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Abstract Aquatic invasive species can affect food
web structure, native fish growth, and production,
depending on the traits of the invasive species and
the pre-invasion conditions of the ecosystem. Ther-
mal tolerances and behavioral traits can further influ-
ence differential exploitation of resources shared
between native and invasive species. An unauthor-
ized introduction of redside shiner (Richardsonius
balteatus) into reservoirs in the Upper Skagit River,
Washington, USA caused concern of potential com-
petition, decreased production, and recruitment of
rainbow trout (Oncorhynchus mykiss). We combined
bioenergetics modeling and stable isotope analysis
with field data to quantify consumption demand of
native and invasive fishes and related consumption
to the availability of key zooplankton prey. Per capita
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consumption on Daphnia by redside shiner was low;
however, their high abundance imposed considerable
demand on prey resources in Ross Lake. Although
monthly consumption demand by the fish community
was less than 50% of the monthly production and bio-
mass of Daphnia in Ross Lake, the current Daphnia
densities and growth of rainbow trout were consider-
ably lower than before the invasion. These reductions
correspond to lower annual consumption of Daphnia.
Our study provides insight on mechanisms that influ-
ence food web impacts of an invasive omnivore in
cold-water reservoirs.

Keywords Redside shiner - Rainbow trout -
Nonnative species - Fish bioenergetics - Competition -
Reservoir food webs

Introduction

Freshwater ecosystems are threatened globally and
suffering from disproportionate biodiversity loss as
they are subjected to many degradative processes
that reduce their functionality and ecosystem ser-
vices (Reid et al., 2019). Reservoir ecosystems are
particularly vulnerable to impacts of climate change
(Miranda et al., 2020), invasive species (Johnson
et al., 2008), and increasing water demand and scar-
city (Boretti & Rosa, 2019). Reservoir ecosystems
are artificial but can provide critical water storage
and cold-water refuge for cool- and cold-water fish
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species under a warming climate. These systems
often pose special management challenges associated
with “hybrid” food webs, highlighting the role that
food web research can play to support management
decisions to identify and maintain productive and
resilient ecosystems (Naiman et al., 2012).

Aquatic invasive species can disrupt native food
webs and trophic structure through a variety of direct
and indirect pathways (Jackson et al., 2017). These
impacts are often context dependent, varying by
characteristics, such as the invader’s taxon and the
ecosystem’s food web structure and resources (Thom-
sen et al., 2011). Quantitative studies are needed to
understand the mechanisms by which these invader-
driven food web alterations may affect native spe-
cies at the individual level to give context to resulting
changes observed at the population and community
level (Jackson et al., 2017). This knowledge sup-
ports choosing appropriate management actions for
invasive species control, mitigation, or other restora-
tion actions. For example, trophic overlap or sepa-
ration can indicate different mechanisms at play:
overlap could indicate exploitative competition in
resource-poor environments, or it can also be a result
of abundant resources. Similarly, trophic separation
can result from competitive exclusion from a pre-
ferred prey or adaptive niche specialization (Ruben-
son et al., 2020). The impact of such trophic shifts on
individuals thus depends on timing of availability and
access to preferred and alternative prey. Knowledge
of this trophic structure is needed within the context
of resource availability, consumption demand, and
observed growth to understand the resulting effects of
invasive species on growth and survival of native spe-
cies and the corresponding population-level effects.

Lakes and reservoirs experience different effects
of invasive species compared to riverine habitats
because thermal structure often drives fish habitat
use in response to physiological constraints, such as
metabolism, stress, and growth potential (Magnuson
et al., 1979). Thermal stratification can constrain
suitable habitat availability (and access to prey) for
cold- and cool-water species during the growing
season. By contrast, invasive species with higher
thermal optima benefit from greater access to abun-
dant prey resources in the epilimnion (Tunney et al.,
2012) or refuge from cool- and cold-water preda-
tory fish in thermally stratified waterbodies. Fur-
ther, changing seasonal thermal structure due to a

@ Springer

warming climate (Woolway et al., 2021) is altering
spatial and temporal habitat availability and shifting
phenological mismatches between consumers and
prey which could lead to cascading effects through-
out the food web by modifying habitat overlap and
species interactions (Winder & Schindler, 2004;
Ficke et al., 2007). For reservoirs in particular, eval-
uation of these thermally driven interactions within
the context of how current and future climate condi-
tions and water operations may interact to influence
the timing, magnitude, and vertical structure of
thermal stratification may inform management deci-
sions (Moreno-Ostos et al., 2008; Feldbauer et al.,
2020).

Redside shiner Richardsonius balteatus, a small-
bodied minnow, have invaded numerous mid- and
high-elevation, temperate lakes and reservoirs and
have been associated with declines in salmonid
growth rates, prompting some managers to seek erad-
ication methods (Messner & Schoby, 2019; Smith
et al., 2021). Negative interactions between redside
shiner and rainbow trout Oncorhynchus mykiss have
been well studied in a series of Canadian lakes, with
declines in growth and production of rainbow trout
following introductions of redside shiner (Lindsey,
1950; Larkin & Smith, 1954; Johannes & Larkin,
1961). Additionally, redside shiner have a higher
thermal optimum than salmonid species—a poten-
tial advantage under warming conditions (Johnson
et al., 2023). However, effects of redside shiner inva-
sions on prey resources have been varied (Johannes &
Larkin, 1961), and this species coexists naturally in
salmonid-dominated systems throughout the western
USA, leaving in question the mechanisms by which
this species can affect native salmonids in invaded
systems and the conditions which allow it. In Wash-
ington’s North Cascades mountains, an unauthorized
(likely through baitfish release, Rahel & Smith, 2018)
introduction of redside shiner in Ross Lake in the
early 2000s quickly flourished and spread to down-
stream Diablo Lake, raising concerns among man-
agers about potential impacts to native juvenile sal-
monids that may be competing for resources in these
reservoirs. Although diet analysis suggested consider-
able diet overlap between redside shiner and native
juvenile salmonids in Ross Lake (Welch, 2012), it
is unknown whether redside shiner limit growth and
survival of juvenile salmonids through resource com-
petition or other means.
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The goal of our study was to understand the role
of an invasive omnivore in driving prey supply and
altering the growth environment for a native species
in a mid-elevation reservoir ecosystem. Specifically,
we evaluated the hypothesis that redside shiner are
limiting growth and survival of juvenile salmonids
through resource competition. Using Ross Lake as
a study system, our specific objectives were to (1)
quantify seasonal zooplankton prey availability and
seasonal consumption by native (rainbow trout) and
nonnative (redside shiner) fishes in the reservoir
and (2) compare seasonal prey availability and con-
sumption demand to evaluate whether prey supply is
a limiting factor for rainbow trout in the reservoirs.
We leveraged historical growth and diet data for
rainbow trout in the reservoir collected in the 1970s
(pre-invasion) to compare annual energy budgets and
evaluate changes to rainbow trout growth and energy
acquisition between the two studies. These processes
were examined within the context of seasonal thermal
stratification and the associated constraints on habitat
access and availability within the reservoirs.

Methods
Study system

Ross Lake is the largest and deepest of the three res-
ervoirs impounded by hydroelectric projects in the
upper Skagit River, WA (elevation at full pool=489 m
above sea level, storage at full pool=1.78 km? max
depth=116 m, mean depth=37 m), extending north-
ward from Ross Dam for approximately 37 km, just
beyond the border with British Columbia at full pool
(Fig. 1). Ross Lake is ultraoligotrophic (Total Dis-
solved Phosphorus <2 ug/l), generally clear (Turbid-
ity < 1.0 Nephelometric Turbidity Units) and shows
strong thermal stratification from around June until
October when the thermocline deepens and begins
to destratify. Peak summer surface temperatures
are 18-22 °C, depending on the year and region of
the lake (Fig. 2). In addition to the seasonal thermal
changes, Ross Lake is drawn down between 16 and
25 m every year during the fall and winter before
refilling in the spring, and drawdowns in recent years
have reached 40 m for maintenance purposes (Fig.
S1). Native fish species include rainbow trout, bull
trout Salvelinus confluentus, and Dolly Varden S.
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Fig. 1 Map of the study system. Reprinted from Johnson et al.
2024b with permission

malma. Nonnative species include eastern brook trout
S. fontinalis (introduced in early 1900s), cutthroat
trout O. clarkii (introduced in early or mid-1900s),
and redside shiner (introduced ca. 2000). Rainbow
trout spawn in tributaries in the spring (May—June),
emerge in the late summer, and most recruit to Ross
Lake around age 2-3. Char spawn in streams dur-
ing fall and also recruit to the reservoir at ages 2 and
older, whereas redside shiner spawn during summer
and complete their life cycle within the lake.

Fish collection

All data collected and described throughout these
methods are available from Johnson et al. (2024a)
unless otherwise cited. From 2019 to 2021, rainbow
trout were collected in spring, summer, and fall using
sinking multi-mesh gill nets set in three approxi-
mate depth strata corresponding to the epilimnion
(0-10 m), metalimnion (10-20 m), and hypolimnion
(20-30 m; Beauchamp et al., 2007a). Limitations to
fish sampling in 2019 and 2020 due to limited take
permitting for threatened species and COVID-19
restrictions resulted in low sample sizes or missing
samples for some species/size class/season combina-
tions, so data were pooled across all years. Angling
was conducted opportunistically to increase sample
sizes and minimize mortality risk to bull trout, which
are listed as threatened under the Endangered Species
Act. Redside shiner were also collected seasonally,
primarily using minnow traps. Fish to be released
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Fig. 2 Isoclines for Ross Lake showing variation in thermal
structure (°C) by year (a) and region (b). Data prior to 2019
were collected by the National Park Service (Johnson et al.,
2024a). The Ross Lake South site is located mid-lake in the

were held in a live well with aerators, anesthetized
with buffered MS-222 prior to processing, allowed
to recover in the live well, and released; otherwise,
fish were processed as described and then whole bod-
ies were immediately frozen. All fish were measured
for fork length (FL; mm), weight (0.1 g), and tissues
were collected: fin tissue (for stable isotopes), and
scale samples (plus otoliths from mortalities). Stom-
ach contents from fish were collected using gastric
lavage, with contents filtered into a 500-ug sieve and
immediately placed on ice.

Size structure, abundance, and mortality
We used hydroacoustic surveys of the nearshore
and slope zones in October 2021 to estimate a total

abundance of approximately 12 million redside
shiner >40-mm FL in Ross Lake (Tables S1-S3;
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pelagic zone near the confluence with Big Beaver Creek, and
the North site was located mid-lake in the pelagic zone near
the confluence with Little Beaver Creek. Reprinted from John-
son et al. 2024b with permission

details provided in the Supplementary Methods).
Population abundances of the salmonid species are
not well studied in this system and not conducive to
hydroacoustic techniques, thus we analyzed dietary
consumption in Ross Lake based on size-structured
unit populations of 1,000 fish>200-mm FL (the
modal size for recruitment of adfluvial salmonids to
the reservoir was approximated at 200-mm FL) as
well as an estimated population of 3,000 bull trout.
Notably, we did not model bull trout in this study,
but we used their estimated population abundance
to set a realistic estimate for rainbow trout abun-
dance. This estimated population size was gener-
ated from recent snorkel survey counts in the upper
Skagit River in British Columbia assuming that the
surveyed area represented 40% of the high-quality
spawning habitat accessible from Ross Lake (Seat-
tle City Light, 2012; Foster, 2020). This approach
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allows managers to easily scale the resulting con-
sumption estimates up or down to evaluate differ-
ent predation scenarios based on alternative popu-
lation estimates and uncertainty (Beauchamp et al.,
2007b). From the unit population of bull trout, we
used relative catch frequencies from the gill-net
sampling in 2018-2021 to estimate the relative
abundance of the other salmonid species indexed to
bull trout (Table 1; Johnson et al., 2024a).

We created age-structured populations for each
species using annual survival rates (§) to allocate
these total population abundances to each age class
for each species. We used previously reported S for
redside shiner in Ross Lake (Welch, 2012) and used
weighted catch curve analysis on gill-net monitor-
ing data from 2006 to 2018 (collected and main-
tained by the National Park Service, Johnson et al.,
2024a) to estimate S for the salmonids. We used
these data to estimate annual instantaneous mortal-
ity rates (Z) and annual survival rates for each spe-
cies (Table 1; Miranda & Bettoli, 2007). We then
created estimates of daily age class abundance for
an annual cycle by applying the daily instantaneous
mortality rate (Z/365) to the initial age class abun-
dance estimate.

Prey availability

We conducted vertical zooplankton tows (net: 30 cm
diameter, 90 cm length, 150 pm mesh) seasonally in
2019 (June, July, October) and monthly during 2021
(May—October) at two stations in Ross Lake (Fig. 1)
to assess pelagic prey availability. Tows sampled
two depth bins, 0-20 m and 0-10 m depth inter-
vals, with two replicate tows for each depth interval.
These depth bins were selected to correspond to the
epilimnion and metalimnion so that we could quan-
tify depth-specific prey availability and compare to
depth distribution of fishes during thermal stratifica-
tion (e.g., Sorel et al., 2016a). After rinsing from the
net and cod end, zooplankton were stored in ethanol.
Additional horizontal tows were conducted to collect
zooplankton samples for stable isotope analysis.

In the laboratory, zooplankton samples were con-
centrated, and crustacean taxa and eggs were enu-
merated in 3-5 individual 5-ml aliquots for each
sample. Cladocerans were identified to genus and all
others identified to order. Preservation methods tend
to expel eggs from cladoceran carapaces, making it
challenging to identify loose eggs and obtain accu-
rate egg counts when multiple taxa coexist in a sam-
ple. To address this issue, we proportionally applied
loose cladoceran eggs to Daphnia based on relative

Table 1 Estimated age-structured populations, instantaneous mortality rate (Z), and corresponding annual survival (%) for rainbow

trout and redside shiner in Ross Lake

Species Z Annual sur- Age Abundance per Relative species ~ Estimated popu-  Age-
vival (%) 1,000 fish frequency lation size specific
abundance
Rainbow trout 1.01 36.4 2 890 243 7,290 6,484
3 647 4,717
4 236 1,720
5 86 627
6 31 226
Redside shiner 0.81 44.5 1 560 - 12,000,000 6,720,000
2 249 2,988,000
3 111 1,332,000
4 49 588,000
5 22 264,000
6 10 120,000

Age-structured populations were based on 1,000 rainbow trout>200-mm FL (age 3+) and 1,000 redside shiner >40 mm FL (age
1+4). Relative species frequency of rainbow trout represents their catch rate relative to bull trout during summer gill-net sampling,
which was used to estimate their population abundance relative to an estimated population of 3,000 bull trout>200--mm FL.
Redside shiner population abundance was estimated from hydroacoustics surveys in October 2021 and annual survival rates were

sourced from Welch (2012)
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frequency of adult cladoceran taxa in the sample. The
first 50 Daphnia encountered in each sample were
measured using Image Pro Premier digital image
analysis software (version 10; Media Cybernetics,
Inc.) for body length (BL; um) from the top of the
helmet to the base of the tail spine. BL. was converted
to wet weight (W; pg) with the following equations
which estimates dry weight (DW; ug) from pooled
Daphnia species (Dumont et al., 1975) and then con-
verted from dry weight using a percent dry weight
value of 10% (Luecke & Brandt, 1993):

DW,, = 15x107° x BL*** (1

W,y = DW,, x 10 2

Daphnia density (individuals/l) was calculated as
an average between replicate samples for each sam-
pling date, depth strata, and site. Areal density for
each site and date (individuals/m?) was also calcu-
lated from volumetric density sampled in the 0-20 m
depth strata, assuming that negligible densities of
exploitable zooplankton were present below 20 m
depth, to compare to historical estimates of zooplank-
ton density (1971-1973, Seattle City Light, 1974).
Standing stock biomass was estimated for each sam-
pling date by multiplying the mean individual wet
weight by densities. Production rates were estimated
with the egg ratio method (Paloheimo, 1974; details
available in the Supplemental Methods).

Pelagic volume was used to expand biomass and
production to total lake-wide estimates. Pelagic vol-
ume was estimated in Ross Lake using surface area
estimates at 1 ft (0.3 m) contours derived from the
2018 drawdown digital elevation model (DEM; pro-
vided by Seattle City Light). For each lake surface
elevation specific to the date of sampling, we esti-
mated volume of the pelagic epilimnion by multi-
plying the surface area of the elevation contour that
was 10 m (33 ft) below surface elevation by 10 and
volume of the metalimnion as the surface area of the
elevation contour that was 20 m (66 ft) below surface
elevation by 10 (Fig. S2). For each sampling date,
whole-lake biomass and production were estimated
for each depth range sampled (0-10 m and 0-20 m),
averaged between the two sites, and estimates for the
metalimnion (10-20 m) were calculated by subtract-
ing lake-wide estimates for 0—-10 m from those of
0-20 m.
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Stable isotope analysis

Stable isotope analysis was conducted on fish fin
tissue (Sanderson et al., 2009) and whole bodies of
zooplankton and assorted benthic invertebrates (tis-
sue removed from shells) to map the lake’s food web
and to complement stomach content analysis. We
aimed to analyze fin tissue from 5 to 10 fish of each
species in each size class (100-mm FL increments
for salmonids, 50-mm FL for redside shiners) dur-
ing the summer. Most fish (primarily summer) and
zooplankton (spring and fall) samples used for stable
isotope analysis were collected in 2019, whereas all
other invertebrate samples were collected in the fall
of 2021. Other invertebrate herbivores and omnivores
were collected for stable isotope analysis to provide
representative samples for primary pelagic and ben-
thic consumers in the food web.

All the fish consumer and invertebrate samples
were measured for 8'°N and §'°C by the Univer-
sity of Washington IsoLab using a ThermoFinnigan
MAT?253 isotope ratio mass spectrometer and Costech
elemental analyzer or by the University of Washing-
ton Facility for Compound-Specific Isotope Analysis
of Environmental Samples using a Thermo Scientific
Delta V isotope ratio mass spectrometer and a CE
elemental analyzer. Both labs referenced samples to
2 glutamic acid standards and Bristol Bay sockeye
salmon. Stable isotope ratios are reported using delta
() notation in permil units (%o0) compared to Vienna
Pee Dee Belemite for C and air for N. Isotopic values
of fish consumers were compared among size classes
within each lake using nonparametric Kruskal-Wal-
lis and Dunn’s multiple comparison test to evaluate
ontogenetic differences in diet and guide how we
pooled isotope and diet data across size classes within
a species.

We implemented Bayesian stable isotope mixing
models (SIMMs) using the MixSIAR package in R (R
Core Team, 2023; Stock et al., 2018) to estimate diet
proportions from stable isotope signatures (details
available in the Supplemental Methods; mean and
SD for consumers and prey categories in Table S4).
These estimates of diet proportions integrate over
longer periods and thus complement the finer-scale
taxonomic resolution and short-term (e.g., within
the previous~24 h) diet proportions estimated from
stomach content analysis. In each season, species
were pooled within size classes according to multiple
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comparison test results described above. Most tis-
sue samples analyzed were collected in the summer
(most during gill-net surveys in late July), with some
also collected in the fall (early October). Enough
data existed to fit SIMMs with season as a fixed fac-
tor for rainbow trout 300-399-mm FL and redside
shiner 100+ mm FL. Support for a seasonal model to
describe diet proportions was evaluated using leave-
one-out cross-validation (LOO). All SIMMs used in
this study were thoroughly evaluated and successfully
converged.

Bioenergetic model inputs

Bioenergetics models are energy balance equations
that partition energy intake (i.e., food) into waste,
metabolism, and growth, while accounting for their
relationships with temperature and body size. Thus,
using measurements of observed growth, these
models can be used to predict total consumption on
a daily time step in addition to an estimate of feed-
ing rate (as a proportion of maximum theoretical
consumption, C,,). The required inputs for these
models, described in detail below, include observed
growth (initial and final weights) and energy density
of the consumer, spawning losses, thermal experi-
ence, seasonal diet composition, and prey energy den-
sity (available in Johnson et al., 2024a).

Depth use and thermal experience

Vertical temperature profiles were conducted monthly
at two stations in Ross Lake (Fig. 1) to measure the
thermal structure from spring through fall. These data
were supplemented by Seattle City Light temperature
loggers in Ross Lake forebays for winter and early
spring, and profiles collected by the National Park
Service from 2010 to 2018 to generate estimates of
average temperatures across this time span. Tem-
peratures from discrete dates and depths were lin-
early interpolated in both dimensions to generate a
symmetric grid of temperatures for computing mean
temperatures across layers (epi-, meta-, and hypolim-
nion) and through time. For simplicity in bioenerget-
ics simulations, we only used temperature data from
the southern of the two limnological sites to estimate
thermal experience.

Thermal experience was determined using patterns
in depth distribution observed from gill-net catch data

(rainbow trout) and hydroacoustic surveys (redside
shiner). Due to permitting restrictions on gillnetting
effort, depth distribution of rainbow trout was evalu-
ated at 2 sites in Ross Lake only during 2021, when
the southern region was sampled seasonally but the
northern site was only sampled during summer. Ther-
mal experience for rainbow trout was assigned by
temperature-based rules developed from these depth
distribution patterns (Fig. S3) and general knowl-
edge about the species thermal requirements (Rand
et al., 1993). If the mean temperature in the epilim-
nion was <18 °C, rainbow trout were assumed to be
entirely within this layer, and the average epilimnion
temperature was used. If the mean temperature in the
epilimnion was> 18 °C, we applied a weighted aver-
age temperature assuming that 75% of rainbow trout
were in the metalimnion and 25% in the epilimnion
(Fig. S3a). We assumed that 80% of redside shiner
occupied the epilimnion and 20% occupied the met-
alimnion during the growing season (Fig. S4). Daily
temperatures were averaged across each layer and
weighted average temperatures calculated based on
proportion of fish assumed to occupy each depth layer
(Table S5).

Diet composition and prey energy density

We analyzed diets from rainbow trout but relied on
previously published diet information for redside
shiner in Ross Lake (Welch, 2012) supplemented by
stable isotope analysis. Stomach contents were iden-
tified using a dissecting microscope and sorted into
functional taxonomic groups. Blotted wet weights
(0.0001 g) were recorded for each taxonomic group
identified, then pooled into broader key functional
groups of prey. Wet weights were converted into pro-
portions, which were then averaged within species,
size class, and season sampling blocks. Diet data were
pooled across size classes where stable isotope values
were not significantly different. Prey energy densities
were estimated using bomb calorimetry for fish prey
and taken from the literature for all other prey groups
(Table S6).

Diet proportions evaluated from Bayesian sta-
ble isotope mixing models (SIMMs) were compared
to diet proportions from stomach content analysis
assuming that stable isotope signatures from fin tis-
sue incorporated diets from approximately the pre-
vious 1-3 months. This approximation was used for
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simplicity and loosely guided by isotopic half-life
predictions ranging from 38 days for a 5-g fish to
73 days for a 100-g fish (Eq. 2 in Vander Zanden
et al., 2015). Thus, SIMMs from summer-collected
samples were compared to spring stomach contents,
and SIMMs from fall-collected samples were com-
pared to summer stomach contents. Details on how
SIMMs (Figs. S5-S9) were incorporated with stom-
ach content analysis (Tables S7-S8), ecological
assumptions made to fill in seasonal diets where data
did not exist, and the final diet inputs used in the bio-
energetics simulations (Table S9) can be found in the
Supplemental Methods.

Age, growth, and energy density

For each species, scales were imaged, and annuli
were measured using Image Pro Premier software
(Media Cybernetics Inc., version 10). When neces-
sary and available, we corroborated scale-based ages
and annuli markings with otoliths. Geometric mean
regression (GMR) was used to evaluate the relation-
ship between fish FL and scale radius (SR) to avoid
biased estimates from either of the ordinary regres-
sions of FL. ~SR or SR ~FL (Ricker 1992). Scale data
were pooled across sites within each species. The
Fraser-Lee proportional method (Isley & Grabowski,
2007) was used to back calculate fish FL at each
annulus using the following equation:

SR;
FL, =

SR

cap

X (FLcap - a) +a 3)

where FL; is the back-calculated fork length (mm)
at a given annulus, SR; is the scale radius at that
annulus, SRCap is the scale radius (mm) at capture,
FL,, is the fork length (mm) at capture, and a is
the intercept from the GMR lines (rainbow trout:
FL = 42.894 4+ 155.501 x SR, R?=0.774; redside
shiner:  FL =10.599 + 68.114 x SR,  R?=0.884).
Back-calculated FLs were converted to wet weight
using wet weight-FL regressions (rainbow trout:
W =127 x 107> x FL>%', N=1917, R*= 0.996; red-
side shiner: W = 7.48 x 107® x FL3!1°, N=90, R?=
0.973).

Energy density (J/g wet weight) of consumers
was estimated using bomb calorimetry (Parr model
6725 semi-micro-bomb calorimeter, Parr Instrument
Company, Moline, IL) for a subset of whole bodies
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collected across seasons in Ross Lake (rainbow trout:
N=27, FL=148-492 mm, W=33-989 g; redside
shiners: N=46, FL=37-125 mm, W=0.4-29.1 g).
We evaluated the relationship between energy den-
sity and body weight of the consumers within each
species and set energy density inputs for the bioen-
ergetics simulations depending on the initial and final
weights for each age class (Table 2).

In the simulations, spawning was represented
as a loss in weight occurring on a single day. We
assumed that redside shiner lost approximately 11%
body weight during spawning, which was based on
gonad weights sampled in Ross Lake in June. We
assumed that the mean spawning time occurred on
July 1 (day 61 of the simulation), that this species
matures at age 2, and spawns every year (Smith et al.,
2021). For rainbow trout, we assumed that fish>age
3 lost 8% body weight during spawning (Juncos et al.,
2013) which occurred in mid-June (day 45 of the
simulation).

Consumption demand and carrying capacity

Fish Bioenergetics 4.0 (Deslauriers et al., 2017) was
used to run the simulations parameterized for rainbow
trout (Rand et al., 1993) and redside shiner (Johnson
et al., 2023) to estimate daily, seasonal, and annual
consumption demand (g of each prey category). We fit
the model to annual growth starting at the beginning
of the growing season, May 1 (Woodin, 1974), using
average back-calculated weight at annulus as the ini-
tial and final weights (g). Per capita consumption for
each age class of each consumer was expanded to the
population level by multiplying individual consump-
tion by the daily age class abundance. Daphnia weigh
about 50% less and contain about 50% less water in
diet samples than they do fresh (Luecke & Brandt,
1993; Stockwell et al., 1999); therefore, simulated
consumption of Daphnia (g) was multiplied by 2 to
estimate the fresh weight consumed for direct com-
parison to biomass and production estimates.
Historical data from rainbow trout were used to
run comparable simulations using the same meth-
ods described above to evaluate any changes in
the growth environment and energy budgets, using
back-calculated size at age in 1970-1972 (Woodin,
1974), vertical temperature profiles from a site near
Devil’s Creek (approximately 6 km upstream of the
southern limnological station) from Jun 1970 to Sep
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Table 2 Bioenergetics simulation inputs and corresponding estimates of feeding rate (%C,,,,), annual per capita consumption (Cons, g), and growth efficiency (GE, %)

%C.nox  Growth (g) Cons (g) GE (%) Daphnia cons

Final ED

Final W (g) Initial ED
J/g)

Initial W

(2)

Initial FL

Spawn day Spawn loss
(mm)

Age N

Species

(€9)

d7g)

(%)

155.0
641.0

10.0

983.0
1,926.0
2,756.0
4,197.0

97.2
150.6
135.4
150.9
323.1

32
32
31

4,996 4,996

117.9
268.5

20.7
117.9
268.5

117
210
292
338
374
34
49
61

0.0
8.0

391

2
3
4
5

Rainbow

8.0
5.0
4.0
6.0
10.0

4,996

4,996

355 45

trout

518.0
796.0
328.0

4,996 4,996

403.9

8.0

280 45

554.8 4,996 6,672 36
36

877.9

403.9

8.0

112 45
21

5,301.0

6,672

6,672

554.8

8.0
0.0

45

4.0

10.0

1.0
1.4
1.6

2.1

4911 113

4911

1.4
2.8

0.5

197

1
2
3
4
5
6

Redside

5.0
7.0
8.0

11.0

9.0
9.0
9.0
8.0
8.0

15.0

4911 117

4911

14
2.8

183 61 11.0

shiner

19.0

4911 113

4911

4.4
6.6

9.1

11.0

134 61

23.0

4911 112

4911

4.4

71

11.0

108 61

30.0

2.5

4911 120

4911

6.6

80
89

11.0

86 61

13.0

35.0

2.8

4911 6,208 122

1.8

1

9.1

11.0

52 6l

All simulations ran for 365 days (day 1 =May 1). Energy density (ED, J/g) of the consumer was linearly interpolated during the simulation from the initial to final value reported.

Sample sizes (N) are given for the number of individuals used in scale back-calculations for each annulus

1974 (Seattle City Light unpublished data, available
from Johnson et al. 2024a), and monthly size-based
diet composition from May to Oct 1970 (Seattle City
Light, 1972). Sampling of tributary fish and scales
during this study led us to conclude that the size at
age 1 reported in Woodin (1974) was too large, and
we believe that the first annulus was not counted in
these data. Therefore, historical back-calculated size
at age was adjusted by adding 1 year to each annulus
to appropriately compare to our back-calculation data.

Monthly consumption demand was compared to
Daphnia production and standing stock biomass to
evaluate the carrying capacity of the reservoirs and
food limitation. Daphnia were the dominant zoo-
plankton in rainbow trout diets and were thus deter-
mined to be the primary driver of food limitation
for rainbow trout in the reservoirs. Previous work in
other reservoir systems have shown that rainbow trout
consumption (% C,,,,) was directly related to Daph-
nia biomass (Tabor et al., 1996), further supporting
our use of this metric to evaluate feeding conditions.
We evaluated consumption demand versus Daph-
nia availability for the whole water column (0-20 m
depth) in addition to a depth use scenario to deter-
mine whether thermally driven behavior may be lim-
iting access to food supplies. For this depth use sce-
nario, we estimated consumption demand versus prey
availability separately for the epilimnion (0-10 m)
and the metalimnion (10-20 m) in Ross Lake, assum-
ing that salmonids would be restricted to the metal-
imnion during peak stratification. We divided redside
shiner consumption evenly between the two layers
and restricted all rainbow trout consumption to the
metalimnion during the growing season to estimate
depth-specific consumption demand versus Daphnia
production.

Results
Stable isotope analysis and food web structure

Ross Lake rainbow trout exhibited ontogenetic shifts
in stable isotope signature and trophic position
(Fig. 3; Supplement Tables S10 and S11). Smaller
rainbow trout (100-199 mm FL) began at a moder-
ate position along the benthic-pelagic axis and a low
trophic position (N=5; mean + SE: 8PN=7.2+0.1,
8!3C=— 26.7+0.8) and then shifted to more pelagic
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Fig. 3 Stable isotope biplots (mean+standard deviation) of
the Ross Lake food web. Consumer species were separated by
size classes if significant differences in stable isotope values
were observed. BT-hybrid: bull trout and char hybrids, DV:
Dolly Varden, EBT: brook trout, RBT: rainbow trout, RSS:
redside shiner. Numbers following the species code represent
the group’s size bin, in mm fork length. Reprinted from John-
son et al. 2024b with permission

prey as they increased to 200-299-mm FL (N=10;
mean+SE: §"N=7.7+0.2, §°C=- 28.0+0.3).
They increased trophic position in the transi-
tion size of 300-399-mm FL (N=26; mean=+SE:
8PN=92+0.1, 8”C=- 27.1+0.2) before sta-
bilizing at a top trophic position upon reaching
400+ mm FL (N=9; mean=+SE: 8N=9.8+0.2,
83C=- 25.940.3). Redside shiner in Ross Lake
exhibited stable isotope signatures similar to smaller
rainbow trout (N=23; mean+ SE: dPN=7.2+0.1,
dBCc=- 25.7+0.4), without significant differences
in isotopic signature between size classes.

Diet composition

Diet proportions estimated from SIMMs tended
to estimate higher contributions of fish prey for
smaller rainbow trout (<300 mm FL) and all red-
side shiner in Ross Lake compared to stomach con-
tents (Table S8). Due to gape limitations and prey
access, we attributed this to predation on redside
shiner eggs and larvae, which would have a much
higher rate of digestion and thus a lower probability
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of detection in stomach contents (Legler et al.,
2010), especially for fish collected in gill nets and
minnow traps that were set for an extended amount
of time. Alternatively, predation on eggs and larvae
could be episodic, corresponding with spawn and
emergence timing, making it difficult to detect in
stomach contents. Therefore, we relied on SIMMs
to inform the contribution of fish prey for these
groups for the spring—summer interval and adjusted
the other prey groups accordingly for bioenergetics
simulations.

Diet proportions estimated from SIMMs gener-
ally aligned well for rainbow trout>300-mm FL in
Ross Lake, except for the allocation between ben-
thos/insects and zooplankton in spring for 300-399-
mm FL fish (Table S8). Diet proportions in spring
for this size class showed heavy reliance on imma-
ture insects (Table S7), and the benthic produc-
tion fueling these insects could have been pelagi-
cally derived due to a combination of steep-walled
bathymetry of the lake and interruptions to spring
benthic production due to winter drawdowns via
hydroelectric operations. We were unable to collect
immature insects in the spring preventing us from
evaluating potential seasonal differences in their
stable isotope signatures. Therefore, we relied on
stomach contents to inform the diet inputs used in
the bioenergetics simulation for this season and size
class.

Daphnia availability

Monthly zooplankton samples were only collected
during 2021, thus our ability to statistically compare
Daphnia densities across years was limited. However,
densities and seasonal trends seemed similar among
years, characterized by low availability of edible-
sized Daphnia>1-mm BL (<1 individual/l; Fig. 4).
Daphnia densities peaked in the spring (May or June)
at the south site, while densities in the north site
were highest in October 2021. Densities were gener-
ally lower in the metalimnion (10-20 m) than in the
epilimnion, although this was not always the case.
Areal densities (individuals/m?) recorded during the
current study are lower than observed in 1971-1973
in most months (Seattle City Light, 1974; Fig. S10).
Mean Daphnia body lengths were>1 mm in all
months (Fig. S11).
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Fig. 4 Average monthly densities (+2 standard error) of edible-sized Daphnia (>1 mm body length) in the epilimnion (0-10 m
depth; gray symbols) and the metalimnion (10-20 m depth; black symbols) in Ross Lake 2019-2021

Rainbow trout growth

Rainbow trout in Ross Lake grew at the highest rate
between annuli 2-3 and 3-4, corresponding to lake
recruitment (Fig. 5). Rainbow trout in our study grew
slower than fish sampled in 1971-73 at ages 2-5, but
then reached a similar size at age 6 (mean initial FL:
374 mm), after fish became the dominant prey source
(Fig. 5b). While 6 was the maximum age observed in
1971-73, rainbow trout in our study continued grow-
ing through age 7 (the maximum age observed) to a
larger maximum size than observed historically.

Consumption demand versus prey availability

Rainbow trout in Ross Lake fed at low rates
(31-36%C,,,,) and generally exhibited low growth
efficiency (defined as total growth/total consumption;
4-10%; Table 2). Rainbow trout consumption was
highest in the spring and summer (Apr-Jun, Jul-Sep)
and lowest in the winter (Fig. S12). In Ross Lake,
zooplankton was most important as prey during the
growing season for rainbow trout 200-299-mm FL.
Rainbow trout smaller than this (100-199 mm FL)

consumed more insects and benthos during the spring

and summer, potentially indicating differing habitat
usage. Rainbow trout in the larger size classes pro-
gressively increased their reliance on fish prey, pri-
marily identified in the diet samples as redside shiner.
Trout 300-399-mm FL represented this transitional
size, as evidenced in the stable isotope data (Fig. 3),
and fish>400-mm FL were consistently piscivorous.

Redside shiner fed at high rates but also expe-
rienced poor growth efficiency (112-122%C,,.;
8-10%; Table 2). Consumption peaked in the summer
and was 4 xhigher than spring and nearly 3 Xhigher
than fall consumption (Fig. S12). Summer was the
primary growing season for redside shiner in this
system due to their higher and relatively narrow
band of optimal growth temperatures (Johnson et al.,
2023). Redside shiner consumed a mix of zooplank-
ton, insects, and benthos across all seasons and fish
(eggs/larvae) in the spring/summer. While zooplank-
ton represented the highest proportion of their diets in
the fall, total biomass of zooplankton consumed was
highest in the summer.

Rainbow trout ate more Daphnia than did redside
shiner on a per capita basis (Table 2); however, due to
large differences in population size, the redside shiner
population consumed the vast majority of Daphnia in
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Fig. 5 Ross Lake rainbow trout back-calculated fork length
(a) and weight (b) at annulus. Data derived from the current
study (Johnson et al., 2024a) are shown by the black circles
(mean) with error bars (2 standard error), and historical data
(Woodin 1974) are shown by the gray and white symbols. Note
that for the historical data, 1 year was added to each annulus to
appropriately compare to our back-calculation data. Sampling
of tributary fish and scales during this study led us to conclude
that the size at age 1 reported in Woodin (1974) was too large,
and we believe that the first annulus was not counted in these
data

Ross Lake. With an estimated population of around
12 million redside shiner>40-mm FL, monthly pop-
ulation consumption of Daphnia by redside shiner
ranged from 78 to 96% of the population consump-
tion by salmonid and redside shiner combined.
Lake-wide Daphnia production and biomass in
Ross Lake were lowest in May and peaked in August
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before a large decline in September (Fig. 6). Com-
bined population consumption followed a similar
trend, although consumption rates peaked in Septem-
ber before slightly declining in October. Consumption
demand accounted for less than half of the lake-wide
Daphnia production in all months except September,
when Daphnia was most limited and consumption
accounted for 48% of production and 28% of total
production +biomass. When evaluating depth-spe-
cific Daphnia supply versus demand, prey resources
in the metalimnion were most limited in June and
September, when consumption demand accounted for
49% and 43% of Daphnia production, respectively.

Comparisons of historical energy budgets to those
in the current study suggest that rainbow trout are not
feeding as effectively as they did in 1971-73. Rain-
bow trout in the current study were smaller at annuli
2-5 and these lower growth rates were accompa-
nied by lower total annual energy budgets compared
to rainbow trout sampled in the 1970s (Fig. 7). The
annual energy budget declined for nearly all prey cat-
egories, although this decline was largest for Daph-
nia. Lower contribution of Daphnia in the energy
budgets of rainbow trout also coincided with lower
Daphnia abundance (density per m?) measured in
the current study compared to the 1970s (Fig. S10).
Despite the addition of redside shiner to the energy
budget for larger rainbow trout in the current study,
the energetic contribution of this new prey source was
not great enough to overcome the decline in the other
prey categories.

Discussion

Our quantitative food web analysis highlighted the
dominant role of the invasive redside shiner as a zoo-
plankton consumer in Ross Lake. Although the fish
community consumed less than 50% of the monthly
production and biomass of Daphnia, the current den-
sities of Daphnia were considerably lower than dur-
ing 1971-1974. Rainbow trout in the current study
experienced lower contributions of Daphnia to their
annual energy budget and lower annual growth com-
pared to the 1970s. These comparisons suggest that
foraging success by rainbow trout has declined, espe-
cially for smaller rainbow trout feeding on Daphnia.
Thus, for rainbow trout, growth and foraging perfor-
mance may be more sensitive to reduced prey density
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than could be inferred simply by cruder measures of
available prey supply. These findings support hypoth-
eses regarding the role of redside shiner as a resource
competitor limiting growth of rainbow trout (Larkin
& Smith, 1954; Johannes & Larkin, 1961). While we
did not explicitly evaluate the role of redside shiner
as a novel prey for rainbow trout in this study (but see
Johnson et al., 2024b), results from our energy budget
analysis suggest that redside shiner do not provide
substantial benefits to the rainbow trout as a novel
prey source, except for the oldest age classes which
represented a very small fraction of the population.

Areal densities of Daphnia (#/m?) were substan-
tially higher in 1971-1973 than in 2019-2021 in
multiple regions of the lake throughout the summer,
supporting the hypothesis that prey density is cur-
rently too low for rainbow trout to feed as effectively.
However, differences in sample collection depths
between the studies confound this comparison of
densities across time. We only collected zooplank-
ton from 20 m to the surface, and we assumed zero
individuals below 20 m; thus, if habitat occupancy
extended below 20 m depth, our reported areal densi-
ties would be underestimated and the reported differ-
ence between the two studies would be inflated. How-
ever, even if we assume that our observed densities
extended down to 50 m depth (rather than the 20 m
we sampled), this still results in lower areal densities
than observed in 1971-1973 summers; therefore, it is
probable that Daphnia densities are lower now than
they were historically, although the true magnitude of
the difference is unknown.

This trend in Daphnia density could be the result
of one or more environmental or ecological fac-
tors. One hypothesis is that increased consumption
demand by redside shiner has suppressed population
growth of Daphnia. Alternatively, decreased Daph-
nia abundance could be due to nutrient limitation
and reduced productivity as the reservoir has aged;
however, the largest productivity decline would likely
have occurred during the first decade following inun-
dation in the 1950s (Ney, 1996).

The thermal structure in current years compared
to the 1971-1973 (Fig. S13) indicates that rainbow
trout may be thermally excluded from the epilim-
nion for more of the growing season under current
conditions, which could also be limiting their access
to Daphnia. Daphnia densities in the metalimnion
(10-20 m depth) were similar to or greater than in
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the epilimnion (0—10 m depth) in July and Septem-
ber at the northern site and in June, August, and
September at the southern site. Thus, thermal exclu-
sion is unlikely to limit rainbow trout consumption
during these months. However, lower Daphnia den-
sities in the metalimnion could exacerbate the exist-
ing limitation of low lake-wide Daphnia densities
during July in the south and during August in the
north.

Reduced Daphnia consumption by rainbow trout
in Ross Lake could also result from predator-induced
changes to habitat selection and behavior of the trout.
Predation pressure on juvenile rainbow trout is higher
now compared to the 1970s, as bull trout abundance
in the upper Skagit River in British Columbia and
presumably in Ross Lake as well, has increased since
the introduction of redside shiner (Foster, 2020), and
larger rainbow trout are now piscivorous (Johnson
et al., 2024b). Small rainbow trout in lakes and res-
ervoirs commonly seek predation refuge in nearshore
habitats, which would limit their access to Daphnia,
which are concentrated in the pelagic zone (Tabor
& Waurtsbaugh, 1991; Biro et al., 2005). Support-
ing this hypothesis, we found that during the current
study, benthos contributed a larger fraction of the
energy budget for the younger, smaller trout and then
declined with age, while benthos contributed the least
to age 2 energy budgets and then increased with age
in the 1970s.

Growth and consumption by rainbow trout in other
reservoirs have been tightly linked with Daphnia
biomass per unit volume (Tabor et al., 1996), align-
ing with our findings in Ross Lake. These pelagic
resources play a particularly important role in reser-
voirs compared to natural lakes as reservoir water-
level fluctuations can disrupt benthic productivity
depending on the timing and extent of water draw-
down (Hansen et al., 2018; Trottier et al., 2019). Pre-
vious studies in Ross Lake have shown low stand-
ing crop of benthic invertebrates in the drawdown
zone (Seattle City Light, 1972). The contributions
of immature insects and other benthos to the energy
budget of rainbow trout in the current study were
also lower than in the 1970s indicating that these
prey resources are also currently limited. Benthos
and immature insects were also major components of
the redside shiner diet, suggesting the increased con-
sumption demand could be putting further pressure
on these already limited benthic resources.
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Redside shiner were apparently not food limited
in Ross Lake, despite low Daphnia densities that
affected rainbow trout feeding, thus they may be
able to limit rainbow trout in resource-poor systems.
Part of this ability to withstand low Daphnia densi-
ties may result from their relatively lower metabolic
activity, growth rates, and food requirements (John-
son et al., 2023). It is also possible that they can feed
more effectively than trout at low prey densities.
Observations from enclosure experiments supported
this hypothesis; redside shiner fed more efficiently on
Gammarus than rainbow trout (Johannes & Larkin,
1961), although these competitive interactions might
also be influenced by environmental variables such
as temperature (Reeves et al., 1987). Whether redside
shiner are more efficient at feeding on zooplankton
is uncertain. Functional response experiments could
shed light on competitive advantages redside shiner
may have over rainbow trout and elucidate any rela-
tionships between resource availability and impacts
of invasion (Dick et al., 2014).

Interestingly, our analysis of annual energy budg-
ets of rainbow trout highlighted that the addition of
redside shiner as a novel prey source for rainbow trout
did not compensate for the decline in energy acquisi-
tion from invertebrate prey categories for most age
classes. This finding suggests that rainbow trout were
not able to substantially benefit from redside shiner as
a prey source until they were>400-mm FL (age 6).
Rainbow trout in the current study did attain an older
maximum age and larger maximum weight compared
to the 1970s, which could have implications for repro-
duction potential in the tributaries (Quinn, 2005).
However, we presume that very few rainbow trout in
this population survive to age 6 due to low estimated
annual survival (only 3% of fish>200-mm FL), sug-
gesting that any benefits to rainbow trout growth are
probably not realized at the population-level. Addi-
tionally, any increases in recruitment to the lake could
be overwhelmed by increases to predation rate (John-
son et al., 2024b).

Limitations/assumptions
Population abundance
Population abundance exerted the strongest influ-

ence on predicted consumption demand; therefore,
uncertainty around these estimates influenced our

conclusions regarding consumption demand in these
reservoirs. Despite considerable uncertainty regard-
ing rainbow trout abundance in Ross Lake, the popu-
lation is too small to strongly alter our conclusions.
Our estimate of consumption by rainbow trout rep-
resented only 5-21% of the consumption demand
imposed by redside shiners; therefore, the rainbow
trout population would have to be many-fold larger
than our current estimates to measurably change our
conclusions about the relative consumption demand
of these two species.

Our assessment of redside shiner abundance likely
underestimated the actual abundance by some per-
centage due to the challenges of detecting the portion
of fish close to the bottom. Consequently, we could
have underestimated population-level consumption
demand on Daphnia by redside shiner. Thus, con-
sumption demand could have been closer to carrying
capacity than was indicated by our estimates. If we
use a conservative estimate of carrying capacity to
be 50% of production +biomass, Ross Lake Daphnia
supply in September would be at carrying capacity
with a redside shiner population around 1.8 X our esti-
mated size (i.e., 21.5 million), which is near the upper
confidence interval of the redside shiner abundance
estimate (21.1 million; Table S3).

Daphnia production

Although the egg ratio method for estimating pro-
duction (Paloheimo, 1974) is standard in such fisher-
ies studies, it is not without flaws. First, it assumes
constant birth and death rates throughout each sam-
pling interval. In reality, these dynamics are episodic
— egg ratios change considerably over short peri-
ods. Considerable variability in these metrics may
be lost when using longer sampling intervals, such
as the monthly sampling used in this study (Brett
et al., 1992). Challenges in identifying loose clad-
oceran eggs add another level of uncertainty to pro-
duction estimates based on egg ratios. Nevertheless,
we believe that our estimates of Daphnia biomass
and production provide a useful guide for evaluating
available prey supply in these reservoirs.

Management implications

Identifying the factors currently limiting this inva-
sive population may improve understanding of future
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risks driven by a changing climate and environmen-
tal conditions as well as informing control strategies
(Rahel & Olden, 2008). In contrast to rainbow trout,
redside shiner in Ross Lake fed at or just exceeding
their theoretical %C,,,,,, indicating they are probably
limited by factors other than prey availability. Redside
shiner experience a relatively short growing season
in Ross Lake, with most consumption and growth
occurring during June-September. Warming would
increase consumption rates and likely heighten limi-
tations they impose on shared prey supply; however,
it could also increase growth and survival rates in the
spring and fall, potentially facilitating further expan-
sion into the southern region, where abundance is
comparatively low. If warming was high enough, it
could also shift redside shiner depth distributions into
the thermocline during the growing season, increas-
ing the spatial and diet overlap with native salmo-
nids and intensifying competition for the limited
zooplankton supply below the epilimnion. Bioen-
ergetic simulations show that redside shiner growth
potential is within 90% of its maximum from 16 to
20 °C with %C,,,, and diet energy comparable to this
study (Johnson et al., 2023), suggesting behavioral
thermoregulation might induce vertical habitat shifts
above these temperatures.

Stable isotope mixing models detected higher lev-
els of cannibalism by redside shiner than expected
based on diet analysis, which could represent an
important and previously overlooked mechanism of
population control. Extent of cannibalism reported
in the literature is varied (Weisel & Newman, 1951;
Johannes & Larkin, 1961; Welch, 2012), and Wei-
sel & Newman (1951) suggested that redside shiners
“are probably their own worst egg predators.” Can-
nibalism could indicate low resource availability or
a natural response to predictable high-density pulses
of high-energy food (Fox, 1975). Further insights into
the role of cannibalism in regulating this population
could be gained by quantifying predation mortality by
other predators for comparison to annual biomass and
production. This result could also be due to bias from
the stable isotope data and mixing models. SIMMs
could have modeled higher levels of fish consumption
by redside shiner if their true trophic discrimination
factor (TDF) for 8'°N was higher than the assumed
3.4%0+1.0%0 (Post, 2002; Hussey et al., 2014). In
the absence of data on TDFs for redside shiner, we
used average TDF values that are widely applied in
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similar fisheries studies, making these results compa-
rable to others (e.g., Rubenson et al., 2020; Hansen
et al., 2022).

High relative feeding rates (%C,,,,) exhibited by
redside shiner in this system suggest that management
actions to reduce abundance could decrease exploita-
tive competition with rainbow trout in Ross Lake.
This is not always the case; for example, in Lake
Tahoe high consumption demand and low %C,,,, of
invasive Mysis feeding on copepods indicated that
decreases in their density could increase per capita
consumption rates by Mysis rather than increase food
available to kokanee Oncorhynchus nerka (Hansen
et al., 2023). Uncertainties in the relative roles of pre-
dation versus environmental conditions in regulating
zooplankton population dynamics makes it challeng-
ing to predict the magnitude of Daphnia response to a

partial decrease in consumption demand.

Conclusion

Quantitative assessments of reservoir food webs,
such as those presented here for Ross Lake, can pro-
vide data to inform management of novel or hybrid
food webs (Naiman et al., 2012). As native spe-
cies re-introductions and translocations become an
increasingly popular conservation tool (Seddon et al.,
2007)—including current proposals to explore intro-
ducing anadromous salmonids above Ross dam (Seat-
tle City Light, 2023)—such studies can also be lev-
eraged to evaluate whether food web capacity exists
to support these often costly introductions (e.g., Sorel
et al., 2016b; Hansen et al., 2023). By linking these
food web processes to thermal conditions, water man-
agement strategies can be ecologically informed and
optimize current and future operations to support
robust ecosystems.
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