant nutrient subsidies to recipient systems (Flecker et al., 2010), although very

few studies have evaluated the role of these taxa as nutrient transporters (but see
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Childress, Allan & Mclntyre, 2014). In addition, whole-system scale excretion rates of

freshwater fishes are rarely considered in studies of stream nutrient dynamics (but see
Grimm, 1988b; Mclntyre et al., 2008; Tronstad, 2008; Small et al., 2011; Wilson &
Xenopoulos, 2011). Therefore, considerable uncertainty remains about the potential
contribution of migratory freshwater fish excretion subsidies to lotic ecosystem nutrient
cycling.

The ability to predict ecosystem responses to migratory fish effects (e.g., excretion,
bioturbation, carcass decomposition) is frequently context dependent. Vanni (2010) and
others (e.g., Moore, 2006) recognized the importance of hydrologic context and
suggested fish effects should be greatest under relatively low flow conditions. Flecker et
al. (2010) offered a series of predictions for when migratory freshwater fish subsidies
should be maximized, namely when the ratio of migrant biomass to recipient ecosystem
size is high, ambient nutrient concentrations are low, and system retention rates are high.
However, empirical assessments of these predictions are uncommon (but see Janetski et
al., 2009 for a quantitative synthesis of Pacific salmon effects).

To test a subset of predictions regarding the influence of biotic and abiotic conditions
on migratory freshwater fish effects, we quantified the magnitude and variability of
potamodromous migrant excretion subsidies, as well as their importance to tributary
nutrient cycling. We had three primary study objectives: (1) to examine differences in
nitrogen (N) and phosphorus (P) excretion rates and ratios between two congeneric
migratory freshwater fishes, (2) to describe the contribution of migrant excretion

subsidies to tributary nutrient dynamics, and (3) to evaluate the influence of migrant
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biomass, spatial, and temporal hydrologic variability on the relative importance of

migrant excretion subsidies.

METHODS
Study site

Tributaries of Strawberry Reservoir, a large (surface area = 48 km?), high elevation
(2316 m) impoundment in east-central Utah, were selected to describe the contribution of
migratory freshwater fish excretion to recipient system nutrient dynamics (Fig. 2-1).
Yearly precipitation in the Strawberry Valley is approximately 580 mm, with most falling
as snow between November and March (Utah Department of Environmental Quality,
2007). As the most popular cold water sport fishery in Utah, the reservoir is stocked with
multiple salmonids, including the adfluvial migrants Bonneville cutthroat trout (BCT;
Oncorhynchus clarkii utah) and kokanee salmon (KOK; Oncorhynchus nerka). These
two adfluvial species have temporally separated spawning migrations. BCT migrate
during the late spring and early summer, and constitute the overwhelming majority of
migratory fish biomass in tributaries during this time (A. Ward & J. Robinson, Utah
Division of Wildlife Resources, personal communication). In contrast, KOK migrate
during the fall and are the only migratory fish present in tributaries. Salmonid spawning
activity is most concentrated in two inlet streams, Indian Creek and Trout Creek (Orme,
Knight & Beauchamp, 1995; Knight, 1997, Fig. 2-1). Indian Creek (watershed area =
40.0 km?) is a second-order, low gradient (slope = 0.01), meandering (sinuosity = 1.64)
system, whereas Trout Creek (12.2 km?) is a first-order system with greater slope (0.03)

and reduced sinuosity (1.18). Additionally, the larger watershed area of Indian Creek
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creates more intra- and interannual hydrologic variation than is present in Trout Creek,

where flows are comparatively constant (Table 2-1).

We collected data from reaches accessible to adfluvial migrants in both tributaries
during 2011 and 2012. The extent of accessible habitat was delineated by the presence of
non-passable, upstream beaver dams and was verified by migrant counts above the dams.
Considerable hydrologic variability was observed between the two study years, with 2011
exceeding and 2012 below 30-year median snow water equivalent values (see Fig. A-1 in
Appendix). In 2011, BCT data from the Indian Creek watershed were collected in
Streeper Creek (8.2 km?), the primary tributary of Indian Creek, due to elevated and
extended runoff conditions that prevented sampling in the main channel. Streeper Creek
was not sampled during 2012 because low discharge prohibited BCT access, meaning
that reaches sampled during 2012 were necessarily farther downstream. Although steeper
(slope = 0.02), the planform (sinuosity = 1.58) and channel geometry (i.e., width, depth)
of Streeper Creek are similar to Indian Creek. Hereafter we exclusively use Indian Creek
to represent any sampling that occurred within the entire Indian Creek watershed (i.e.,
Indian Creek main channel or Streeper Creek), but acknowledge inferential restrictions

exist because of our inability to sample the same area each year.

Excretion rates and ratios

We determined migrant N (as NH4) and P (as soluble reactive phosphorus [SRP])
excretion rates during spawning runs by incubating individual migrants. Individuals used
for excretion incubations (ngct = 49; nxox = 24) were collected in 2011 using an electric

fish trap at the confluence of the Strawberry River, a primary tributary of the reservoir.
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We incubated individuals in closed containers filled with river water (30-60 L) for

approximately 30 minutes (range = 21-40 minutes; Whiles et al., 2009). Incubated
individuals represented the entire range of migrant size variation (BCT = 375-650 mm
total length [TL]; KOK = 296-553 mm TL). All incubations took place between 0900
and 1830 hours. Water temperature was measured in each container at the beginning and
end of incubations to ensure temporal variation was minimal (maximum change was
1°C). Incubated fish were measured to the nearest mm (TL), and length-weight
regressions (A. Ward & J. Robinson, unpubl. data) were used to estimate body mass.
Water samples were collected immediately before and after each incubation and
differences in N and P concentrations were used to calculate nutrient excretion rates and
N:P ratios. All water samples were filtered through pre-combusted Whatman GF/F filters
and frozen until analysis. Water samples were analyzed using colorimetry at the
University of New Hampshire Water Quality Analysis Laboratory (Durham, NH). The
phenate (EPA 350.1; Solorzano, 1969) and ascorbic acid (EPA 365.3; Murphy & Riley,
1962) methods were used to quantify NH4-N and SRP, respectively.

Previous studies of aquatic consumer excretion have attempted to control for
microbial activity during incubations by filtering water used for incubations and using
control incubations without consumers. We modified this procedure for two reasons.
First, the large incubation volumes used in this study made pre-filtration logistically
impractical. Second, the control incubations described above may fail to account for
increased microbial activity in response to nutrients added via excretion. To account for
these issues, control incubations using nutrient additions were also conducted on each

sampling date. The same procedures were used for the control incubations as for the fish
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incubations and microbial activity rates (A;c, mg NH4-N or SRP hr'') were calculated as

follows:

A Addyyt — (ACNUT,cTRLVINC,CTRL) 1
Mic = (D

TINc,CTRL

where Addyyr is the mass of N (as NH4Cl) or P (as K;HPO,) added to simulate fish
excretion in control incubations, ACyyr crg,, is the measured change in nutrient
concentration during control incubations, Vjyc crg;, 1s the control incubation volume, and
Tinc,crre 1s the control incubation time. Excretion nutrient masses (i.e., Addyyr) were
estimated for an appropriate range of migrant body mass (150-3000 g wet weight) using
models for non-detritivorous fishes (Table 2 in Sereda, Hudson & McLoughlin, 2008).
Results from the control incubations and ordinary least squares regression were used to
develop models for microbial activity rates (A ¢) as a function of migrant body mass.
Adjusted per-capita excretion rates (E;yp, mg NH4-N or SRP hr'") were then calculated as

follows:

ACNuT FISHVINC FISH
TiNcFISH

Einp = + Aumic (2)

where ACyyr rsy 1s the measured change in nutrient concentration during fish
incubations, V¢ sy 1s the fish incubation volume, and Tjyc rysy 1s the fish incubation
time. Our models indicated that A, was positively related to body mass, suggesting
stimulation of microbial nutrient uptake following excretion. Therefore, our excretion
rate estimates generally increased as a result of our microbial activity estimates.
Although control incubations without fish and nutrients were not used, we feel confident
attributing observed changes in dissolved nutrient concentrations to the incubated fish

and microbes as a result of the relatively short incubation times. Additionally, other
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excretion studies have attributed nutrient concentration changes observed during

incubations to aquatic consumers in the absence of control incubations without
consumers (e.g., Grimm, 1988a; Post & Walters, 2009; Benstead et al., 2010).

To ensure interspecific comparisons reflected thermal conditions encountered by
BCT and KOK, we standardized measured excretion rates to the average stream
temperature across stream and year combinations (n = 4 for each species; 10°C for BCT;

8°C for KOK) following Haefner (2005):

EIND,avg = EIND,IQ(avg_I)/lo 3)
where Ejyp qvg 1 the excretion rate at the average stream temperature during migrant
presence, Ejyp ; is the excretion rate at the respective incubation temperature /, avg is the

average stream temperature during migrant presence, and Q is 2.0, a temperature

coefficient (Q,,) for fish N and P excretion rates (Vanni, 2002; Johnson et al., 2010).

Migrant excretion load and tributary nutrient export

We compared daily estimates of migrant excretion load (E;) with daily estimates of
tributary nutrient export (T; both quantities measured as g NH,-N or SRP d™') during
migrations in 2011 (May-November) and 2012 (April-November). Migrant excretion
load was calculated as:

Eq = Aya 2i=1 PiEXC; 4)
where Ay 4 1s migrant abundance in the system on day d, n is the number of body size
bins (overall range = 251-700 mm TL; 50-mm bins), p; is the proportion of migrants in
the i"™ size bin, and EXC; is the excretion rate of an average-sized individual in the i™ size

bin.
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To estimate migrant abundance, we conducted regular streamside migrant counts

(range = 1-16 days between counts). Counts were conducted by 1-2 observers during
periods of maximum visibility (0900-1600) by walking upstream from the tributary
mouth to the barrier impeding upstream movement. To minimize the possibility of
double-counting, individual migrants were counted only after they retreated downstream
of an observer or once an observer passed a known point of refuge (e.g., undercut bank).
The number of observed migrants was assumed to represent Ay 4 on a given
measurement date and we used linear interpolation to produce a complete record of daily
migrant counts. We used linear interpolation because the overwhelming majority of
intervals between successive streamside counts (109 of 115) were less than estimated
residence times for individuals (BCTygian = 10.5 d; BCTroue = 7.5 d; KOKap = 14.1 d;
Knight, 1997; K. Wheeler, unpubl. data), reducing the potential of missing any migration
pulses. We acknowledge, however, that migrant abundance estimates could be
influenced by unaccounted for error sources, including detection probabilities and
undetected migration pulses between successive streamside counts.

We used the migrant size distribution estimated from fishes collected at the
Strawberry River electric fish trap in 2011 (ngctr = 315, nkox = 704) and 2012 (npcr =
642, nxox = 479) to estimate the proportion of individuals in different size classes (p;),
and assumed identical, temporally constant distributions for migrants in Indian and Trout
Creeks (Orme ef al., 1995; Table A-1). We used length-weight regression models to
estimate average body mass (wet weight) for each size class. We standardized measured

excretion rates to average stream temperatures using equation 3, and developed
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temperature-standardized size-dependent excretion rate models for each combination of

species, stream, year, and nutrient.

We calculated T, (daily tributary nutrient export) as the product of daily discharge
and dissolved nutrient concentrations. Daily discharge values were obtained from a
combination of manual discharge measurements (made just upstream of tributary
mouths), installed stage-height recorders (TruTrack Ltd., Christchurch, NZ), and linear
interpolation. To estimate dissolved nutrient concentrations, we collected duplicate water
samples for dissolved nutrients upstream of tributary mouths every 1-3 weeks during
spawning periods, and filtered samples in the field through pre-combusted Whatman
GF/F filters. Filtered samples were stored in the dark and on ice until frozen, which at all
times occurred within four hours of collection. Samples were subsequently analyzed for
NH4-N and SRP as described previously and we used linear interpolation to produce a
complete record of daily concentrations. Because we did not collect stream water
chemistry samples more frequently, our estimates of tributary nutrient export (T;) should
be interpreted cautiously. Stream water chemistry samples were analyzed at the
University of New Hampshire Water Quality Analysis Laboratory (2011 samples) and
the Utah State University Aquatic Biogeochemistry Analytical Laboratory (2012
samples; Logan, UT).

As it compares the magnitude of migrant excretion subsidies to tributary nutrient
export, E; /T, provides an indication of the relative contribution of migrant excretion to
stream nutrient cycling (Tronstad, 2008). This ratio is conceptually similar to a measure
of ambient nutrient pool turnover (Mclntyre et al., 2008). We opted to use E; /T,

because our data were collected at relatively coarse spatial and temporal scales.
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However, E; /T, and the measure of ambient nutrient pool turnover produce identical

values (Appendix A-1).

Ecosystem nutrient demand

To measure ecosystem NH4-N and SRP demand, we modified the in situ microcosm
approach described by Hoellein et al. (2009), which allowed us to partition demand
among different benthic particle sizes. The influence of particle size on nutrient demand
was examined because the effects of migrant redd excavation on periphyton biomass can
vary as a function of substrate size (Holtgrieve et al., 2010). We made measurements at a
single time point during the BCT and KOK migrations in both study streams in 2012 and
used particles from four different size classes that were delineated using quartiles
associated with the B-axis of substrate particles (Table A-2). To ensure complete spatial
coverage of each study reach where demand was measured, we haphazardly divided
study reaches into six sub-units of approximately equal length and collected particles
from randomly selected locations in each sub-unit. Particles > 9 mm B-axis were
collected by hand; smaller particles were collected by sliding a plastic spatula under an
inverted specimen cup inserted into benthic substrates (Hoellein et al., 2009). Particle
collection procedures were identical for each subunit, stream, and species combination.
Study reaches where demand measurements were made were subsections of accessible
stream length.

We modified Hoellein et al.’s (2009) approach by placing collected particles in
WhirlPak© bags (0.53 L) and filling each bag with nutrient-amended water. The number

of particles added to bags was identical within each particle size class. Rather than
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adding nutrients directly to the stream, two 15-L volumes were collected from each study

stream. We added N (as NH4Cl) to one volume and P (as KH,POy) to the other to elevate
ambient stream concentrations of the added nutrient by relatively small amounts (50 pg
L™"). We chose to measure uptake of each nutrient separately because we were more
interested in making inferences about how the stream reach removes nutrients from the
water column than the capacity of the stream to recycle excreted nutrients. In that way,
our measurements attempted to mimic stream spiraling studies that usually administer N
and P separately (Stream Solute Workshop, 1990; Schade et al., 2011). Across all
combinations of stream, species, and nutrient, total particle area within each bag ranged
between 20 and 136 cm?, and was determined by summing exposed 2-D surface area for
all particles within an individual bag. Surface areas were estimated from particle photos
with Image]J software (Rasband, Imagel). Filled bags were incubated within a 5-m” area
of the stream to maintain ambient temperature and light levels among all replicates.
During the BCT migration, incubation times were between 2.0-3.7 hours, while KOK
incubations ranged between 1.5-2.4 hours. Upon removal from the stream, we recorded
the volume of nutrient-amended water added to each bag. Water samples (n = 3-4)
collected from each volume of nutrient-amended water represented initial dissolved
nutrient concentrations. These initial samples were compared with final samples
collected after incubation (n = 1 from each replicate) to determine concentration changes
during incubation. Water samples were collected and analyzed as described previously.
We calculated nutrient uptake (U; pg NH4-N or SRP m™ hr''), which is analogous to

nutrient demand (Webster & Valett, 2006), as:

ACnyTtVIN
J = S=NUTTING ®))
ApartTINC
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where ACyyr 1s the measured change in nutrient concentration (i.e., initial — final), V;y¢

is the incubation volume, Ap 45 1s the total particle area within a bag, and T;y is the
incubation time. In general, nutrient uptake was calculated as the average of all
individual replicates because particle size did not have a strong effect on uptake (one-way
ANOVA; P <0.05 for only one of eight possible stream, species, and nutrient
permutations). For the one case where particle size did have an effect, we calculated U as
the weighted average of the four size class means.

For comparison with nutrient uptake, migrant excretion flux (E; pg NH4-N or SRP m”
* hr'') was calculated as:

Dy Xiz1 EXCip; (6)
where Dy, is migrant density (ind. m™?) and EXC; and p; are as defined in equation 4. We
used the average of migrant counts made in the study reach where uptake measurements
occurred as our estimate of migrant abundance. Because we collected uptake data during
2012, we used the 2012 size distribution data to determine p;. Areas (m”) within uptake
measurement study reaches were estimated by multiplying mean stream width by reach

lengths (Trout Creek, 127 m; Indian Creek, 188 m).

Statistical analyses

Because excretion rates and ratios generally scale allometrically with body mass, we
modeled them after the equation E = aM® where E is excretion rate or ratio, M is body
mass, a is a scaling coefficient, and b is a scaling exponent (Hall et al., 2007). Excretion
rates, N:P ratios, and body size data were log;o-transformed prior to analyses. To test for

interspecific differences in nutrient excretion rates and ratios, we used temperature-
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standardized excretion rates and ANCOVA with body size as a covariate, and calculated

type III sums of squares to mitigate unequal sample sizes. In addition, we centered body
size (i.e., x; — X) prior to the analysis in order to ensure that data in the treatment groups
(i.e., species) were being compared over the same range of the covariate (Gotelli &
Ellison, 2004). To test our prediction that hydrologic differences influenced average
values of E;/T,4, we used two-way ANOVA with year and stream as factors after
grouping across nutrients and species. Additionally, we used Pearson’s correlation
coefficient to examine relationships between the relative contribution of migrant
excretion subsidies (i.e., E4/T; means during spawning periods) and potential drivers
(biomass, discharge, and biomass/discharge). R 3.0.1 (R Development Core Team, 2013)

was used for all analyses.

RESULTS

Adfluvial migrants were present in Strawberry Reservoir tributaries for 7-10 weeks.
The one exception was the 2011 BCT migration, which was longer (ca. 14 weeks) due to
sustained runoff conditions (Table 2-1). Migrant biomass was generally higher for KOK
than for BCT for any given stream and year combination, although values were largely
within the same order of magnitude (Table 2-1). Indian Creek discharge was more
temporally variable than Trout Creek. For example, peak discharge during BCT
migrations was approximately six times higher than maximum discharge during KOK
migrations in Indian Creek, whereas peak discharge during BCT migrations was, on
average, only 1.4 times greater than peak discharge during KOK migrations in Trout

Creek (Table 2-1). During spawning migrations, average ambient stream temperatures
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were 1-3°C lower during KOK presence than during BCT presence, and interannual

temperature variation was more pronounced in Indian Creek than in Trout Creek (Table
2-1). Ambient concentrations of NH4-N and SRP in both tributaries were typically lower

than 20 and 8 pg L™, respectively, although exceptions and variation did exist (Table 2-

1.

Excretion rates and ratios

Excretion rates and ratios were greater for BCT than for KOK and were positively
related to body size for both species in most instances (Fig. 2-1 A-B). Allometric scaling
exponents for BCT were 0.71 + 0.11 (mean = SE) for NH4-N (P < 0.001) and 0.40 + 0.10
for SRP (P <0.001), compared with 0.96 = 0.10 for NH4-N (P < 0.001) and 0.66 = 0.15
for SRP (P <0.001) for KOK. Variation explained by body size was greater for NH4-N
excretion rates than for SRP and greater for KOK than for BCT (Fig. 2-1 A-B). Body
size did not have a significant effect on excreted N:P ratios for KOK (scaling exponent =
0.25 £ 0.25, P=0.27). Although body size did have a positive effect on BCT N:P
(scaling exponent = 0.38 + 0.14, P = 0.009), the variation explained was less than that for
BCT excretion rates (Fig. 2-1 C). While we found significant effects of species on all
excretion responses, body size X species interactions were not significant for excretion
rates or ratios (all P> 0.12; Table 2-2). These patterns indicate that scaling coefficients
(i.e., y-axis intercepts), not scaling exponents (i.e., slopes), differed between BCT and

KOK.
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Migrant excretion load and tributary nutrient export

Calculated values of E; /T, varied over two orders of magnitude (Fig. 2-3).
Considering all stream, year, and species combinations, the range of peak E; /T, values
for NH4-N was 6-859% (150 £+ 102%; mean + SE, n = 8), while SRP peak values ranged
between 1-388% (74 = 46%). When daily E; /T, values were averaged over each one of
the studied spawning periods, the mean values, hereafter called spawning means, were
lower though still substantial (NH4-N range = 1-194%, 37 + 23%; SRP range = 0-105%,
23 £ 13%). Across all periods of migrant presence (n = 1206 observations), 66% of daily
E; /T, values were less than 10%. However, higher E; /T, values did occur, as 23% of
values were greater than 20%, 14% percent of values exceeded 50%, and 5% of values
were more than 100% (Fig. 2-3).

Several trends were evident in E; /T, spawning means when compared between
streams, years, species, and nutrients (Fig. 2-4). Migrant excretion represented a larger
proportion of tributary nutrient export in Indian (52 + 24%; mean + SE) than in Trout
Creek (7 + 2%). Similarly, E; /T, spawning means tended to be greater during the
relatively dry 2012 (53 £ 24%) than during the relatively wet 2011 spawning seasons (7 £
2%). Likewise, the proportion of tributary nutrient export met by migrant excretion was
typically greater for KOK (45 + 24%) than for BCT (14 + 7%). Finally, E; /T, spawning
means were usually greater for NH4-N (37 + 23%) than for SRP (23 £+ 13%)).

Using E; /T, spawning means as response variables, we found a significant stream X
year interaction (£ 12 = 6.02, P = 0.030) after grouping across nutrients and species.

Pairwise comparisons indicated that 2012 Indian Creek E; /T, values were greater than
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the other three possible combinations, which were not statistically different (Tukey’s

HSD; P <0.05).

There was a significant positive correlation between spawning means and the ratio of
migrant biomass to discharge (Table 2-3). This was true regardless of whether peak or
average biomass and discharge data were used and was not dependent on nutrient.
Neither biomass nor discharge was significantly correlated with spawning means when
considered in isolation, although the magnitude of correlation coefficients was

consistently higher for discharge than for biomass (Table 2-3).

Ecosystem nutrient demand

We observed spatiotemporal and nutrient-specific variation in excretion fluxes (E)
and measurements of ecosystem nutrient demand (U; Fig. 2-5). Average NH4-N
excretion fluxes varied approximately two-fold (range = 281-540 ug NH4-N m™ hr''),
while slightly more variation existed in average SRP flux (range = 35-95 pg SRP m™ hr’
". However, patterns were different between streams. Average E was higher for BCT in
Indian Creek, but higher for KOK in Trout Creek, regardless of nutrient (Fig. 2-5).
Average values of U were higher for NH4-N (range = 271-825 ug NH4-N m™ hr'') than
for SRP (range = 93-269 ug SRP m™ hr'"), but spatiotemporal patterns differed between
the two nutrients. Average NHy-N uptake varied more between streams than over time
(i.e., between species) and was higher in Indian Creek than in Trout Creek (Fig. 2-5 A).
Spatial variation also existed in average SRP uptake, but the pattern was different due to

relatively high temporal variation in Trout Creek U measurements. Average SRP uptake
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values were higher in Indian Creek during the BCT migration, but were higher in Trout

Creek during the KOK migration (Fig. 2-5 B).

Maximum and minimum values for E and U were not aligned, resulting in
considerable variation in the proportion of nutrient demand met by migrant excretion flux
(i.e., E /U values), although patterns differed between nutrients. For NHy4-N, the range of
E /U was 46-188% (99 + 31%, mean =+ SE), and values were higher in Trout Creek than
in Indian Creek, regardless of species (Fig. 2-5 A). Conversely, E /U was constant for
SRP (range = 34-37%, 36 = 1%) and showed minimal variation across streams or species
(Fig. 2-5 B). For NH4-N species-level differences, the proportion of nutrient demand
being met by migrant excretion subsidies depended on system. Values of E /U were
greater for BCT than KOK in Indian Creek, but greater for KOK than BCT in Trout

Creek.

DISCUSSION

Our results indicate that migratory fish excretion can be a significant nutrient subsidy
to spawning tributaries. Observed differences in per-capita excretion rates, when scaled
to population levels and combined with abiotic stream characteristics, indicated the extent
of variation in the relative contribution of excretion subsidies to stream nutrient pools.
Nevertheless, direct comparisons indicated that migrant excretion subsidies could meet a
majority of ecosystem nutrient demand during spawning migrations, suggesting that
migratory fish excretion subsidies can be an important component of nutrient cycling in

tributaries. However, differences in biotic and abiotic conditions among systems are
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likely to mediate the relative effect of migrant excretion subsidies on stream nutrient

dynamics.

Excretion rates and ratios

While previous studies have demonstrated a wide range of nutrient recycling rates
and ratios among fishes (Schindler & Eby, 1997; Vanni et al., 2002; McIntyre et al.,
2008), they often spanned broad taxonomic groups (i.e., families or orders). Here, we
found significant differences in excretion rates and ratios for closely related species.
Studies of taxonomically diverse fish assemblages indicate that individual species can
have disproportionate effects on stream nutrient cycling as a result of different excretion
rates (e.g., Small ez al., 2011) or ratios (e.g., Capps & Flecker, 2013b). Our results
suggest that similar interspecific variation in nutrient recycling rates — and by extension
contribution by individual species to whole-system nutrient cycling — can exist in
communities with relatively low taxonomic diversity.

There are several possible explanations for interspecific variation in nutrient excretion
rates and ratios. Because metabolic rates are temperature dependent, nutrient excretion
rates are positively related to temperature (Vanni, 2002). Consequently, migrant BCT
excretion rates should exceed migrant KOK excretion rates due to higher ambient stream
temperatures during spring BCT migrations. Our data were consistent with this expected
pattern and thus support the idea that differences in ambient stream temperature
contribute to interspecific variation in excretion rates. However, factors such as diet and
body nutrient content may also mediate differences in BCT and KOK excretion rates and

ratios. In Strawberry Reservoir, reproductively mature BCT are carnivores, whereas
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adult KOK are zooplanktivores (Ward, Robinson & Wilson, 2007). These two prey items

have different nutrient ratios (Cross et al., 2005), which can ultimately influence
excretion ratios (Sterner & Elser, 2002). Furthermore, differences in BCT and KOK
body nutrient content, should they exist, could also influence excretion rates and ratios.
For example, Vanni et al. (2002) found a strong relationship between P excretion rate and

body P content within a large group of tropical aquatic vertebrates.

Migrant excretion load and tributary nutrient export

Previous studies have documented excretion subsidies by fishes (Mclntyre et al.,
2008; Bouletreau et al., 2011; Capps & Flecker, 2013a) and other stream consumers
including snails (Hall et al., 2003; Moslemi et al., 2012), salamanders (Keitzer &
Goforth, 2013), mussels (Atkinson et al., 2013), and shrimp (Benstead et al., 2010). Our
study, however, illustrates the potential magnitude of nutrient excretion subsidies by
potamodromous fishes in spawning streams (see Tronstad, 2008 for a similar example).
During our two-year study, E;/T, values at times exceeded 20% and peaked at more than
800%. While there are methodological caveats to consider, these results support our
original prediction that migratory fish excretion can represent a substantial nutrient
subsidy to recipient habitats. Furthermore, the high variability in daily E;/T,; values
(more than a hundredfold) agreed with our expectation that the relative contribution of
migratory fish excretion to tributary nutrient cycling would fluctuate in response to
changes in abiotic and biotic conditions.

Our findings specifically identify the key role of temporal and spatial hydrologic

variation in mediating the contribution of migrant excretion to tributary nutrient cycling.
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Our observations of maximum E;/T,; in Indian Creek during a relatively dry year (Fig. 2-

4 D) were consistent with previous work that identified maximum influence of consumer
excretion during periods of reduced flow (Mclntyre et al., 2008; Benstead et al., 2010;
Capps & Flecker, 2013a; Keitzer & Goforth, 2013). Additionally, our finding that stream
and year both significantly influenced E;/T,; supports the notion that hydrology mediates
consumer excretion subsidies, and indicates spatiotemporal variation in the likely
contribution of migrant excretion subsidies to tributary nutrient cycling.

Our data indicate that the ratio of migrant biomass to system size, as measured by
discharge, can mediate the contribution of migrant excretion to nutrient cycling. We
found significant correlations between E;/T; spawning means and the ratio of migrant
biomass to discharge, which provides empirical support for Flecker ez al.’s (2010)
hypothesis that migrant subsidies are most likely to be significant when biomass is high
relative to system size (see Janetski et al., 2009 also). Thus, while spatial (e.g., Benstead
et al.,2010) or temporal (e.g., Keitzer & Goforth, 2013) differences in biomass can
mediate the relative importance of migrant excretion subsidies, we concur with others
who suggested biomass to discharge ratios may be useful predictors of fish effects in
riverine systems. We caution, however, that as with any natural experiment, our results
are correlative and derived from relatively small sample sizes. Thus, it would be valuable
for future studies to investigate causal relationships among a broader range of systems

and through formal experimentation.
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Ecosystem nutrient demand

BCT and KOK excretion subsidies met 34-188% of ecosystem nutrient demand,
suggesting the critical contribution migratory fishes make to stream nutrient cycling
during spawning migrations. Furthermore, our E /U values provide important context for
calculated E;/T; values, which indicate the size of excretion subsidies relative to
tributary nutrient export. While large at times for BCT and KOK in our study systems,
E;/T, values do not provide an explicit measure of the significance of excretion subsidies
to whole-system nutrient dynamics because they do not reflect nutrient demand. In
contrast, E' /U values indicate the relative importance of excretion subsidies, and the large
(= 30%) values we observed reflect the significant role of migratory fish excretion in our
study streams. In general, our results underscore the importance of ambient conditions
when considering consumer excretion subsides in an ecosystem context. Consumer
excretion subsidies are only likely to be significant if they arrive at a time when or place
where nutrient demand is high relative to supply.

Although limited in number, comparisons with previous fish studies that quantified
E /U suggest excretion by migratory fishes like BCT and KOK may be especially
important to nutrient cycling in recipient streams. For both species, our E /U values for
NH4-N and SRP are higher than or comparable with most published values for individual
fish species (Grimm, 1988b; Tronstad, 2008; Small et al., 2011; Capps and Flecker,
2013Db) or fish assemblages (MclIntyre et al., 2008; Wilson & Xenopoulos, 2011). Large
E /U values can result from either larger excretion fluxes or reduced nutrient demand, but
the magnitude of our observed E /U values is likely related to the former. Average

migrant biomass in our study streams (ca. 22 g m™) was high relative to fish biomass in
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most previous studies, and elevated biomass will increase excretion fluxes, all else being

equal. Indeed, it was only those studies with higher fish biomass that reported higher or
comparable E /U values: Mclntyre et al. (2008; 44.2 g m™); Small et al. (2011; 31 g m™);
Capps and Flecker (2013b; 240 g m™). Additionally, individual fish in studies with the
highest E /U values were generally smaller than migratory BCT and KOK in Strawberry
Reservoir tributaries. Because mass-specific excretion rates are higher for smaller
individuals than for larger individuals, differences in population size structure may
amplify differences in E /U values (Hall ef al., 2007).

Our E /U values illustrate the important nutrient subsidy likely provided by migratory
fish excretion in recipient streams, but there are caveats to consider when interpreting or
generalizing our ecosystem demand results. While our approach for measuring demand
allowed us to examine the effect of particle size on nutrient uptake rates, our use of no-
flow microcosms and short-term nutrient additions may have biased our calculations of
E /U by underestimating U and therefore inflating E /U values (Bott et al., 1997;
Mulholland et al., 2002). However, Hoellein ef al. (2009) reported consistently higher
uptake rates using similar microcosms than using whole-stream enrichment methods that
permit flow through study reaches. Thus, even if our results represent maximum migrant
excretion contributions, they characterize the relative importance of nutrient subsidies

delivered by migratory fishes.

CONCLUSION
Our work demonstrates an important functional role for potamodromous fishes as

nutrient subsidies in recipient ecosystems. Additionally, we take important steps towards
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resolving the context dependency of fish effects in streams by providing empirical

support for predictions of when and where effects of fish-derived nutrients are strongest.
Given the prevalence of migratory life histories among fishes, as well as the ubiquity of
lakes and reservoirs that contain such taxa, it is likely that other systems receive the same
types of nutrient subsidies that are delivered by migratory salmonids in our study streams.
In such cases, managers should be aware of the potential for introduced fishes to have
impacts extending beyond single systems. While the net outcomes of fish migrations can
be more complex than nutrient addition alone (e.g., Holtgrieve & Schindler, 2011), the
consequences of migrations for primary and secondary production within recipient
systems should be considered. Finally, we note that the work reported here relates to
only one mechanism (i.e., excretion) by which migratory fishes can deliver nutrients and
other materials to recipient ecosystems. Other mechanisms like carcass decomposition
can also be important and should be considered when evaluating ecosystem-level effects
of migratory fishes. While considerable variation exists in the magnitude of migratory
fish nutrient subsidies, it should be a focus of natural resource managers and researchers
to understand the ecosystem function of these widespread organisms, especially in light
of accelerating anthropogenic activities that directly reduce migrant abundance (Allan et

al., 2005) and restrict or sever migratory pathways (Freeman et al., 2003).
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Table 2-1 Comparison of biological, physical, and chemical characteristics between Indian and Trout Creeks during migrant presence.
Differences in accessible habitat length reflect temporal variation in upstream migration boundaries. All 2011 BCT data from Indian
Creek were collected in Streeper Creek (see methods). Where applicable, values are means and ranges.

Migration Migrant biomass Discharge Ambient NH,;-N Ambient SRP Maximum Average stream  Accessible habitat
timing (gm?) (Ls™h (ugL™") (ngL™h velocity (ms™)  temperature (°C) length (m)

Indian Creek

2011 BCT 05/26 - 08/31 6.0 (0.2-18.5) 364 (119-1123) 7.7 (2.5-31.7) 2.9(1.0-7.4) 0.57 (0.41-0.96) 10 1883

2011 KOK 09/08 - 11/13 18.0 (0.1-55.7) 160 (112-202) 9.4 (2.5-20.7) 3.4 (1.6-6.5) 0.66 (0.59-0.73) 7 3315

2012 BCT 04/29 - 07/14  24.0 (0.1-57.1) 93 (55-235) 16.5 (15.1-18.1) 2.3 (1.8-2.8) 0.49 (0.20-0.83) 12 3315

2012 KOK 08/25 - 10/27 18.9 (0.0-75.6) 23 (11-40) 8.3 (4.3-11.9) 2.7(2.5-3.1) 0.28 (0.26-0.30) 10 3615
Trout Creek

2011 BCT 05/26 - 08/31 26.4 (0.5-84.6) 271 (169-371) 9.2 (2.5-28.2) 7.5 (3.7-15.0) 1.01 (0.63-1.21) 9 2446

2011 KOK 09/09 - 11/02  51.6 (0.2-120.1) 200 (184-215) 13.5(2.5-23.0) 8.4 (4.0-13.8) 1.16 (1.10-1.22) 6 2446

2012 BCT 05/07 - 07/11 9.5(0.2-33.6) 97 (86-103) 15.9 (13.8-17.7) 2.3 (1.8-2.6) 0.72 (0.58-0.90) 8 2446

2012 KOK 08/28 - 10/27  23.0 (0.1-54.0) 85 (72-97) 18.8 (10.0-25.8) 2.2(1.4-3.8) 0.68 (0.59-0.74) 7 2298

6¢
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Table 2-2 ANCOVA results for nutrient (NH4-N and SRP) excretion rates and ratios.
Excretion rates, N:P ratios, and body size (i.e., wet mass) data were log;o-transformed
prior to analyses. To test for interspecific differences in nutrient excretion rates and ratio,
we used temperature-standardized excretion rates and type III sum of squares as a result
of unequal sample sizes. Due to interspecific body size differences, we centered body
size (i.e., x; — X) prior to the analyses in order to ensure that data in the treatment groups
(i.e., species) were being compared over the same covariate range.

factor df SS F P
NH,-N rate
body size 1 0.72 49.73 <0.001
species 1 1.66 115.47 <0.001
body size x species 1 0.03 2.07 0.155
Residuals 67 0.97
SRP rate
body size 1 0.22 12.32 <0.001
species 1 0.27 15.49 <0.001
body size x species 1 0.04 2.43 0.124
Residuals 68 1.20
NP ratio
body size 1 0.20 6.63 0.012
species 1 0.92 30.19 <0.001
body size x species 1 0.01 0.24 0.627

Residuals 68 2.07




Table 2-3 Pearson’s correlation coefficients between average E; /T, values (i.e., spawning means) and different independent variables
capable of influencing the contribution of migrant excretion subsidies to nutrient cycling. Statistically significant correlations are
denoted by * (P <0.05) and ** (P <0.005). BM, biomass; Q, discharge.

Response Peak BM Average BM Peak Q Average Q Peak BM per Q Average BM per Q
P (gm?) (gm?) (Ls™) (Ls™ (gm”perLs™) (gm”perLs")
Average E; /Ty — N 0.20 -0.06 -0.36 -0.57 0.93*x* 0.95%*
Average E; /T; — P 0.14 -0.08 -0.37 -0.62 0.87* 0.92%*

1t
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KOK N:P excretion ratios reflects non-significant effect (P = 0.27) of body size and
represents average value. Excretion rates were standardized to average temperatures
across stream and year combinations (10°C for BCT, 8§°C for KOK).
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Fig. 2-3 Comparison of daily estimates of migrant excretion load with tributary nutrient
export (i.e., E;/T4) for 2011 migrations in Trout Creek (A), 2012 migrations in Trout
Creek (B), 2011 migrations in Indian Creek (C), and 2012 migrations in Indian Creek
(D). The grey polygons in each graph depict temporal patterns in migrant biomass: BCT
migrate during the spring, and KOK migrate during the fall. In each graph, E; /Ty is
plotted on the left vertical axis and migrant biomass is plotted on the right vertical axis.
Note the differences in both y-axis scales between upper (Trout Creek) and lower (Indian
Creek) panels. Elevated and extended runoff prevented assessment of the 2011 BCT

migration in the Indian Creek main channel, so data were instead collected from a

primary tributary (Streeper Creek; see methods).
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Fig. 2-4 Box plots of average E;/T,; values in Strawberry Reservoir tributaries. Each set
of two boxes, separated by vertical dashed lines, accounts only for the distinction
represented on the x-axis immediately below the boxes (i.e., the data is grouped across all
other potential sources of variation). For each box, n = 8. The top, bottom, and line
through the middle of the box correspond to the 75", 25", and 50" percentile (median),
respectively. The whiskers extend from minimum to maximum values. Solid squares
represent arithmetic means.
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closed symbols) of NH4-N (A) and SRP (B) in Indian and Trout Creeks. Note differences
in y-axis scales between graphs. All U measurements were made during 2012 spawning
migrations of BCT and KOK. Percentages indicate values of E /U for specific

combinations of stream, nutrient, and species. Variation around E is associated with
migrant densities, while variation around U is associated with individual replicates.

Values presented as mean =+ SE.
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CHAPTER 3

ECOSYSTEM RESPONSES TO ADFLUVIAL SALMONID MIGRATIONS IN

TRIBUTARIES OF A CENTRAL UTAH RESERVOIR

SUMMARY

1.

Migratory freshwater fishes are capable of affecting the structure and function of
riverine ecosystems, yet many of these taxa remain understudied. Globally,
Pacific salmonids (Oncorhynchus spp.) are one of the most widely introduced
migratory fishes, but studies of their ecological effects on lotic ecosystems are
geographically limited. Consequently, abilities to generalize ecosystem-level
effects related to non-native salmonids and identify factors that mediate such
effects are limited.

In this study, I examined how two species of introduced migratory salmonids
affected a suite of ecosystem properties (benthic chlorophyll-a, dissolved nutrient
concentrations, autotrophic nutrient limitation, food web responses) in two
tributaries of a central Utah reservoir. To do this, I used existing migration
barriers and compared responses between stream reaches with (i.e., treatment) and
without (i.e., control) migrants.

Despite relatively low densities, adfluvial migrants reduced benthic chlorophyll-a
in treatment reaches, where concentrations were, on average, 25% lower (range =
97% decrease — 133% increase) than in control reaches. There were also isolated
occurrences of elevated dissolved inorganic nitrogen concentrations,

incorporation of migrant-derived nutrients into stream food webs, and alleviation
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of nitrogen limitation in treatment reaches during periods of migration. However,

these types of fertilization effects were generally weak, a result that reflects the
importance of migrant densities and ambient nutrient dynamics.

4. My results were consistent with other studies of introduced salmon, illustrating
the capacity of these fishes to influence stream ecosystem properties.
Additionally, the results highlight the influence of local biotic and abiotic

conditions on the ecosystem effects of migratory freshwater fishes.

INTRODUCTION

For some time, ecological researchers have recognized that relatively sedentary,
resident organisms can influence community structure and ecosystem function (e.g.,
Paine, 1966; Brown & Heske, 1990; Bohlen et al., 2004). More recently, these concepts
have been expanded to include mobile ecosystem residents and how they may similarly
affect ecosystem properties (e.g., McNaughton, 1985; Yang, 2004). The latter scenario
applies to many freshwater fishes that use multiple habitats (e.g., lakes and streams)
during their life cycles (Flecker et al., 2010). Migratory freshwater fishes can alter
ecosystem dynamics in both tropical (e.g., Winemiller & Jepsen, 1998; Taylor, Flecker &
Hall, 2006) and temperate (e.g., Childress, Allan & Mclntyre, 2014) riverine systems.
Much uncertainty remains, however, about the functional role of many freshwater fishes,
as well as the different factors that influence fish effects.

Although many freshwater fish species remain understudied, studies of anadromous
Pacific salmon (Oncorhynchus spp.) illustrate many of the potential ecosystem effects of

fishes. Principal among these effects is the fertilization of freshwater streams during
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spawning (e.g., Gende et al., 2002). Salmon-derived nutrients can increase water column

dissolved nutrient concentrations (e.g., Johnston et al., 2004; Levi et al., 2011) and
enhance abundance, biomass, production and growth of periphyton (e.g., Mitchell &
Lamberti, 2005), invertebrates (e.g., Wipfli, Hudson & Caouette, 1998; Wipfli et al.,
1999), and resident fishes (e.g., Denton, Rich & Quinn, 2009; Rinella et al., 2012).
Additionally, nutrients provided by salmon spawning runs can alleviate autotrophic
nutrient limitation (e.g., Ruegg et al., 2011) and increase rates of ecosystem processes
like nitrification (e.g., Levi ef al., 2013). More recent work has documented the
substantial benthic disturbance that is also frequently associated with the spawning
activity of these fishes. In the process of excavating large (1-17 m*; Groot & Margolis,
1991) spawning redds, anadromous salmon can decrease standing stocks of periphyton
(e.g., Moore & Schindler, 2008; Tiegs et al., 2009) and invertebrates (e.g., Minakawa &
Gara, 1999; Peterson & Foote, 2000; Moore, Schindler & Scheuerell, 2004), increase
particulate matter export (e.g., Moore et al., 2007; Hassan ef al., 2008), and shift stream
metabolism from net autotrophic to net heterotrophic states (e.g., Holtgrieve & Schindler,
2011).

An emerging objective of salmon researchers is to identify the biotic and abiotic
conditions that ultimately determine the net ecosystem effects associated with these
fishes. For example, the size of benthic substrates can mediate salmon effects; smaller
particles are more easily disturbed by salmon and thus more likely associated with
periphyton or invertebrate reductions, whereas larger particles less susceptible to
disturbance are more likely associated with fertilization from salmon-derived nutrients

(Janetski et al., 2009; Holtgrieve et al., 2010). Furthermore, it can be informative to
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consider how other factors like land use patterns influence benthic substrates and thus

indirectly mediate salmon effects in streams (e.g., Tiegs et al., 2008). Changes in biotic
conditions can also influence the direction or magnitude of the net ecosystem effects
associated with anadromous salmon. Salmon runs vary over space and time (e.g., Ruegg
et al., 2012) and some recent studies concluded that spawner biomass (i.e., mass area™)
and species identity can both influence ecosystem responses to spawning migrations in
aquatic (e.g., Janetski et al., 2009) as well as terrestrial (e.g., Hocking & Reimchen,
2010) habitats. Regardless of whether net ecosystem effects of salmon migrations are
controlled by biotic characteristics of the spawning run, abiotic conditions within streams
or the surrounding watershed, or some combination of these factors, attempts to identify
the most important regulating factors may well enhance predictive capabilities regarding
salmonid ecosystem effects.

Given the extensive stocking of salmonids around the world (Crawford & Muir,
2008), the spatial extent over which their ecosystem effects are realized likely extends far
beyond their native range. Despite such widespread introductions, studies examining
effects of introduced salmonids have largely been limited to the Great Lakes region,
where millions of Chinook (O. tshawytscha) and coho (O. kisutch) salmon have been
stocked annually since the 1960s (Crawford, 2001). Results from these studies indicate
non-native salmonids may have a range of effects (i.e., positive, negative, or neutral) on
periphyton biomass (Rand et al., 1992; Schuldt & Hershey, 1995; Ivan, 2009; Collins et
al., 2011; Janetski et al., 2014), invertebrate densities (Denison & Meier, 1979; Ivan,
Rutherford & Johengen, 2011; Janetski et al., 2014), and dissolved nutrient

concentrations (Rand et al., 1992; Schuldt & Hershey, 1995; Sarica et al., 2004; Collins
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etal.,2011; Ivan et al., 2011; Janetski et al., 2014). Studies of salmonids introduced to

areas other than the Great Lakes region are rare and report contradictory ecosystem
effects of carcass decomposition on periphyton biomass (Richey, Perkins & Goldman,
1975; Minshall, Hitchcock & Barnes, 1991). Likewise, studies of ecosystem responses
other than dissolved nutrients and standing stocks of periphyton or invertebrates to
introduced salmonids are very limited. Consequently, our ability to generalize
ecosystem-level effects related to introduced salmonids and to identify factors mediating
such effects would be enhanced by expanding both the geographic scope of similar
studies and the suite of measured ecosystem responses.

In this study, I examined how two species of introduced migratory salmonids affected
a suite of ecosystem properties (benthic chlorophyll-a, dissolved nutrient concentrations,
autotrophic nutrient limitation, food web responses) in two tributaries of a central Utah
reservoir. This approach allowed me to assess migrant ecosystem effects, and it also
permitted an evaluation of the influence of different biotic (species) and abiotic
(hydrogeomorphic) conditions on the effects. I predicted benthic algal responses to
migrants would be mediated by particle size, with increased biomass more likely on
larger particles and decreased biomass more likely on smaller particles. Given the
potential for migratory salmonids to introduce nutrients to tributary ecosystems via
excretion (Chapter 2) and carcass decomposition, I also predicted water column dissolved
nutrient concentrations would increase in response to migrant presence. Furthermore, I
expected migrant-derived nutrients would be assimilated by stream biota, with ensuing
changes to the nutrient limiting primary production and energy flow within stream food

webs. Finally, I predicted that evidence of the incorporation of migrant-derived nutrients
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would be stronger (1) in the tributary with greater hydrogeomorphic retention and thus

longer solute residence time and (2) with a semelparous species that migrates during

reduced flow periods and exhibits population-wide post-spawning mortality.

METHODS
Study area

To address the ecosystem effects of introduced migratory salmonids, I collected data
in 2012 from two different tributaries (Indian Creek and Trout Creek) of Strawberry
Reservoir (40°8° N, 111°2” W), which is the most popular cold-water fishery in Utah.
Two non-native salmonids use the tributaries for spawning and have temporally separated
migrations. Bonneville cutthroat trout (BCT; Oncorhynchus clarkii utah) migrate during
the spring following snowmelt peaks, whereas kokanee salmon (KOK; Oncorhynchus
nerka) migrate during fall baseflow conditions (Sigler & Sigler, 1996; Chapter 2). The
life histories of these fishes may result in counteracting influences on ecosystem
properties. For example, both species excavate large (~ 1 m*; K.Wheeler, personal
observation) redds relative to stream size (average wetted channel width: Indian = 3 m,
Trout = 2 m), which may represent a significant benthic disturbance. These fishes may
also introduce nutrients to the streams via excretion during migration (Chapter 2) and
carcass decomposition, the latter of which is especially likely for semelparous KOK that

die after spawning.

Study design
To evaluate ecosystem responses to migrants, I established study reaches within each

stream that differed only with respect to the presence of adfluvial migrants. Large beaver
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dams in both streams served as the upstream extent of migrations for both species (K.

Wheeler, unpubl. data), although the linear distance available to or used by migrants was
not necessarily the same for both species. Itook advantage of these naturally existing
migration barriers to establish treatment (i.e., accessible to migrants) and control (i.e.,
inaccessible to migrants) reaches in each stream, and counted migrants in these
designated reaches 1-2 times weekly during migrations. To minimize potential
confounding effects of the beaver dams on measured ecosystem responses, study reaches
in both streams were > 490 m from the barrier dam. Neither stream received appreciable

tributary input between treatment and control reaches.

Field methods: hydrogeomorphic differences between systems

To characterize hydrogeomorphic differences between streams, I collected a suite of
abiotic variables. I manually measured discharge just upstream from tributary mouths at
irregular intervals depending on the hydrologic stage between April and November
(interval range = 4-29 days; Indian Creek: n = 20; Trout Creek: n = 21). I measured
wetted channel widths (Indian Creek: n = 89; Trout Creek: n = 75) in both channels
during July, reasoning this time period represented average conditions between spring
and fall flow extremes. To enable a more complete comparison of hydrogeomorphic
conditions, estimates of depth, velocity, channel units (i.e., riffle, run, pool), and
particulate retention were generated by sampling three representative 100-m reaches in
each stream during baseflow. At each reach, depth and velocity were measured
longitudinally along the thalweg at 5-meter intervals and the proportional length of

different channel units was estimated visually. I followed procedures outlined by
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Lamberti & Gregory (2006) to determine particulate retention rates. Abscised and air-

dried Ginkgo biloba leaves (n = 500; soaked overnight prior to release to ensure neutral
buoyancy) were released at the upstream end of each reach, and the number of leaves
collected at the downstream end was monitored for a specified period of time (30 and 60
minutes in Trout and Indian Creeks, respectively). At the conclusion of the collection
period, an inventory of retained leaves was performed by counting the number of leaves
within each five-meter interval of the reach. When > 25% of the total number of located
leaves was collected at the downstream end of reaches, I fit leaf retention data to a
negative exponential decay model P; = Pye~*? where P, is the number of particles
released into the reach, P, is the number of particles still in transport at some downstream
distance d from the release point, and k is the particulate retention rate. In all other
cases, I used the retention inventory (73-94% of released leaves were detected) to
calculate a weighted average distance traveled by an individual leaf, and assumed k was

the reciprocal of that distance.

Field methods: ecosystem responses

To determine the effects of BCT and KOK on periphyton, I measured benthic algal
biomass (as chlorophyll-a) on substrates collected from two areas — one that was used by
spawning migrants, and one that was not. Particles were collected at or near peak
spawning activity for both species. During the BCT migration, I collected all particles
from the treatment reach. Iused particles from obvious spawning redds to serve as
“treatment” samples and particles from undisturbed areas as “control” samples. In both

cases, I selected particles haphazardly. To eliminate the possibility of misidentifying
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spawning locations, I collected particles from random locations in treatment and control

reaches during KOK sampling. I was interested in the effect of particle size on the
periphyton response to migrants (Holtgrieve et al., 2010), so I used pebble counts
(Wolman, 1954) of 100-200 particles in each reach to identify four size quartiles based
on the length of the B-axis (2““l longest side; see Table A-3 in Appendix). I collected
three to eight particle “samples” from each of the four size classes during periphyton
sampling, grouping multiple particles from the same size class to form composite
samples in some cases. | categorized all particles <9 mm as fines, and collected samples
from this size class by sliding a plastic spatula under an inverted specimen cup inserted
into benthic substrates (Hoellein et al., 2009). I scrubbed the exposed surface area of
collected particles, rinsed them with water, and recorded the total volume of the
generated periphyton slurry. I then filtered a known slurry volume onto pre-ashed
Whatman GF/F filters, wrapped filters in aluminum foil, and froze them. For fine
particles, which could not be scrubbed individually, I added a known volume of water to
sample containers, shook them vigorously for one minute, allowed settling for 90
seconds, and used a syringe to remove supernatant for filtration. In the lab, I extracted
chlorophyll-a from samples for 24 h at 4°C in 95% ethanol following a 5-minute hot
(78°C) water bath (Biggs & Kilroy, 2000), and analyzed samples fluorometrically
(Aquafluor fluorometer, Turner Designs, Sunnyvale, CA). To express chlorophyll-a on
an areal basis, I digitally photographed the exposed area of each particle and determined
surface area using Image J software (Rasband, ImageJ), summing multiple particle

surface areas when necessary.
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I collected duplicate water samples from the downstream end of treatment and control

reaches every 1-3 weeks between April and November (Indian Creek: n = 14; Trout
Creek: n = 15) to evaluate temporal changes in dissolved nutrient concentrations. I
filtered samples in the field through pre-ashed Whatman GF/F filters into acid-washed
Nalgene bottles, stored them on ice in the dark, and froze them (within four hours) until
analysis. Samples were analyzed spectrophotometrically for NH4-N, NO3-N, and SRP
(3020 Autoanalyzer, Astoria-Pacific Inc., Clackamas, OR) at the Utah State University
Aquatic Biogeochemistry Lab (Logan, UT).

To determine if BCT or KOK altered autotrophic nutrient limitation, I used nutrient-
diffusing substrates (NDS) following the protocols of Tank ef al. (2006). NDS
consisted of plastic cups filled with approximately 30 mL of agar amended with one of
three treatments: NH4-N (0.5 M NH4Cl), PO4-P (0.5 M KH,PO,), or NH4 + POy, and a
control with no nutrients added. I used NH4 and PO4 because they are the primary
inorganic forms of nitrogen (N) and phosphorus (P) excreted by freshwater fishes (Wood,
1995; Vanni, 2002). For deployment, I attached NDS to plastic bars in random order,
nailed bars into benthic substrates in a riffle area, and placed bars perpendicular to flow.
To evaluate temporal changes in limitation, I deployed replicates (n = 5-7) of each NDS
treatment in treatment and control reaches of each stream at three different times: during
BCT spawning, between BCT and KOK spawning, and during KOK spawning.
Additional sampling events were not possible given the incubation time (18-22 days) for
NDS, the temporal length of adfluvial migrations, and weather constraints that limited
site access prior to BCT migrations. At the end of each incubation period, I placed discs

in individual containers, put them on ice and froze them (within two hours) until analysis.
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[ measured chlorophyll-a on each disc following a 20-hour extraction in 95% ethanol at

room temperature, and used a non-acidification method (Welschmeyer, 1994) for
fluorometric analysis (10-AU fluorometer, Turner Designs, Sunnyvale, CA).

I used stable isotopes (8'°C and 8'°N) to determine whether migrant-derived nutrients
were incorporated into stream food webs. I focused my stable isotope analyses on
periphyton and scraper invertebrates, reasoning that any fertilization effects associated
with migrant presence would appear first in basal resources (i.e., periphyton) prior to
consumption by herbivores (i.e., scrapers). I collected stable isotope samples of
periphyton and scrapers from control and treatment reaches in both streams. To collect
periphyton samples, I scraped substrates following established procedures (Steinman,
Lamberti & Leavitt, 2006), and I collected invertebrates from nine randomly selected
riffle habitats with a Surber sampler (mesh = 500 um). Invertebrates were preserved in
70% ethanol in the field. I generated three replicate periphyton and scraper samples at
each one of five different time points (before BCT spawning, during BCT spawning,
between BCT and KOK migrations, during KOK spawning, after KOK spawning) to
evaluate temporal variation in stream food webs. Individual periphyton replicates were
generated by haphazardly collecting six substrate particles from each third of every
sampling (treatment or control) reach. I scrubbed particles in the field, and pooled each
slurry from six particles as a composite sample. Slurries were placed on ice and frozen
within four hours until analysis. To prepare periphyton samples, I thawed slurries and
homogenized them before withdrawing a subsample that was dried to constant mass at
60°C in a glass petri dish. 1 generated invertebrate replicates by identifying scrapers

common to treatment and control reaches in each stream (Indian Creek: Optioservus spp.
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[Elmidae] larvae; Trout Creek: Heptageniidae larvae), and drying three groups of

multiple individuals to constant mass at 60°C. Dried periphyton and scraper samples
were homogenized and weighed in tin capsules (Costech Analytical Technologies Inc.,
Valencia, CA), and shipped for natural abundance 8"°C and 8'°N analysis at the
University of California at Davis Stable Isotope Facility (PDZ Europa ANCA-GSL
elemental analyzer interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer,
Sercon Ltd., Cheshire, UK). Values are reported as the difference between stable isotope
ratios of samples and international lab standards (Vienna Peedee Belemnite for 8"°C and

atmosphere N, for 8'°N), and are referred to as delta (8) values in units of per mil (%o).

Statistical analyses

When possible, I used #-tests to examine hydrogeomorphic differences between
streams. To evaluate the effects of migrants and particle size on periphyton biomass, I
used two-way ANOVA with migrants (present or absent) and particle size as factors for
each stream-species combination (7 =4). When there was a significant interaction, I used
t-tests to examine the effect of migrants on each one of the particle size quartiles, using a
Bonferroni-adjusted a value of 0.0125 (0.05/4). To evaluate temporal patterns in
dissolved nutrients and stable isotope values, I used repeated measures ANOVA
(rmANOVA) with time and migrants (i.e., treatment vs. control reaches) as factors.
Separate analyses were performed for each stream-nutrient combination (n = 6; e.g.,
Collins et al., 2011) and each stream-biota-isotope combination (n = 8). Significant
migrant x time interactions indicated divergent conditions between treatment and control

reaches. [ used two-way ANOVA to with the presence and absence of each nutrient (N
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and P) as factors to determine which nutrient was limiting autotrophic growth (Tank et

al.,2006). Additionally, I calculated nutrient response ratios (NRR; Tank & Dodds,
2003) to compare the relative magnitude of the response of algal biomass to nutrient
addition between locations (treatment vs. control) and among time periods. I used
bootstrapping (1000 iterations) to generate mean NRR values and 95% confidence
intervals for each NDS treatment-time-location combination (n = 18) in each stream. |
used oo = 0.10 for all tests of statistical significance with dissolved nutrient concentrations
due to low sample sizes and high expected variability. For all other response, [ used o =

0.05. R 3.0.1 (R Development Core Team, 2013) was used for all analyses.

RESULTS
Hydrogeomorphic differences between streams

The hydrogeomorphic environment differed significantly between Indian and Trout
Creeks (Table 3-1). Mean discharge, velocity (maximum and average), % riffle habitat,
and channel slope were all lower in Indian Creek than in Trout Creek (all P <0.015;
Table 3-1). Conversely, average depth, wetted channel width, % pool and run habitat,
sinuosity, and particulate retention were all higher in Indian Creek (all P < 0.045; Table

3-1).

Migrant density patterns between streams

While less pronounced than the hydrogeomorphic distinctions, migrant densities also
differed between streams. Average live BCT (0.058 + 0.011 ind m™; mean + SE) and
carcass (0.010 + 0.003 ind m™) densities were 1.5 and 14 times higher in Indian Creek,

respectively, but mean densities of live KOK (0.111 + 0.020 ind m™) were 2.5 times



60
higher in Trout Creek (Fig. 3-1). Average KOK carcass densities (0.017 ind m™) were

similar between streams.

Ecosystem responses to adfluvial migrants

Spawning activity of BCT and KOK tended to be associated with benthic disturbance,
as mean periphyton chlorophyll-a values were lower (25 + 16% decrease) on treatment
substrates than on control substrates in 12 of 16 possible combinations. However, the
magnitude of the response differed between systems and as a function of particle size
(Fig. 3-2). While these data imply disturbance from spawning affects periphyton, the
statistical results were not corroborative in all cases. Migrants did have significant (both
P <0.035; Table 3-2) effects on chlorophyll-a biomass in Indian Creek, regardless of
species. Additionally, there was a significant fish x size interaction during BCT
spawning in Trout Creek, with chlorophyll-a lower on treatment substrates than on
control substrates for size C particles only (z = -4.20, df = 4.8, P = 0.009; Fig. 3-2 B).
However, neither fish nor particle size had significant effects on chlorophyll-a biomass in
Trout Creek during the KOK migration (Fig. 3-2 D). Average periphyton responses
during BCT migration were not significantly different from those during KOK migration
(t=-1.70,df =14, P=0.110).

BCT and KOK migrations had relatively moderate impacts on dissolved inorganic
nitrogen (DIN) concentrations in only Trout Creek. NH4 and NO; concentrations were
both influenced by the interaction between migrants (i.e., treatment vs. control reaches)
and time (Table 3-3), and these differences appeared closely related to changes in

treatment reach concentrations. In particular, there was divergence in concentrations
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between the treatment reach and the control reach at the onset of the KOK migration for

NH; (Fig. 3-3 A), as well as during the middle of the KOK migration for NO; (Fig. 3-3
B). The only other significant migrant x time interaction was for NO; in Indian Creek
(Table 3-3). However, this result was driven largely by temporal patterns of NO3
concentrations in the control reach, which exhibited substantially more temporal variation
than those in the treatment reach (Fig. 3-4 B).

Neither BCT nor KOK consistently altered patterns of autotrophic nutrient limitation
between creeks. Adfluvial migrants were only associated with alleviating nutrient
limitation in Trout Creek, where the control reach was N-limited during the BCT
migration in Trout Creek, but the treatment reach displayed no form of nutrient limitation
(Table 3-4). During other time periods in Trout Creek, autotrophic responses were
similar between treatment and control reaches (Table 3-4). NDS deployment in Indian
Creek revealed consistent N limitation over time in the treatment reach, suggesting
migrants did not alleviate autotrophic nutrient limitation (Table 3-4). In contrast, nutrient
limitation in the Indian Creek control reach varied among time periods, with no single
incident of strict N limitation.

Calculated NRR results were similar to the NDS results and indicated relatively little
impact of adfluvial migrants on patterns of nutrient limitation or inhibition (Fig. 3-5).
The one exception was associated with the Trout Creek BCT migration, where mean
NRR values for the N treatments (+N, +N+P) were lower in treatment reaches than in
control reaches, indicating potential alleviation of N limitation (Fig. 3-5 B). Generally
speaking, mean NRR values did not exhibit much variation between control and

treatment reaches, as evidenced by the frequency with which confidence intervals
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overlapped. Likewise, patterns in NRR values were largely similar between control and

treatment reaches among different NDS treatments during individual incubations.
Finally, temporal trajectories of NRR values were similar between control and treatment
reaches, regardless of NDS treatment.

Isotopic signatures in Trout Creek provided the greatest support for the incorporation
of migrant-derived nutrients into stream food webs. Mean values of periphyton and
scraper (Heptageniidae larvae) 8'°N both increased in the treatment reach compared to
the control during sampling events coinciding with migrant presence, although the
migrant x time interaction was not significant for periphyton (Fig. 3-6 C-D; Table 3-5).
Additionally, there was a significant migrant x time interaction for scraper 8"°C, which
appeared to be driven by divergence between treatment and control reaches during the
BCT migration (Fig. 3-6 B). KOK tissue values for '°C were -31.3 + 0.7 and 14.5 £ 0.1
(mean % SE; n = 5) for 8°N and, assuming relatively similar values for BCT tissue, it is
likely that assimilation of migrant-derived nutrients would have enriched scraper 8'°C as
well as periphyton and invertebrate 8'"°N. Similar patterns were not observed in Indian
Creek, where significant migrant x time interactions, when present, were characterized by

isotopic depletion in treatment reach samples (Fig. 3-7; Table 3-5).

DISCUSSION

It is increasingly clear that ecosystem-level effects of fishes in streams are context-
dependent (Vanni, 2010). Consequently, it is important to consider not only the
magnitude and direction of fish effects, but also different abiotic and biotic factors that

influence them (e.g., Janetski ef al., 2009). In this study, the most substantial effect of
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migratory BCT and KOK in Strawberry Reservoir tributaries was associated with benthic

disturbance that decreased periphyton chlorophyll-a concentrations. Beyond this effect,
the strongest and most consistent result of fish migrations appeared to be DIN additions
in Trout Creek, which was associated with the alleviation of autotrophic N limitation and
elevated 8'°N values in primary producers and consumers. These results suggest the
potential for migratory fishes to influence characteristics of stream ecosystems, but
observed responses were not necessarily consistent with my original predictions. Such
deviation from expectations illustrates that ecosystem responses to introduced salmonids
often depend upon biotic and abiotic characteristics associated with individual streams

and fish taxa.

Ecosystem responses to adfluvial salmonid migrations

In general, periphyton biomass was lower on treatment particles than on control
particles, suggesting that introduced salmonids disturb benthic substrates while spawning
in Strawberry Reservoir tributaries. Additionally, results suggest the benthic disturbance
is partially mediated by abiotic (i.e., substrate) characteristics of streams. This response
is not surprising given the large size of the adfluvial migrants (Strawberry River 2012
fish trap size estimates [TL, mm/wet weight, g]: BCT = 488/872, KOK = 450/886; A.
Ward & J. Robinson, unpubl. data), spawning behaviors that involve repeated contact
with benthic sediments (Sigler & Sigler, 1996), and the relatively small substrate size
classes observed in Trout and Indian Creeks (Table A-3). Holtgrieve et al. (2010) studied
periphyton response to Pacific salmonids in Alaska and identified size thresholds for the

disturbance of benthic particles (vulnerable: < 60 mm B-axis; invulnerable > 110 mm).
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Comparing these thresholds with observed particle size distributions, 91 and 76% of

benthic sediments were vulnerable in treatment reaches of Trout and Indian Creeks,
respectively. However, at the time of spawning, anadromous Pacific salmon are
frequently larger than Strawberry Reservoir BCT and KOK (Groot & Margolis, 1991).
Therefore, the threshold of substrate vulnerability is likely lower than the 60-mm value
determined by Holtgrieve ef al. (2010), which may be biased toward larger particles.
Consequently, it is reasonable to assume that benthic disturbance associated with
Strawberry Reservoir salmonids would be strongest where the proportion of smaller
substrates is greatest. Indeed, 35 and 50% of Indian Creek substrates were <4 mm and <
20 mm (B-axis), respectively, whereas these size classes constituted 11 and 37% of Trout
Creek substrates. These patterns of substrate vulnerability were largely consistent with
statistical results. Adfluvial migrants had significant negative effects on chlorophyll-a
biomass in Indian Creek, regardless of species. In contrast, disturbance effects of BCT in
Trout Creek were limited to one particle size class, and KOK did not have significant
effects on chlorophyll-a (Table 3-2).

Observed patterns of disturbance related to adfluvial migrants in Strawberry
Reservoir tributaries were consistent with results of similar taxa in other systems. Studies
of introduced salmonids in Great Lakes tributaries have reported similar or greater
disturbance effects on periphyton biomass, with migrant density and biomass often
playing key roles in the magnitude of observed effects (Collins ef al., 2011; Janetski et
al.,2014). The most common non-native salmonids in the Great Lakes are Chinook and
coho, and individuals are considerably larger than Strawberry Reservoir BCT and KOK

(Chinook = 4080 g; coho = 2260 g; Collins et al., 2011). This size difference may
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explain why observed disturbance effects were not even more pronounced in Indian and

Trout Creeks.

In addition to disturbance effects, I observed isolated evidence of DIN additions
associated with BCT and KOK migrations. The effects were generally weak, however,
and likely reflected observed differences between migrant-derived nutrient fluxes and
ecosystem nutrient demand. There were different nutrient trajectories between treatment
and control reaches, particularly for NH4 and NO; and Trout Creek (Fig. 3-4 B-C), but
there was not strong, consistent evidence of elevated nutrient concentrations during
migration periods. However, the relatively weak responses of water column dissolved
nutrients to BCT and KOK largely reflect patterns reported in the literature for introduced
salmonids. While some studies have reported increased nutrient concentrations in
response to migrations (e.g., Richey et al., 1975; Schuldt & Hershey, 1995; Collins ef al.,
2011), others have failed to detect responses, often attributing the absence of responses to
higher ambient dissolved nutrient concentrations (e.g., Sarica et al., 2004; Ivan et al.,
2011; Janetski et al., 2014). Furthermore, specific patterns of benthic nutrient demand
will influence whether or not water column concentrations increase. My measurements
of benthic nutrient uptake, which serves as a proxy for demand, indicated that it often
exceeded nutrients supplied by migrant excretion during 2012, especially for SRP and in
Indian Creek (Chapter 2). Thus, it is not surprising that the positive nutrient responses I
observed during adfluvial migrations in Strawberry Reservoir tributaries were for NHy4
and NOj; in Trout Creek, where excess DIN from migrant excretion or carcass
decomposition may elevate water column concentrations after demand is saturated. The

NOs response may be explained by increased nitrification rates, a result that has been
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observed in Pacific salmon streams in Alaska (Levi ef al., 2013). While we did not

measure nitrification rates, observed temporal patterns of NH4 and NOj3 in Trout Creek
during KOK migration were consistent with this hypothesis — peaks in NH4
concentrations preceded those of NO3, suggesting the possibility of NH4 conversion to
NOj; via nitrification.

Beyond changes in DIN concentrations, migrant-derived nutrients appeared to have
isolated effects on autotrophic nutrient limitation and energy flow within stream food
webs. However, the inconsistency of significant migrant effects suggests nutrients
delivered by BCT and KOK migrations did not produce strong responses in these stream
characteristics during 2012. In Trout Creek, BCT appeared to alleviate NH4 limitation
present in the upstream control reach (Table 3-4), and lower mean NRR values for the
nitrogen NDS treatments (+N, +N+P) in the treatment reach relative to the control reach
(Fig. 3-5 B) supported this pattern. The potential for BCT to alleviate NH4 limitation was
suggested by migrant nutrient supply and benthic demand data collected in Trout Creek.
NH,4 excreted by BCT was capable of meeting 95% of benthic NH4 demand (Chapter 2),
which indicates the likelihood that migrant-derived NH4 (from excretion and carcass
decomposition) can alleviate existing NH, limitation. In contrast, migrant NHy4 excretion
only met 46-65% of benthic NH4 demand in Indian Creek (Chapter 2), suggesting they
were not capable of altering NHy4 limitation that persisted throughout 2012. The
relatively small effects of BCT and KOK on patterns of nutrient limitation are consistent
with Rand ef al. (1992) and Janetski et al. (2014), neither of which found consistent
alteration of nutrient limitation by introduced salmonids in Great Lakes tributaries.

However, they contrast with another study that showed substantial salmon effects on
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temporal patterns of nutrient limitation (Ruegg et al., 2011). These contradictory results

suggest that the effect of salmonids on nutrient limitation is variable and likely dependent
on interactions between migrant-derived nutrient fluxes and background nutrient
concentrations.

The incorporation of migrant-derived nutrients into stream food webs was limited to
Trout Creek, where patterns of isotopic enrichment in scrapers were evident during
migrations. Enrichment patterns were not evident in periphyton, however, which
suggests that Trout Creek scrapers (Heptageniid mayflies) used other food resources.
Janetski et al. (2009) also reported moderately stronger isotopic enrichment in
invertebrates than in periphyton, although enrichment effects of the focal taxa (Pacific
salmon) were positive for both organisms. Similar to this study, Schuldt & Hershey
(1995) and Fisher Wold & Hershey (1999) reported 8'°N enrichment of stream biota
(grazing mayflies, periphyton) in Lake Superior tributaries where introduced Chinook
salmon spawn. However, studies that examine isotopic responses of stream biota to
migratory fishes other than anadromous Pacific salmon are rare (but see Walters, Barnes
& Post, 2009 and Childress et al., 2014 for other examples reporting incorporation of

migrant-derived N).

The role of context

I found moderate support for the prediction that that nutrients delivered by
semelparous KOK that migrate during reduced flow periods and exhibit population-wide
post-spawning mortality would have stronger ecosystem effects. For example, migrant x

time interactions for NH4 and NOj; concentrations in Trout Creek appeared to be more
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strongly related to the KOK migration (Fig. 3-3 A-B). Likewise, differences in Trout

Creek scraper 8'°N between treatment and control reaches were more pronounced during
the KOK migration than during the BCT migration (Fig. 3-6 D). However, Trout Creek
scraper 8'°C values diverged between treatment and control reaches during the BCT
migration (Fig. 3-6 B), and BCT appeared to alleviate NH4 limitation in Trout Creek
(Table 3-4).

In addition to variation between species, I expected to find more evidence for the
incorporation of migrant-derived nutrients in Indian Creek because of greater
hydrogeomorphic retentiveness than Trout Creek (Table 3-1). However, all available
lines of evidence (nutrient concentrations, autotrophic nutrient limitation, stable isotopes)
suggested that effects of migrant-derived nutrients were stronger or more likely in Trout
Creek. Consequently, it appears that measures of hydrogeomorphic retention are not
good predictors of adfluvial salmonid effects, at least in the Strawberry Reservoir
tributaries I sampled. Alternatively, the measures I used to quantify hydrogeomorphic
retention did not accurately reflect that characteristic in these streams.

Beyond hydrogeomorphic differences between streams and variation in species
reproductive strategies and timing, there are other factors capable of mediating ecosystem
responses to migratory fishes. Density can be an important regulator of migrant effects
(e.g., Moore & Schindler, 2008; Janetski ef al., 2014), but there were not striking
differences in migrant densities between species or streams (Fig. 3-1). Background
nutrient concentrations have also been suggested as an important regulator of fish effects
(Flecker et al., 2010), and work in Great Lakes tributaries has frequently attributed

relatively moderate effects of introduced salmonids to dissolved nutrient concentrations
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that are much higher than streams within the native range of Pacific salmonids (e.g.,

Janetski et al., 2014). During 2012, ambient concentrations of NH4 and SRP were
relatively low in Indian (NHs ~ 12 pg L'; SRP ~ 2.5 pg L") and Trout (NHs ~ 17 pg L™';
SRP ~ 2.3 ug L") Creeks, however, so background nutrient levels, in isolation, may not
be good predictors of salmonid effects in all systems. Rather, it may be more informative
to consider the magnitude of migrant-derived nutrient fluxes relative to nutrient demand
in recipient habitats. Finally, interannual variation in discharge and migrant density
could influence migratory fish effects. In particular, migrant biomass:discharge ratios
may be good predictors of effect magnitudes, at least for effects related to nutrients (e.g.,
water column concentrations, isotopic enrichment; Janetski et al., 2009). However, such
ratios were higher during 2012, a relatively dry year, in Strawberry Reservoir tributaries
than during 2011, which was a relatively wet year (Chapter 2). Consequently,
ecosystem-level effects related to BCT and KOK in Indian and Trout Creeks may be
limited by migrant densities and biomass that are relatively low compared with native

salmon streams in the Pacific Northwest and Great Lakes tributaries.

CONCLUSION

Results from this study suggest that benthic substrate disturbance associated with
introduced migratory salmonids can be substantial in areas outside of the Great Lakes
region. Additionally, adfluvial migrations may provide nutrients that produce changes in
ambient concentrations, nutrient limitation, or energy flow through stream food webs.
However, the magnitude of such nutrient-related effects likely depends on the relative

size of migrant-derived nutrient fluxes and may be smaller than that associated with
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benthic disturbance. Similar to work done with non-native salmonids in other systems,

fish effects were not consistent among and within the responses [ measured. Such
inconsistency illustrates that ecosystem responses to introduced salmonids often depend
upon biotic and abiotic characteristics associated with individual streams and fish taxa.
Generalizations regarding fish effects on stream ecosystem properties remain elusive, but
studies that identify or confirm the important role of mediators like reproductive
characteristics of species, hydrogeomorphic features of streams, and migrant densities
can help researchers and managers anticipate and understand consequences associated

with introduced salmonids.
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Table 3-1 Comparison of hydrogeomorphic characteristics between Indian and Trout Creeks. In cases where multiple measurements
were made, data are presented as means (SE). Statistically significant (o0 = 0.05) differences between streams are underlined. Q,
discharge; Upmax, maximum velocity; U, velocity; WCW, wetted channel width; k, particulate retention.

Q Umax U Depth WCW Pool Riffle Run k . .
m's)  (msh) (ms)  (m) (m) % % % (m?y  Slope  Sinuosity
. 0.065 0.36 0.15 0.24 3.01 15 34 51 0.0192
Indian Creek 0.012)  (0.03) (0.04) (0.03) (0.09) ©) ®) (©6) ©0.0026) 001 1.64
0.094 0.69 0.69 0.14 1.97 0 95 5 0.0062
Trout Creek (0.003)  (0.03) (0.04) (0.01) (0.07) (0) ©) ) ©.0021) %9 1.18
t 2.60 757 -9.48 2.94 9.10 6.38 -7.29 6.79 3.93
af 39 39 4 4 162 4 4 4 4
P 0013 <0001 <0001 0042 <0001  0.003 0.002 0.002 0.017

9L
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Table 3-2 Two-way ANOVA results for periphyton biomass (as chlorophyll-a; ug cm™)
as a function of fish (present or absent) and particle size (four size classes). Statistically
significant (o = 0.05) effects are underlined.

Indian Creek, BCT

Indian Creek, KOK

factor df SS F P df SS F P
Fish 1 14.802  4.978 0.032 1 19.556 6.660  0.014
Size 3 6.361  0.713 0.550 3 21335 2422 0.082
Fish x size 3 13.805 1.548 0.218 3 15338 1.741 0.176
Residuals 38 112.983 36 105.718
Trout Creek, BCT Trout Creek, KOK

factor df SS F P df SS F P
Fish 1 0.023  0.011 0.919 1 0.965  1.653 0.207
Size 3 64865 9.766 <0.001 3 2.849 1.626  0.200
Fish x size 3 31332 4717 0.009 3 3.371 1.924  0.143
Residuals 27 59.778 36 21.022




Table 3-3 Repeated measures ANOVA results for dissolved nutrient concentrations as a function of migrants (treatment vs. control
reaches) and time. Statistically significant (o = 0.10) effects are underlined.

NH, (ug L) NO; (ug L™ SRP (ug L)

Indian Cr Source df SS F P df SS F P df SS F P
Between subjects
Migrants 1 0.64 0.66 0.503 1 6601 1124 <0.001 1 6.11 7.27 0.114
Residuals 2 1.96 2 12 2 1.68
Within subjects
Time 13 739.80 4.68 <0.001 13 12158 152 <0.001 13 26.81 1.76 0.106
Migrants x time 13 102.30 0.65 0.793 13 2336 29 <0.001 13 16.97 1.12 0.390
Residuals 26  316.30 26 160 26 30.42

Trout Cr Source df SS F P df SS F P df SS F P
Between subjects
Migrants 1 608.70 71.74 0.014 1 144492 21198 <0.001 1 7.00 20.43 0.046
Residuals 2 17.00 2 14 2 0.69
Within subjects
Time 14 621.40 5.76  <0.001 14 13798 24  <0.001 14 4320 11.31 <0.001
Migrants x time 14 313.40 2.91 0.008 14 6429 11  <0.001 14 2.96 0.78 0.685
Residuals 28  215.80 28 1127 28 7.64

8L



Table 3-4 Results and interpretation of two-way ANOVAs for nutrient-diffusing substrata (NDS) responses (chlorophyll-a; pg cm™)
during three different time periods in 2012. NDS were deployed in two reaches (T = treatment; C = control) of each stream during
each time period. NDS treatments were nitrogen (N as NHy), phosphorus (P as POy), nitrogen and phosphorus together (N+P), and the
status of each stream-time combination is indicated as nutrient-limited (%), nutrient-inhibited (), or neither (none). Limitation types
are N, primary N and secondary P (1°N,2°P), and co-limitation by N and P (co), and were assigned following Tank & Dodds (2003).
Inhibition types are N* (inhibition by N in the absence of P) and co* (inhibition by N and P in isolation). Interpretation of inhibition
results was based on inspection of chlorophyll-a data. Statistically significant effects (o = 0.05) are underlined.

BCT migration Between migrations KOK migration
N P N-+P Status N P N+P Status N P N+P Status
Indian Cr,C  <0.001  0.004  0.008 co” <0.001  0.084  0.039 1°N.2°P" 0329 0447 0410 none
Indian Cr, T 0.031 0914  0.056 N* <0.001  0.867 0457 N* 0.039 0209  0.089 N*
Trout Cr, C 0.008 0729  0.884 N* 0.021 <0.001 <0.001 N#! 0.978  0.797  0.008 co*!
Trout Cr, T 0214 0487  0.564 none 0.072  0.007 <0.001 N#! 0.052  0.001  0.080 N#!
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Table 3-5 Repeated measures ANOVA results for food web stable isotope (8"°C and 8'°N) values as a function of migrants (treatment
reaches vs. control reaches) and time. Statistically significant (o = 0.05) effects are underlined.

Periphyton §'°C Periphyton 3'°N Scraper 8"°C Scraper 8"°N

Indian Cr  Source df SS F P df SS F P df SS F P df SS F P
Between subjects
Migrants 1 19.88 2.46 0.192 1 8.34 9.83 0.035 1 29.62 181.20 <0.001 1 0.20 1.23 0.330
Residuals 4 32.35 4 3.40 4 0.65 4 0.65
Within subjects
Time 4 21030 11.82 <0.001 4 84.80 29.08 <0.001 4 8.39 7.78 0.001 4 1332 9.20 <0.001
Migrants x time 4 36.69 2.06 0.134 4 2.38 0.82 0.533 4 7.67 7.12 0.002 4 4.41 3.05 0.048
Residuals 16 71.20 16 11.67 16 4.31 16 5.80

Trout Cr Source df SS F P df SS F P df SS F P df SS F P
Between subjects
Migrants 1 14745 4143 0.003 1 5.69 5.11 0.087 1 200.88 513.50 <0.001 1 1.80 3.18 0.149
Residuals 4 14.24 4 4.46 4 1.56 4 2.27
Within subjects
Time 4 136.64 1492 <0.001 4 3.72 1.66 0.208 4 4.41 9.21 <0.001 7.87 7.91 0.001
Migrants x time 4 14.89 1.63 0.216 4 4.87 2.17 0.118 4 13.61 2842 <0.001 1776 1784 <0.001
Residuals 16 36.64 16 8.96 16 1.92 16 3.98

08
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Fig. 3-1 Live migrant and carcass densities in Indian (A) and Trout (B) Creeks during
2012. Spring migrants are Bonneville cutthroat trout (BCT; O.clarkii utah) and fall
migrants are kokanee salmon (KOK; O.nerka). Densities are based on streamside
migrant counts and reflect areas associated with designated treatment reaches in each
stream.
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Fig. 3-2 Benthic substrate chlorophyll-a biomass as a function of migrant presence and
particle size. Substrates were sampled during periods at or near peak migrant densities
for BCT in Indian (A) and Trout (B) Creeks, as well as for KOK in Indian (C) and Trout
(D) Creeks. Migrants were present and active in areas where treatment (T) particles were
collected and absent or inactive in locations where control (C) particles were collected.
Particle size classes were delineated using quartiles associated with B-axis diameter, and
denote increasing size from A to D. Statistically significant (o = 0.05) differences
between T and C particles associated with post-hoc testing of significant fish x particle
size interactions are denoted with *. Bars represent mean values + 1 SE.
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Fig. 3-3 Concentrations of NH4 (A), NO3 (B), and SRP (C) during 2012 in Trout Creek.
Samples were collected at the downstream ends of treatment (T) and control (C) reaches.

Shaded areas indicate periods of migrant presence (spring = BCT; fall = KOK). Values
are presented as means + 1 SE (n = 2).
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Fig. 3-4 Concentrations of NHy4 (A), NO3 (B), and SRP (C) during 2012 in Indian Creek.
Samples were collected at the downstream ends of treatment (T) and control (C) reaches.
Shaded areas indicate periods of migrant presence (spring = BCT; fall = KOK). Values
are presented as means £ 1 SE (n = 2).
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Fig. 3-5 Nutrient response ratios (NRR; In [treatment/ control]) of chlorophyll-a on
nutrient diffusing substrates from separate time periods in Indian (A) and Trout (B)
Creeks during 2012. Shown are bootstrapped means and 95% confidence intervals for
each nutrient treatment (+N, +P, and +N+P) in two reaches (T = treatment; C = control)
of each stream. BCT = during BCT migration, BETWEEN = time between BCT and

KOK migrations, KOK = during KOK migration.
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Fig. 3-6 Stable isotope (8"°C and 8'°N) values for periphyton (A and C) and scraper
invertebrates (Heptageniidae larvae; B and D) in Trout Creek during 2012. Shaded areas
indicate periods of migrant presence (spring = BCT; fall = KOK). Values are presented

as means = 1 SE (n = 3).

86



87

-15 =30 B
inv
-32
-20
-34
@)
(a9}
“© 36 qgooe-Ommne O
-25 -Q g
1
-38
-30 - -40 -
I I I I I I I |
12 c 10
peri
9 -
8 —
7 -
6 -
I I I I I I |
May Jun Jul Aug Sep Oct Nov May Jun Jul Aug Sep Oct Nov

Fig. 3-7 Stable isotope (8"°C and 8'°N) values for periphyton (A and C) and scraper
invertebrates (Elmidae larvae, Optioservus spp.; B and D) in Indian Creek during 2012.
Shaded areas indicate periods of migrant presence (spring = BCT; fall = KOK). Values
are presented as means £ 1 SE (n = 3).
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CHAPTER 4

A QUANTITATIVE SYNTHESIS OF FISH EFFECTS ON TEMPERATE STREAM

ECOSYSTEM STRUCTURE AND FUNCTION

SUMMARY

1.

A number of individual studies have demonstrated the ability of fishes to affect
stream ecosystem structure and function. However, a general consensus of the
magnitude and direction of fish effects has not emerged. Furthermore, changing
biotic and abiotic conditions in streams make it difficult to predict when and
where fish effects will be strongest.

I conducted a quantitative synthesis (meta-analysis) of fish effects on structural
(dissolved nutrient concentrations, periphyton biomass and composition) and
functional (leaf decomposition and net ecosystem metabolism) characteristics of
temperate stream ecosystems. In the analysis, [ examined how fish effect sizes, or
the magnitude of observed differences between the presence and absence of
fishes, varied as a function of different biotic, abiotic, and methodological factors.
Additionally, I compared how effect sizes differed between a frequently used but
restrictive data extraction approach and a less restrictive data extraction approach

that accounts for non-independence among observations.

. Across 62 species included in the analysis, fishes had consistent positive effects

on NHy, soluble reactive phosphorus, and chlorophyll-a. The magnitude and
direction of effect sizes differed among trophic guilds and taxonomic groups,

whereas no significant differences were observed for abiotic and methodological
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covariates. In some cases, the magnitude of effect sizes were comparable with

native Pacific salmon, a taxa long regarded for having significant effects on the
structure and function of freshwater habitats. The different data extraction
approaches generally produced consistent results, but the restricted approach that
limits the potential to extract multiple observations from a single study decreased
the variance of effect size estimates, thereby raising the potential to identify
significant effect sizes.

4. As one of the most conspicuous components of temperate stream ecosystems,
fishes are likely to influence ecosystem structure and function given their trophic
interactions, influence on nutrient dynamics, interactions with the benthic
environment, and movement patterns. My results provide empirical support for
this general idea and indicate the potential of a range of fishes — from small-
bodied herbivores to large migratory species — to have substantial ecosystem-level

effects in streams.

INTRODUCTION

The role of abiotic factors (e.g., hydrology, temperature, light) in controlling stream
ecosystem structure and function has long been recognized (Allan & Castillo, 2007).
Over the past 30 years, stream ecologists have realized that lotic ecosystem dynamics
may also be influenced by species interactions with other organisms and the physical
environment (Vanni, 2010). Biotic control of stream ecosystem structure and function

has been demonstrated for a wide range of taxa (e.g., Naiman, Melillo & Hobbie, 1986;
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Strayer et al., 1999; Crowl et al., 2001), although questions remain about the ubiquity

and magnitude of animal-mediated regulation of lotic ecosystem dynamics.

Among lotic organisms, fishes are especially likely to exert control over stream
ecosystem structure and function given the variety of trophic interactions among them
and other stream organisms, their influence on nutrient availability via sequestration and
recycling, interactions with the benthic environment, and their relatively high mobility
(Matthews, 1998; Vanni, 2002; Moore, 2006; Hall et al., 2007; Vanni, 2010). In a classic
example of fish effects in streams, Power, Matthews & Stewart (1985) found that
piscivorous bass influenced the distribution of herbivorous prey fish among and within
pools, an effect that subsequently controlled algal standing crops. Individual fish can
also simultaneously exert top-down and bottom-up controls on primary production. For
example, Knoll et al. (2009) experimentally separated direct (i.e., consumption) and
indirect (i.e., nutrient recycling via excretion) effects of grazing catfishes on periphyton
and demonstrated that these fishes affect algal biomass through both pathways. Beyond
effects related to trophic interactions and nutrient cycling, bioturbation associated with
feeding and spawning behaviors of some fishes significantly disturbs benthic habitats
(Moore, 2006 and references therein). Finally, fish migrations between habitats present
opportunities for nutrient introduction to recipient habitats via excretion (Chapter 2) or
carcass decomposition (Cederholm et al., 1999; Flecker et al., 2010), as well as benthic
disturbances related to spawning or feeding activity (Moore, Schindler & Scheuerell,
2004; Moore et al., 2007).

While multiple case studies have demonstrated fish effects on stream ecosystem

structure and function, these effects in streams are frequently context dependent (Gido et
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al.,2010; Vanni, 2010). For example, Power, Parker & Dietrich (2008) demonstrated

that the occurrence of scouring winter floods regulated the extent of top-down control by
fishes in a Northern California stream during summer baseflow conditions. In the
absence of winter floods, predator-resistant grazers were not suppressed and thus top
predators juvenile steelhead (Oncorhynchus mykiss) and roach (Lavinia (Hesperoleucas)
symmetricus) had little or no influence on algal standing crops. Similarly, Gido et al.
(2010) reported that the direction or magnitude of grazer (Phoxinus erythrogaster) or
water-column minnow (Cyprinella lutrensis) effects on prairie stream structure and
function were not consistent among experiments differing in terms of biotic, abiotic, and
methodological characteristics. The lack of consistency makes it difficult to predict when
and where fish effects in streams are likely to be largest (Gido et al., 2010; Vanni, 2010),
an uncertainty that is problematic given the considerable interest in links between
freshwater biodiversity and ecosystem functioning (Dudgeon et al., 2006; Vaughn, 2010).
Thus, it is imperative to understand not only the functional roles of lotic fishes, but also
the biotic and abiotic factors that modify such roles.

Given the number of existing case studies, a quantitative literature synthesis (i.e.,
meta-analysis) can be used to understand the ecosystem role of fishes in streams and the
associated context dependency of fish effects. Science is often communicated through
multiple independent studies that are linked by a common theme, and the ability to draw
general conclusions or identify knowledge gaps from such a body of work in large part
shapes advances in the field (Gurevitch & Hedges, 2001). Meta-analytic approaches
have become increasingly popular in ecology due to their ability to quantitatively

synthesize published studies and generate conclusions regarding the magnitude and
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direction of effects related to a treatment or treatments of interest (Arnqvist & Wooster,

1995). Moreover, they may be used to identify important drivers of variation in effect
size.

Here, I used meta-analysis to address the question of how fishes affect structural
(dissolved nutrient concentrations, periphyton biomass and composition) and functional
characteristics (leaf decomposition and net ecosystem metabolism) of stream ecosystems.
In an effort to understand variation associated with fish effects in streams, I examined
how effect sizes varied as a function of different biotic, abiotic, and methodological (i.e.,
those controlled by investigators) covariates. To put measured fish effects in context, |
compared effects from this study with those from a similar study focused on native
Pacific salmon (Janetski ef al., 2009), a taxa renowned for their ecological effects on
stream ecosystems (Naiman ef al., 2002; Schindler et al., 2003). Finally, I compared how
effect sizes differed between two contrasting approaches for extracting data from

published studies.

METHODS
Data collection

I searched the Institute of Scientific Information (ISI; Thomson Reuters) Web of
Science online database and identified peer-reviewed papers published through June 2013
that quantified the effects of fishes on stream ecosystems. [ also included studies
referenced within articles obtained from this search or within relevant books (Matthews,
1998; Helfman et al., 2009). Search terms included keyword combinations: (1) ‘fish* or

consumer® or predat® or graz* or detrit* or alg* or herbiv* or omnivor* or carnivore*’



93
and (2) ‘effect™ or impact™® or response™ or interaction* or structur® or propert® or

function* or dynamic* or direct or indirect or nutrient* or invertebrate* or alg* or
periphyton or producti* or resource’ and (3) ‘ecosystem® or freshwater* or river* or
stream* or creek™® or benth™* or aquatic’ in the article. The search returned a large (>
90,000) number of papers, so I screened results by first reviewing titles and then by
reviewing abstracts. In addition to studies identified by this search, I also considered
peer-reviewed articles published online between July and December 2013. Cumulatively,
the literature search produced 76 viable papers, and I included data from two
dissertations, bringing the total number of data sources to 78 (see Appendix A-2).

I used several criteria to identify studies appropriate for my analysis. First, |
restricted my focus to studies conducted at temperate latitudes (23.5-66.5° N/S) due to
the volume of fish-related studies done in this region. Within this geographic range, I did
not consider studies of adult anadromous Pacific salmon conducted within their native
ranges because these fishes were the subject of a previous meta-analysis (i.e., Janetski et
al., 2009). These criteria did, however, allow me to include studies of juvenile (i.e.,
freshwater) Pacific salmon in any temperate location, as well as studies of introduced
adult Pacific salmon outside their native range (e.g., the Great Lakes). I included papers
that focused on single species (e.g., Bertrand & Gido, 2007), fish assemblages (e.g.,
Effenberger ef al., 2011), or the addition or removal of a single species from a fish
assemblage (e.g., Baxter et al., 2004). Given my interest in examining stream ecosystem
responses to fishes, I restricted my focus to studies conducted in flowing waters,

regardless of whether study systems were experimental or natural. Finally, included
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studies measured differences in one or more structural or functional characteristics (Table

4-1).

Data extraction

I extracted means, standard deviations, and sample sizes for control and treatment
groups for each independent observation within a given study. When necessary, I used
the data-extraction software WebPlotDigitizer v2.5
(http://arohatgi.info/WebPlotDigitizer/) to extract data presented in figures. In some
instances, I obtained raw data from authors. If appropriate data could not be extracted or
studies were not replicated, they were omitted. I defined treatment groups as those units
(e.g., stream reaches, artificial channels, in-stream mesocosms) containing fish, whereas
control groups lacked fish in either space or time. I considered multiple observations to
be independent within a single study when they differed by one or more of my covariates
of interest (Gurevitch & Hedges, 1999, 2001; Table 4-2). For example, I extracted six
independent observations from a study conducted by Cheever & Simon (2009) over three
seasons with two different fish species.

For each independent observation in a study, data were extracted for as many as ten
covariates and seven dependent variables (Tables 4-1 & 4-2). When possible, I used two
of the original dependent variables to calculate an eighth dependent variable (periphyton
photosynthetic index, PPI = chlorophyll-a/ash-free dry mass [AFDM]). Individual
studies generally contained far less than the maximum of 18 possible variables. When
fish biomass was not reported explicitly in a study, I attempted to use appropriate areas

(e.g., study reach, experimental unit), fish abundance and per-capita mass to calculate it
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(biomass = abundance x per-capita mass / area). When necessary, I used FishBase

(Froese & Pauly, 2013) or data from other included studies to determine per-capita mass.
I recorded the taxonomy (family and species) of individual species, and also consolidated
data for two taxonomic groups of interest: stream resident salmonids (“resident salmon”
hereafter; i.e., brown, brook, cutthroat, and rainbow trout, Dolly Varden, Masu salmon,
and juvenile anadromous salmon) and non-native migratory salmonids (“non-native
salmon” hereafter; i.e., adfluvial adult Oncorhynchus spp. outside their native range).
When provided, I used diet analyses given in each paper to assign species to trophic
guilds. If such analyses were not included, I assigned trophic guilds based on diet
information available through FishBase (Froese & Pauly, 2013). I assigned individual
species to the omnivore guild when both invertebrates and algae made up at least 20%
(by volume) of their diet. Additionally, I used the omnivore guild for assemblages with
multiple species occupying different trophic guilds (e.g., Schneck, Schwarzbold & Melo,
2013). One trophic guild (“none”) included non-feeding migratory fishes (Araujo,
Ozorio & Antunes, 2013). One season category (“multiple”) included data collected
over a period spanning more than one season. I classified experimental designs as
natural (e.g., reaches upstream and downstream of a fish barrier, comparisons of fish and
fishless streams), artificial (strictly limited to artificial stream channels), or combination
(e.g., fish enclosure/exclosure cages in natural streams). When possible, I distinguished
observations based on whether or not protection from possible fish grazing existed
(“protected” or “unprotected”). One nutrients category (“enriched”) reflected

concentrations artificially elevated above ambient levels. Finally, I interpreted time as
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the number of days since fish were introduced to study units, and only included day 0

data if it was clear that associated sampling was done following fish introductions.

Data analysis

For my effect size metric, I used the log response ratio (L), which is defined as the
logarithm base e (log, or In) of the treatment group mean (Xrgpyr) divided by the control
group mean (Xcrgr): L =109, (Xrrmr/Xcrrr) (Cooper, Walde & Peckarsky, 1990;
Hedges, Gurevitch & Curtis, 1999). Values of L > 0 indicate a positive effect of the
treatment (i.e., fish) on the response variable, whereas negative values of L indicate a
negative effect. Additionally, the larger the absolute value of L is, the larger the
magnitude of the treatment effect. I chose to use L as the effect size estimate for two
reasons. First, it indicates ecological significance because it measures the proportional
response generated by the treatment (Hedges et al., 1999). Second, one of my goals was
to compare my results with Janetski ez al. (2009), who also used L to characterize
ecosystem impacts associated with anadromous Pacific salmon.

The use of L is problematic when values of group means are < 0, as can happen for
net ecosystem metabolism (NEM), where negative values indicate net energy loss from a
stream ecosystem (Bott, 2006). Thus, I used Hedges’ d to estimate fish effects on NEM.
Hedges’ d is defined as the difference between treatment and control group means
divided by the pooled standard deviation: d = [(X7ryr — Xcrre) Spl % J (Hedges &
Olkin, 1985), where s, is the pooled standard deviation and J is an adjustment for bias

due to small sample size (see Gurevitch & Hedges, 2001 for formulas).
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Ecological meta-analyses frequently restrict data extraction when multiple

observations are reported in an individual study. For example, previous analyses of time
series data have used data from the final sampling date (e.g., Shurin et al., 2002; Borer et
al., 2005; Marczak, Thompson & Richardson, 2007; Gruner ef al., 2008), dates of
maximum difference between control and group means (e.g., Janetski et al., 2009; Poore
et al., 2012), or computed grand means using individual sampling event means (e.g.,
Feminella & Hawkins, 1995). Such restrictions are often argued from ecological
perspectives (e.g., a desire to measure maximum effect) and minimize the risk of non-
independence among observations taken from a single study. However, they also reduce
the size of the dataset, potentially obscuring important nuances (e.g., temporal variability)
associated with treatment effects.

Due to this potential concern, I compared a typical restricted approach (restricted
approach) with an alternative method that provided greater extraction flexibility by
explicitly accounting for multiple forms of dependence among individual observations
(dependence approach). The dependence approach accounted for sampling and
hierarchical dependence among individual observations using a hierarchical Bayes linear
model (see Stevens & Taylor, 2009 for computational details and Kulmatiski ez al., 2008
for an ecological application). Sampling dependence occurs when multiple treatment
groups are compared with a single control group (e.g., Katano et al., 2003) and
hierarchical dependence occurs when multiple effect sizes are calculated for an individual
study (e.g., calculate effect sizes for each sampling event in time-series data). Such

dependence is problematic if not accounted for because either type can violate the
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assumption of independence among observations, thereby inflating the significance levels

of statistical tests and underestimating confidence intervals (Gurevitch & Hedges, 2001).

In contrast to the dependence approach, the restricted approach limited extraction to
observations that varied by one or more of the designated categorical covariates subject
to strict control by authors (e.g., Bolnick & Preisser, 2005; Marczak et al., 2007). Most
notably, this approach eliminated the possibility of using multiple observations from a
single study that varied only with respect to (1) time since fish introductions or (2)
density of a single species. When considering multiple observations from a single study
with the restricted approach, I selected the single observation with maximum difference
between control and treatment means because I wanted to compare my results with those
of Janetski et al. (2009). On average, the restricted approach thinned original data sets
(i.e., those used in the dependence approach) by 43 + 13% (mean + SD, n = 8), although
there was variation among responses (range = 25-71% reduction; Table 4-1).

Regardless of the data extraction approach used, I calculated mean effect size
estimates in a hierarchical manner (after Gurevitch et al., 1992; Marczak et al., 2007),
weighting individual effect sizes according to the error and sample size reported in each
study (Gurevitch & Hedges, 2001). First, I determined overall mean effect sizes for each
individual response, and then I calculated mean effect sizes for each category of different
categorical covariate (Gurevitch & Hedges, 2001). I estimated 95% confidence intervals
for mean effect sizes as means + 2 SE, and interpreted confidence intervals that did not
overlap zero as statistically significant effect sizes (Gurevitch ef al., 1992). 1 used
weighted least-squares regression to test for relationships between effect size and (1)

time, and (2) fish biomass (Rosenberg, Adams & Gurevitch, 2000), and I performed
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regressions for both data extraction approaches. All analyses were done with the

‘metahdep’ package (Stevens & Nicholas, 2013) in R 3.0.1 (R Development Core Team

2013).

RESULTS

Overall, 59 study locations were represented in the dataset, 25% of which were
associated with multiple data sources. By far, the greatest number of study locations and
observations came from North America, although data from South America, Europe,
Asia, and Oceania were also included (Fig. 4-1). The analysis included 62 species, 66%
of which were represented by a single data source, and 21 families. Cyprinidae (n =18
species) and Salmonidae (n = 9 species) were the most frequently studied families, and
the most commonly studied species came from these two families — central stonerollers
(Campostoma anomalum, n = 10) and brown trout (Sal/mo trutta, n = 13). The number of
observations taken from an individual data source ranged widely (1-69) and depended on
the data extraction approach (Table A-4). Additionally, there was considerable variation
among responses with respect to the total number of observations (Table 4-1). An
examination of effect size distributions for response variables did not imply significant
problems associated with publication bias, as estimates clustered near zero and tailed off
in both directions, regardless of which data extraction approach was used and which

response was considered (Fig. A-2).

Overall effect size estimates
The broad group of fishes considered in the analysis had relatively small effects on

temperate stream ecosystem structure and function (Fig 4-2). Overall mean effect size
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estimates were positive for NH4, SRP, and chlorophyll-a, and in some cases these

estimates were significantly different from zero. In contrast, the effect of fishes on NOs3,

AFDM, PPI, leaf decomposition, and NEM was not significantly different from zero.

Overall fish effect sizes: comparison of data extraction approaches

The different data extraction approaches had subtle effects on overall effect size
estimates: the restricted approach tended to decrease or have minimal effects on the
variance around mean effect size estimates. Consequently, there were more responses
with statistically significant effect sizes using the restricted approach (n = 3) than using
the dependence approach (n = 1; Fig. 4-2). With the exception of NEM, the two data
extraction approaches produced consistent (i.e., both positive or negative) estimates of
mean effect size for the different responses (Fig. 4-2). Additionally, for the analyzed data
there was not a consistent bias introduced by either approach, evidenced by the fact that
values of the ratio of mean L between the two approaches (Lgrgsrrictep: LpEPENDENCE)

were between 0.05 and 1.51 (mean = SE = 0.84 = 0.18, n = §).

Overall fish effect sizes: comparisons with native Pacific salmon

The direction of fish effects was generally similar between native Pacific salmon and
fishes included in this study, but salmon effect sizes were much larger, especially for
dissolved nutrient concentrations (Fig. 4-2). The ratio of mean L between the Janetski et
al. (2009) results and my results ranged from 2.83-13.60 (6.31 £ 1.97, n =15). The one
response that did exhibit differences in the directionality of fish effects was AFDM.
Native Pacific salmon increased AFDM, whereas mean effect sizes for AFDM were not

statistically different from zero in this study (Fig. 4-2).
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Effect size variability: the role of covariates

Among the covariates considered, fish effect sizes exhibited the greatest variability
among biotic variables. Distinctions among taxonomic groups revealed clear differences
in effect sizes among non-native salmon, resident salmon, and stonerollers (Fig. 4-3).
Similar to overall fish effects (i.e., Fig. 4-2), non-native salmon had positive mean effect
sizes on NH4 and SRP that were statistically different from zero (restricted approach).
Likewise, non-native salmon had minimal effects on NOs;. However, this group of fishes
had strong negative effects on chlorophyll-a (Fig. 4-3 A), which contrasts with the
positive overall fish effect as well as effects of native Pacific Salmon. Comparisons with
the Janetski ef al. (2009) results indicated the magnitude of non-native salmon effects on
chlorophyll-a was 46% larger than Pacific salmon in their native streams (Fig. 4-3 A). In
contrast, differences between the dissolved nutrient effects of non-native salmon and
native Pacific salmon were the same as those observed in the overall dataset (i.e., Pacific
salmon had much greater positive effects; Fig. 4-2).

Comparisons of effect sizes between resident salmon and stonerollers indicated
substantial effects of these taxonomic groups, both of which impacted periphyton
biomass, but in different directions. Resident salmon increased both chlorophyll-a and
AFDM, whereas stonerollers decreased AFDM and did not affect chlorophyll-a (Fig. 4-3
B-C). The extent to which resident salmon increased AFDM (L = 0.94 + 0.31; restricted
approach) was 21% greater than their effect on chlorophyll-a but 14% less than the
magnitude of stoneroller effects on AFDM. In terms of effects on ecosystem processes,

resident salmon had minimal effects on leaf decomposition, which was similar to the
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overall fish effect. In contrast, stonerollers had relatively strong effects on one aspect of

ecosystem function, generally decreasing NEM.

The magnitude and direction of effect sizes also differed among trophic guilds,
particularly for periphyton biomass and NEM. Non-feeding migratory fishes (trophic
guild = “none”) decreased both chlorophyll-a and AFDM and herbivorous fishes had
negative effects on AFDM. In contrast, invertivorous fishes increased both measures of
periphyton biomass (Fig. 4-4 D-E). Herbivorous fishes, which included stonerollers,
decreased NEM (restricted approach; Fig. 4-4 H). In general, omnivorous fishes had
positive effects on chlorophyll-a and strong positive effects on NEM, although the NEM
effect sizes were associated with very small sample sizes (Fig. 4-4 H).

Although one would intuitively expect the magnitude of fish effects to increase with
fish biomass, I found no evidence for this relationship. Fish biomass (g m?) was
inversely related to only NOs, chlorophyll-a, and PPI L, indicating that effect sizes
actually decrease with biomass (Fig. 4-5). In each case, regression lines crossed the
threshold of L = 0 (i.e., fish have no effect), suggesting the directionality of fish effects
may depend on biomass. For the most part, there was agreement between results
produced by the two data extraction approaches for these three relationships, although the
statistical weight of evidence (i.e., P values) differed between the dependence and
restricted approaches. Overall, the amount of variation explained by biomass was
relatively low (R? = 0.06-0.29; Fig. 4-5).

In contrast to the distinctions associated with biotic covariates, variation in effect
sizes among abiotic and methodological covariates was far less pronounced. In some

cases, comparisons between or among covariate levels were uninformative due to low
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sample sizes. For example, only three of the chlorophyll-a observations (1%;

dependence approach) were associated with studies that protected substrates from
potential fish grazing. Moreover, any effects presumably associated with these covariates
were confounded with taxonomic groups or trophic guilds. For example, study design
appeared to be an important influence on chlorophyll-a (restricted approach): in natural
experiments, the mean effect of fishes was not different from zero (L =-0.27 +0.23, n =
30), whereas mean effect sizes were positive for strictly experimental (L =0.52 +0.17, n
= 55) and combination (L = 0.37 £ 0.18, n = 50) approaches. However, 63% of the
natural experiment observations were associated with non-native salmon, a taxonomic
group that negatively affects chlorophyll-a (Fig. 4-3 A) and that was completely absent
from strictly experimental and combination observations. Likewise, a striking difference
between chlorophyll-a effects measured on artificial (L = 0.51 + 0.15, n = 74) vs. natural
(L=0.03+0.16, n = 61; restricted approach for all data) tiles was largely related to
trophic guilds. 44% of natural substrate observations were associated with trophic guilds
that had negative or equivocal effects on chlorophyll-a (non-feeding migrants and
herbivores; Fig. 4-4 D), whereas 85% of artificial substrate observations were associated
with guilds that had positive effects on chlorophyll-a (invertivores and omnivores; Fig. 4-
4 D).

Effect sizes did not demonstrate strong temporal patterns (Fig. 4-6). Much like
effects related to fish biomass, effect sizes were significantly related to time for a subset
of the responses. NH4 (positive), NOs (negative), and leaf decomposition (negative) were

all related to time, but these relationships were only significant when the restricted data
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extraction approach was used. Additionally, time explained very little of the observed

variation in effect sizes (R? = 0.16-0.19; Fig. 4-6).

DISCUSSION

My analysis represents the most comprehensive quantitative synthesis of fish effects
in streams to date, taking into account a wide variety of species, community, and
ecosystem responses, as well as potential covariates. As such, it is a valuable
contribution to a literature increasingly populated by similar syntheses of biotic control in
lotic ecosystems (e.g., Feminella & Hawkins, 1995; Englund, Sarnelle & Cooper, 1999;
Hillebrand, 2002; Janetski ef al., 2009). Across all 62 species included in the study, I
observed consistent positive effects of fishes on dissolved nutrient concentrations (NHy4
and SRP) and periphyton biomass (as chlorophyll-a). Additionally, I found that variation
in these and other ecosystem responses, where effects were more muted, was better
explained by biotic variables (trophic guild, taxonomic groups) than by abiotic and
methodological covariates. Finally, my analysis illustrated potential consequences
associated with different meta-analysis data extraction approaches, demonstrating that

analytical choices can influence final conclusions in meta-analyses.

Overall effect sizes

The relatively low L values I observed are not surprising considering the wide variety
of fishes included in the analysis. In some cases, included fishes had contrasting effects
on one or more of the response variables, therefore lowering the likelihood of observing
consistent directionality in effect size estimates. For example, resident salmon and

stonerollers both affected periphyton AFDM, but the directions of their effects were
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opposite (Fig. 4-3 B-C). Despite the potential for offsetting interactions like these, there

were some responses that illustrated consistently positive effects of fishes. Fishes in
streams tended to increase both NH4 and SRP, which can likely be attributed to the
recycling of nutrients via excretion (Vanni, 2002). The tendency of fishes to excrete
inorganic nitrogen as NH4 may also help to explain why there was not also a positive
effect of fishes on NO3 concentrations (Vanni, 2002). In addition to these positive effects
on dissolved nutrients, fishes tended to elevate algal biomass (i.e., chlorophyll-a). This
result indicates that positive fish effects on algal biomass, whether by trophic cascades in
streams (Power, 1990a; Strong, 1992; Shurin ef al., 2002) or fertilization via nutrient
delivery (e.g., Knoll et al., 2009), were stronger or more common in this dataset than
negative fish effects commonly associated with grazing.

Overall effect size estimates for structural responses tended to be greater or have
smaller variance than average effects on functional responses, calling into question the
importance of fishes on temperate stream ecosystem processes. Relatively small effect
sizes could be associated with measurements of stream ecosystem processes in the
presence of a relatively low number of species, none of which substantially affect the
response of interest. Such a situation would tend to produce effect size estimates of low
magnitude and variance, as seen for leaf decomposition (Fig. 4-2). However, the leaf
decomposition observations (n = 43; dependence approach) encompassed 16 different
species, suggesting that the fishes included in this dataset are unlikely to substantially
affect leaf decomposition rates in temperate streams. However, detritivorous fishes were
absent from the dataset, which limits the generality of the decomposition results.

Alternatively, some individual species, taxonomic groups, or functional groups may have
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substantial effects on ecosystem processes that are obscured when effect sizes are

calculated for a larger group (e.g., the overall effect size estimates). This scenario likely
applies to the NEM data, where significant negative effects related to stonerollers (Fig. 4-
3 C) were masked by contrasting effects of other species.
Comparisons with native Pacific salmon and
the influence of taxonomic and trophic distinctions

There are several possible reasons why dissolved nutrient effect sizes for the overall
dataset and non-native salmon were both substantially lower than those reported for
native Pacific salmon. All else being equal, fish nutrient effects should be strongest
during periods of relatively low flow when discharge-related transport and dilution of
fish-derived nutrients are minimized (Peterson et al., 2001). The fact that 83% of the
observations used to determine dissolved nutrient effect sizes were from baseflow or
drought conditions suggests that the much stronger nutrient effects associated with native
Pacific salmon are related to unique characteristics of these fishes and the freshwater
systems where they spawn. Anadromous salmonids can affect dissolved nutrient
concentrations by three mechanisms — excretion, gamete release, and carcass
decomposition, elevating the potential for large nutrient effect sizes (Gende et al., 2002).
In contrast, lower nutrient effect sizes would be expected for species that do not
experience synchronous mortality (e.g., after spawning). In this study, both the overall
(70%) and non-native salmon (89%) datasets had considerable numbers of observations
associated with salmonid species that do experience similarly high rates of post-spawning

mortality. Thus, it is likely that factors other than carcass decomposition were driving the
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differences in nutrient effect sizes between native Pacific salmon and other fishes (i.e.,

overall dataset and non-native salmon).

Two characteristics of native anadromous salmon migrations that are more likely to
be different from those in the dataset used for this analysis are migrant biomass and
background nutrient levels. Janetski ef al. (2014) reported an average salmon biomass of
nearly 1000 g m™ in native streams, which is approximately three times higher than
average biomass in the cumulative (307 +46 g m™; n = 126) and non-native salmon (332
+55¢ m> ; n=99) datasets. Likewise, ambient nutrient concentrations in native salmon
streams are frequently very low compared with many regions where Pacific salmon have
been introduced (Ivan, Rutherford & Johengen, 2011; Janetski et al., 2014). Thus, it is
less likely that non-native salmon will produce large relative increases in water column
nutrient concentrations.

Although nutrient effects were relatively low for fishes in this study, other results
revealed that specific groups of fishes can have effects on periphyton biomass
(chlorophyll-a or AFDM) that are similar in magnitude to native Pacific salmon. For
example, non-native salmon generally reduced chlorophyll-a through disturbance
associated with their spawning activity, and these effects were stronger (i.e., larger
absolute value of L) than those associated with Pacific salmon (Fig. 4-3 A). Effects of
resident salmon on chlorophyll-a and AFDM were similar in direction and magnitude to
those for native Pacific salmon, but the mechanism underlying the effect may be
different. Benthic invertebrates frequently constitute a significant portion of resident
salmon diets (Behnke, 1992). Thus, this group of fishes is more likely than migrating

native Pacific salmon to decrease grazing invertebrate abundance or activity, increasing
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algal biomass through a trophic cascade (e.g., McIntosh & Townsend, 1996), evidenced

by the similarity of periphyton effects between resident salmon (Fig. 4-3 B) and
invertivorous fishes (Fig. 4-4 D-E). In contrast, positive effects of native Pacific salmon
on periphyton are more likely associated with bottom-up fertilization mechanisms related
to the release of marine-derived nutrients (Gende et al., 2002). Additionally, both groups
of fishes may enhance periphyton biomass by recycling dissolved nutrients via excretion
(Vanni, 2002).

Like non-native and resident salmon, stonerollers exhibited the capacity to have
substantial effects on stream structure and function. Although stonerollers did not affect
chlorophyll-a, they consistently lowered AFDM. Additionally, the magnitude of their
effect on AFDM was, on average, greater than values for native Pacific salmon (Janetski
et al.,2009). In addition to negative effects on AFDM, stonerollers and the more general
group of herbivorous fishes both decreased NEM (Figs. 4-3 & 4-4), an effect on
ecosystem function that has also been reported for anadromous salmon (Holtgrieve &
Schindler, 2011). By reducing AFDM but not chlorophyll-a, herbivorous fishes like
stonerollers can increase the proportion of algal biomass in the periphyton (e.g., Taylor,
Back & King, 2012), making reductions in primary production less likely. Therefore, the
observed NEM decreases associated with stonerollers and grazing fishes are more likely
linked with increased heterotrophic activity (i.e., ecosystem respiration) than reduced
primary production. If true, this contrasts theoretical predictions that grazing fishes
would only moderately influence stream heterotrophs, which are found primarily in

subsurface regions not directly accessed by these fishes (Gido et al., 2010).
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The influence of biomass and time

Fish biomass and time both had significant effects on effect size for a subset of
responses, but neither covariate explained a substantial proportion of the observed
variation in effect size (Figs. 4-5 & 4-6). Nevertheless, observed relationships between
periphyton responses (chlorophyll-a and PPI) and fish biomass suggest that fishes may
have positive effects on periphyton at low biomass and negative effects at higher biomass
(Fig. 4-5 D,F). Although this relationship is counterintuitive, precedents do exist. For
example, the net effect of native Loricariid catfishes on algal standing crops shifted from
depletion at high biomass to enhancement at low biomass due to the removal of growth-
inhibiting sediment by the fishes (Power, 1990b). Whether such biomass-mediated shifts
in the directionality of fish effects are limited to interactions between grazing fishes and
periphyton remains unknown, however. Variation in fish effects has also been observed
over time in individual studies of grazing fishes (e.g., Taylor ef al., 2012), but the amount
of variation in the overall dataset prevented detection of consistent relationships between

effect sizes and time.

Methodological considerations in meta-analysis

The use of multiple data extraction approaches permitted an evaluation of the
influence of data selection criteria on effect size estimates and overall conclusions drawn
from my analysis. While such considerations are not novel (e.g., Englund et al., 1999;
Meissner & Muotka, 2006), the dependence approach employed here allowed for a more
complete extraction of data than frequently occurs in ecological meta-analyses. The most

important contrast between the two data extraction approaches was that the restricted
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approach, which is typically used in ecology, tended to produce lower variance around

mean effect size estimates, thereby leading to different conclusions about fish effects in
streams. However, this effect of the restricted approach on the variance around mean
effect size estimates is likely to be a function of the data used in an analysis. For my
analysis, the application of the restricted data extraction approach largely eliminated
observations from individual studies that were collected at different times and fish
biomass levels. This approach generally reduced sample variance, implying there was
considerable variation in effect sizes that was associated with these two covariates in my
dataset, which is not necessarily going to be true in all ecological scenarios. More
generally, restricted data extraction approaches sometimes select the most extreme effect
sizes (e.g., the time point of maximum difference between treatment and control groups;
Janetski et al., 2009), which can produce a bias toward finding significant treatment
effects. This approach could reduce variation if extreme effects are consistently positive
or negative, but could also increase variation if the directionality of effects is
inconsistent.

My use of different data extraction approaches also enabled identification of the most
robust patterns associated with fish ecosystem effects in temperate streams. For example,
both the restricted and dependence approach indicated that fishes have positive effects on
NH,, whereas there is some evidence, but less certainty, regarding similar fish effects on
SRP and chlorophyll-a (Fig. 4-2). It was not especially surprising that the different data
extraction approaches led to different conclusions in some cases, but the widespread use
of restrictive data extraction approaches in ecological meta-analyses does raise questions

regarding methodological choices. For analyses specifically targeted to detect the
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extremities of treatment effects, the use of restrictive data extraction approaches that

select maximum effects is entirely appropriate. In contrast, methods that allow for more
complete data extraction (i.e., dependence approach) may be better suited to address the
generality of treatment effects and are likely applicable to a wide range of ecological

questions. However, more comparisons of data extraction approaches are needed before

final conclusions can be reached.

Limitations and recommendations for future work

The process of constructing the dataset for this analysis revealed several important
limitations associated with the current understanding of fish effects in streams. The
number of species included in the analysis (62) is the largest of any quantitative synthesis
of fish effects in streams, but is still minuscule relative to the total number of fish species
worldwide (> 30,000; Froese & Pauly, 2013). Although many fish species are not found
in streams, it is clear that the functional role of a great number of lotic fishes have not
been studied at this point, and that many studies have been focused on species of
economic importance (i.e., the Salmonidae family). There is also a strong geographical
bias among the selected studies (Fig. 4-1), a common phenomenon in the ecological
literature (e.g., Pysek et al., 2008), despite a designated focus on temperate streams.
Collectively, these taxonomic and geographical biases result in relatively low diversity
among study systems in the dataset. Additionally, most of the included studies were
carried out in small natural or artificial streams (i.e., relatively low discharge, wetted
width, etc.). While working in small systems is tractable, a predominant focus on those

types of systems necessarily limits the ability to understand dynamics in larger systems
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(Tank et al., 2008). Without question, expanding the taxonomic and geographic extent of

stream fish studies would extend inferential capability regarding fish effects, as would
working in a broader group of study systems.

Database construction also revealed that our understanding of fish effects would be
more complete if quantitative information about potential biotic and abiotic covariates
was included in studies more frequently. For example, I was limited to a categorical
classification of discharge because so few studies reported numerical measures.
Likewise, using reported biomass levels would be far more preferable than having to rely
on estimates. Very few papers provided background nutrient concentrations, which may
be substantial influences on the extent to which fish-derived nutrients are important to
ecosystem nutrient dynamics (Flecker et al., 2010). Benthic disturbance associated with
fish activity appears to be largely regulated by particle size distributions (e.g., Holtgrieve
et al., 2010), but most papers included in my meta-analysis reported only qualitative
information regarding substrates, which prevented me from testing the influence of
substrate size. By including as much information as possible about these and other
factors capable of mediating fish effects, our ability to understand and predict fish effects

in streams would be strengthened.

CONCLUSION

Fishes are one of the most conspicuous components of temperate stream ecosystems
and are likely to influence community structure and ecosystem function given their
trophic interactions, influence on nutrient dynamics, interactions with the benthic

environment, and movement patterns. My analysis identified several consistent effects of
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a diverse array of fishes in temperate streams. Furthermore, it illustrated the potential for

individual species or taxonomic groups to have effects similar in magnitude to
anadromous Pacific salmon, which have long been regarded as the archetypal illustration
of fish effects in freshwater habitats. Consequently, it will likely be profitable to expand
research efforts aimed at understanding functional roles of fishes in streams, with
important implications for biodiversity-ecosystem functioning and continued provision of

valuable ecosystem services.
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Table 4-1 Response variables considered for meta-analysis of fish effects on temperate
stream ecosystem structure and function. The total number of data sources used for each
response is provided (# Sources), as are the number of observations for each data
extraction approach (dep = dependence approach; rest = restricted approach). SRP,
soluble reactive phosphorus; Chl-a, periphyton chlorophyll-a; AFDM, periphyton ash-
free dry mass; PPI, periphyton photosynthetic index (= Chl-a/AFDM); % Loss, leaf
decomposition (as % leaf pack mass lost); NEM, stream net ecosystem metabolism.

Response units # Sources  # Obs (dep)  # Obs (rest)
Structural
NH, ug L 9 46 26
NO; ug L 12 49 29
SRP pugL! 8 43 25
Chl-a ug cm™ 55 260 135
AFDM mg cm” 25 91 59
PPI pg mg’ 14 52 39
Functional
% Loss % 15 43 28
NEM gO,m”hr’ 11 65 20
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Table 4-2 Covariates included as potential mediators of fish effects in temperate stream
ecosystems. Some covariates were not applicable to one or more response variables.

Category units or categories
Biotic
Biomass (g m?)
Taxonomy species group
Trophic guild none invertivore herbivore omnivore
Abiotic
Season spring summer fall multiple
Hydrology baseflow drought flood
Methodological
Design natural artificial ~ combination
Grazing protected  unprotected
Nutrients ambient enriched
Substrate natural artificial

Time (d)
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Fig. 4-1 Geographic locations of the studies used in the meta-analysis of fish effects in
temperate lotic environments. Some sites were included in more than one study (site use
= multiple), whereas others were used only once (site use = single). The size of each
circle is proportional to the number of observations included from a particular location.
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Fig. 4-2 Effect of fishes (mean effect sizes = 95% confidence intervals) on temperate
stream ecosystem structural and functional characteristics. Response variables include
dissolved nutrient concentrations (NHy4, NO3, and soluble reactive phosphorus [SRP]),
periphyton characteristics (chlorophyll-a, ash free dry mass [AFDM], and periphyton
photosynthetic index [PPI; see methods]), leaf decomposition (as mass loss [%Loss]),
and stream net ecosystem metabolism (NEM). The data extraction approaches used in
this study are dependence (dep) and restricted (rest), and values are compared with data
for native Pacific salmon (salmon; Janetski et al. [2009]). Effect size estimates
significantly different from zero (o = 0.05) are denoted with *, and sample sizes used to
generate effect size estimates are shown along the x-axis for each response.
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Fig. 4-3 Effect size estimates (mean effect size + 95% confidence intervals) of different
fish taxonomic groups in temperate stream ecosystems. Non-native salmon are
introduced Pacific salmon, resident salmon are stream-dwelling trout, char, and salmon
(see methods), and stonerollers are Campostoma spp. Data extraction approaches used
for this study are dependence (dep) and restricted (rest), and values for non-native salmon
are compared with native Pacific salmon (salmon; Janetski et al. [2009]). Effect size
estimates significantly different from zero (o = 0.05) are denoted with *, and sample
sizes used to generate effect size estimates are shown along the x-axis for each response.
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Fig. 4-4 Effect size estimates (mean + 95% confidence intervals) of fishes in temperate
stream ecosystems as a function of trophic guild. Trophic guilds are non-feeding (None),
invertivorous (Inv), herbivorous (Herb), and omnivorous (Omni), and the data extraction
approaches are dependence (dep) and restricted (rest). Note difference between NEM y-
axis scale and all others. Effect size estimates significantly different from zero (a = 0.05)
are denoted with *, and sample sizes used to generate effect size estimates are shown
along the x-axis of each panel.
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Fig. 4-5 Influence of biomass on effect size estimates of fishes on temperate stream
ecosystem structural and functional characteristics. Note differences among y-axis
scales. Regression lines are drawn for datasets produced by dependence (dep; filled and
open circles; solid lines) and restricted (rest; filled circles only; dashed lines) approaches.
Statistically significant (o = 0.05) regression slope estimates are denoted with bold text
(* P<0.05, ** P<0.01, *** P<0.001). SRP, soluble reactive phosphorus; CHLa,
benthic chlorophyll-a; AFDM, ash-free dry mass; PP, periphyton photosynthetic index;

%Loss, leaf decomposition; NEM, net ecosystem metabolism.
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Fig. 4-6 Influence of time on effect size estimates of fishes on temperate stream
ecosystem structural and functional characteristics. Note differences among y-axis
scales. Regression lines are drawn for datasets produced by dependence (dep; filled and
open circles; solid lines) and restricted (rest; filled circles only; dashed lines) approaches.
Statistically significant (o = 0.05) regression slope estimates are denoted with bold text
(* P<0.05, ** P<0.01, *** P<0.001). SRP, soluble reactive phosphorus; CHLa,
benthic chlorophyll-a; AFDM, ash-free dry mass; PP, periphyton photosynthetic index;
%Loss, leaf decomposition; NEM, net ecosystem metabolism.
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CHAPTER 5

SUMMARY

My work demonstrates the potential of fishes to substantially affect stream ecosystem
structure and function. In my survey of Strawberry Reservoir tributaries, I found that
migratory fish excretion can represent a significant nutrient subsidy to spawning streams
(Chapter 2). However, the magnitude of the subsidy was extremely variable across space
and time. My data indicated variation was related to changes in both migrant densities
and abiotic conditions such as discharge and background nutrient levels. Migrant
excretion subsidies were large relative to nutrient export and were capable of meeting the
majority of ecosystem nutrient demand during spawning migrations. However, migrant
excretion subsidies usually failed to completely meet ecosystem nutrient demand.
Consequently, fertilization impacts related to adfluvial migrants were relatively limited
(Chapter 3). In contrast, there were benthic disturbance effects associated with
Strawberry Reservoir migrants, a likely result of particle size distributions in spawning
tributaries. Generally speaking, results from my field-based work agreed with patterns
generated by my quantitative synthesis of fish effects in lotic ecosystems (Chapter 4).
For example, the reductions in periphyton chlorophyll-a (i.e., benthic disturbance)
observed in Strawberry Reservoir tributaries were consistent with effects of non-native
salmon in other studies. Among the group of covariates I examined, specific taxonomic
groups or trophic guilds proved to be the best differentiators of fish effects on stream
ecosystem structure and function, as abiotic and methodological covariates did not

provide much resolution. Overall, fishes in streams tended to have consistent positive
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effects on NH4 and SRP, which represent primary inorganic nutrient forms excreted by

fishes, as well as periphyton chlorophyll-a. My meta-analysis also revealed that the
ecosystem-level effects of some fishes (e.g., stonerollers) are as large as those associated
with native Pacific salmon. Given the acknowledged impacts associated with salmon
migrations, this result suggests that more effort should be devoted to delineating the
functional roles of freshwater fishes.

In addition to demonstrating fish effects in lotic ecosystems, my research also
illustrated the influence of local biotic and abiotic conditions in regulating the type and
magnitude of fish effects. While generalizations regarding fish effects in lotic systems
are elusive (Gido ef al., 2010; Vanni, 2010), my field-based results provided empirical
support for hypothetical predictions that ecosystem-level impacts of fishes should be
largest when migrant biomass is high relative to system size (Flecker et al., 2010). Like
Janetski et al. (2009), I found positive relationships between ratios of migrant biomass
and discharge and the magnitude of migrant excretion subsidies. However, the realized
effects of fishes may depend on other conditions as well. For example, my results
indicated the magnitude of migrant excretion subsidies was largest in Indian Creek during
2012, yet fertilization effects were limited to Trout Creek as a result of differences
between migrant excretion fluxes and ecosystem nutrient demand. Flecker et al. (2010)
also suggested that fish fertilization effects should be larger in systems with greater
retentive capacity, all else being equal. My results, however, did not support this
hypothesis, as fertilization effects of Strawberry Reservoir adfluvial migrants were higher
in a stream with relatively low retentiveness. It is possible that my retention

measurements may not have accurately reflected solute transport through spawning
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streams. One important aspect of retentiveness that I did not address was groundwater-

surface water exchange, and a higher degree of exchange would translate to increased
retentive capacity (e.g., Morrice et al., 1997). Thus, groundwater-surface water exchange
may have been more pronounced in Trout Creek than in Indian Creek, driving the
isolated occurrences of migrant fertilization impacts in a system that appeared to have
reduced retention.

While a suite of abiotic and biotic conditions interacted to determine the net
ecosystem effects of adfluvial migrants in Strawberry Reservoir tributaries, my meta-
analysis did not suggest a strong predictive role for characteristics like migrant biomass
and hydrologic context. However, I extracted much of these data on relatively coarse
levels given how results were frequently presented in published studies. For example, I
was limited to a categorical classification of discharge because so few studies reported
quantitative measures. Additionally, there were very few papers that provided
background nutrient concentrations, thus I was only able to contrast ambient and enriched
nutrient conditions that did not reflect differences between nutrient supply and demand
under ambient conditions. Benthic disturbance associated with fishes appears to be
largely regulated by particle size distributions (e.g., Holtgrieve et al., 2010), but most
papers included in my meta-analysis reported only qualitative information regarding
substrates, which prevented me from testing the influence of substrate size. These
factors, as well as others, are all capable of influencing the type and magnitude of fish
effects. Thus, our understanding of fish effects would be more complete if quantitative

information about possible controls was included in studies whenever possible.
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Although limited in some regards, my meta-analysis did identify the importance of

functional distinctions for predicting fish effects. Classifications based on trophic guilds
produced clear and consistent differences, as did distinctions between taxonomic groups
(e.g., non-native salmon vs. resident salmon vs. stonerollers). While native Pacific
salmon are generally regarded as the leading example of fish effects in freshwater
habitats, my analysis revealed that other fishes are capable of exerting similarly strong
control over stream structure and function. Additionally, fishes that do have strong
effects are not necessarily the largest and most mobile species. Stonerollers and other
herbivorous fishes are often relatively small, yet their functional distinctiveness among
fishes as grazers likely increases their capacity to substantially affect ecosystem
properties (Flecker et al., 2010). Consequently, a wider diversity of fishes should be
studied to develop a better understanding of fish effects in streams.

In conclusion, I found that fishes are likely to influence stream ecosystem structure
and function as a result of their trophic interactions, influence on nutrient dynamics,
interactions with the benthic environment, and movement patterns. Rather than being
governed by a single biotic or abiotic factor, the direction and magnitude of fish effects
are more likely to depend on relative values that reflect interactions among different
factors. Streams are dynamic ecosystems, so local conditions and thus fish effects are
likely to exhibit considerable variation over both space and time. Nevertheless, it should
be a focus of natural resource managers and researchers to understand the ecosystem role
of fishes in streams due to their potential influence on properties that affect continued

provision of freshwater ecosystem services.
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Appendix A-1. Mathematical comparison of metrics that indicate the relative size of
consumer excretion subsidies, E; /T; and Ey /Camp-

As defined by Mclntyre et al. (2008), volumetric nutrient excretion rates (E},, mg L’

1, are calculated using the following expression:

EXAXT
%4

E, = (A1)

where E is the areal nutrient excretion rate (mg m™~ hr''), A is substrate area (mz), T is
travel time (hr), and V is volume (m?). Taking the expression we used for E (see
Ecosystem nutrient demand methods, Chapter 2) and the expressions for 4, T, and V from

Mclntyre ef al. (2008), equation A1l can be expanded:

(DM IR PEXCOXLXWIX(E)
B (LxAcs)

E, (A2)

where Dy, is migrant density (ind m™), p; is the proportion of individuals in the it" size
bin, EXC; is the per-capita nutrient excretion rate of an average sized individual from the
ith size bin (mg ind" hr'"), L is reach length (m), W is reach width (m), U is reach
velocity (m s™), and A is reach cross-sectional area (depth x width; m?).

If both sides of equation A2 are divided by ambient nutrient concentrations (Cymp;
mg L"), and D, is rewritten as migrant abundance (4,,; ind) divided by substrate area
(i.e., L X W; m®), equation A2 can be rewritten:

E,/C - (i—%z?qpiEXCi)X(wa)x(L)
v/ amb (LxAcs)WU)(Camb)

(A3)

Additional simplification of equation A3, coupled with the incorporation of the continuity

equation from fluvial geomorphology (Q = U X Acs), produces the following expression:

Am Xi=, DiEXC;

EV/Camb = QCamb

(A4)
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As defined in the methods (see Migrant excretion load and tributary export, Chapter 2),

the ratio comparing daily migrant excretion load (E,) to tributary nutrient export (T,) is:

Ama Li1 PiEXC;

Ed/Td - Qcamb,d

(AS5)

Thus, these two different metrics used to assess the relative size of consumer excretion
subsidies, expressed in equations A4 and A5, are mathematically equivalent provided the

same time interval (e.g., day) is used.
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Table A-1 Strawberry River fish trap size distribution data from 2011 and 2012. TL is
total length, wt; is the wet mass of an average sized individual from the i™ size bin, and
p; is the proportion of the migrant population within the i size bin during a given year.

BCT KOK
TL (mm) wt; (g) Di2011 Di2012 wt; (g) Piz2o011 Diz2012
251-300 212 0.0000 0.0047 200 0.0057 0.0021
301-350 320 0.0032 0.0343 321 0.0568 0.0188
351-400 456 0.0190 0.0234 548 0.3153 0.1879
401-450 623 0.1111 0.1433 775 0.2315 0.3737
451-500 821 0.4762 0.4143 1002 0.2202 0.2088
501-550 1053 0.3111 0.2741 1229 0.1477 0.1754
551-600 1321 0.0635 0.0717 1456 0.0213 0.0292
601-650 1626 0.0159 0.0202 1683 0.0014 0.0042
651-700 1969 0.0000 0.0140 0.0000 0.0000
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Table A-2 Particle size distributions measured during 2012. Particle size ranges for each
quartile were determined by pebble counts of 100-200 particles from the specific study
reach where nutrient uptake measurements were made.

B-axis range (mm)

Percentile range Indian Creek Trout Creek
0-25 <4-9 <4-14
26-50 10-19 15-24
51-75 20-54 25-40

76-100 > 54 > 40
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Table A-3 Benthic particle size quartiles in Strawberry Reservoir tributaries.
Measurements of 100-200 particles were made in two reaches (T = treatment, accessible
to migrants; C = control, inaccessible to migrants) of each stream. Particles <9 mm B-
axis were classified as fines (f), and categories listed with each quartile (A-D) correspond
with Figure 3-2.

B-axis range (mm)

Percentile | dian, T Indian,C Trout, T  Trout, C
range
0-25 (A) £ f f-14 f-14

26-50 (B) 10 - 19 10-17 15-24 15-27

51-75 (C) 20-54 18 -58 25-40 28 -56

76-100 (D) > 54 >58 >40 > 56
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Table A-4 Information from studies used in the meta-analysis of fish effects in temperate

stream ecosystems. Listed with each study are the responses for which data were
extracted, the number of observations used in each extraction approach (dep =

dependence; rest = restricted), and whether sampling dependence existed. Note that
hierarchical dependence existed in any study with Obs (dep) > 1.

Study Response(s) Obs (dep) Obs (rest)  Samp.
Abe et al. 2001 Chl-a 5 1 No
Baxter et al. 2004 Chl-a 1 1 No
Bechara et al. 1992 Chl-a, AFDM, PPI 10 4 No
Benjamin et al. 2013 Chl-a 6 2 Yes
Bertrand & Gido 2007 Chl-a, NEM 6 2 Yes
Bertrand et al. 2009 Chl-a, NEM 58 8 No
Bondar & Richardson 2013 % Loss 2 2 Yes
Bouwes 1999 Chl-a 12 6 Yes
Buria et al. 2010 Chl-a, AFDM, PPI, % Loss 17 13 No
Cheever & Simon 2009 Chl-a, AFDM, PPI 18 18 Yes
Childress et al. 2014 NH,, NO;, SRP, Chl-a 23 4 No
Collins et al. 2011 NH,, NO;, SRP, Chl-a 44 8 No
Dahl 1998a Chl-a 4 2 Yes
Dahl 1998b Chl-a 2 1 No
Dahl & Greenberg 1999 Chl-a 2 1 No
Diehl et al. 2000 Chl-a 2 1 Yes
Dinger et al. 2006 AFDM 2 2 No
Effenberger et al. 2011 Chl-a 2 2 No
Flecker & Townsend 1994 Chl-a, AFDM, PPI 12 6 Yes
Forrester et al. 1999 Chl-a 6 2 No
Gelwick & Matthews 1992 AFDM, NEM 6 2 No
Gelwick et al. 1997 AFDM, NEM 7 2 No
Gido & Matthews 2001 NEM 7 1 Yes
Greenberg et al. 2005 Chl-a 2 1 No
Greig & Mclntosh 2006 % Loss 2 1 No
Hargrave 2006 NEM 12 6 Yes
Hargrave et al. 2006 Chl-a 8 2 Yes
Herbst et al. 2009 Chl-a 1 1 No
Hermann et al. 2012 Chl-a, % Loss 16 8 Yes
Holomuzki & Stevenson 1992 NO;, SRP, Chl-a, AFDM, PPI, % Loss 8 7 No




Table A-4 Continued.

Study Response(s) Obs (dep) Obs (rest)  Samp.
Inoue & Miyayoshi 2006 AFDM 13 5 No
Ivan et al. 2011 NH,, NO;, SRP 21 12 No
Janetski et al. 2014 NH,, NOs, SRP, Chl-a, AFDM, PPI 69 69 No
Katano 2007 Chl-a 10 4 Yes
Katano 2011 Chl-a 2 2 Yes
Katano 2013 Chl-a 2 2 No
Katano et al. 2003 Chl-a, NO; 15 6 Yes
Katano et al. 2006 Chl-a 7 7 Yes
Katano et al. 2013 Chl-a 9 9 Yes
Kiffney 2008 Chl-a 1 1 No
Kishi et al. 2005 Chl-a 2 2 No
Konishi et al. 2001 % Loss 1 1 No
Ludlam & Magoulick 2010 Chl-a, AFDM, PPI, % Loss, NEM 16 10 No
Marks et al. 2000 AFDM 2 2 No
McCormick 1990 NO;, SRP, AFDM 4 4 No
MclIntosh & Townsend 1996  Chl-a, AFDM, PPI 6 6 Yes
Mclntosh et al. 2004 Chl-a 2 2 No
Meissner & Muotka 2006 Chl-a, AFDM, PPI 3 3 No
Murdock et al. 2010 Chl-a, NEM 18 4 No
Nakano et al. 1999 AFDM 1 1 No
Nilsson et al. 2008 Chl-a 3 3 Yes
Nystrom & MclIntosh 2003 Chl-a 4 4 Yes
Nystrom et al. 2003 Chl-a 1 1 No
Power & Matthews 1983 AFDM 1 1 No
Rand et al. 1992 Chl-a 2 2 No
Reice 1991 % Loss 13 8 No
Reisinger et al. 2011 NH,, NO;, Chl-a, NEM 8 4 No
Rosenfeld 1997 Chl-a 2 2 No
Rosenfeld 2000a Chl-a 1 1 No
Rosenfeld 2000b Chl-a 2 2 No
Ruetz et al. 2002 % Loss 3 1 No
Ruetz et al. 2004 Chl-a, AFDM, PPI 17 6 No
Ruetz et al. 2006 % Loss 1 1 No
Sarica et al. 2004 NH,4, NO; 2 2 No




Table A-4 Continued.

Study Response(s) Obs (dep) Obs (rest)  Samp.
Schneck et al. 2013 Chl-a, AFDM, PPI 3 3 No
Schuldt & Hershey 1995 NH,, NO;, SRP, Chl-a 8 4 No
Scott et al. 2012 Chl-a, AFDM, PPI, % Loss 8 7 No
Stelzer & Lamberti 1999 Chl-a, AFDM, PPI 5 3 No
Stewart 1987 AFDM, NEM 4 4 No
Taylor et al. 2012a Chl-a, AFDM, PPI 18 6 No
Taylor et al. 2012b Chl-a 8 2 No
Vaughn et al. 1993 AFDM, NEM 12 4 No
Wach & Chambers 2007 % Loss 1 1 No
Walters et al. 2009 NH,4, NO3, Chl-a, % Loss 7 5 No
Wheeler 2014 NH,4, NO;, SRP, Chl-a 14 14 No
Woodward et al. 2008 Chl-a, % Loss 2 2 No
Wootton & Power 1993 AFDM 2 1 No
Zhang et al. 2004 % Loss 3 1 No
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Fig. A-1 Comparison of snow water equivalent in the Strawberry Reservoir Valley
during sample years (2011, 2012), relative to the 30-year median value between 1981 and
2010. Data were obtained from Snotel station DSTU-1 (Daniels-Strawberry) and are
available through the Colorado Basin River Forecast Center associated with the National
Oceanic and Atmospheric Administration (www.cbrfc.noaa.gov).
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Fig. A-2 Effect size distributions for temperate stream ecosystem structural and
functional characteristics. Negative effect sizes suggest that fishes decrease the response
relative to control units without fishes, whereas positive effect sizes suggest positive fish
effects. Data extraction approaches used for this study are dependence (dep) and
restricted (rest). Note differences among y-axis scales.
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