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Large dams and their respective reservoirs can provide renewable energy and water
security, but also profoundly alter riverine ecosystems. In the Pacific Northwest,
dams and reservoirs cause discontinuities in river networks that have been
particularly problematic for anadromous fishes. As barriers to the upstream and
downstream migration of anadromous fishes, including threatened Chinook Salmon
and Steelhead, these dams and reservoirs are fundamentally altering the population
sizes and life history tactics of these species.
Changes in reservoir management, including reservoir draining, have been
implemented to improve the downstream passage conditions for salmon juveniles.
Improving our understanding of how such reservoir management may affect reservoir
ecology and cohorts of salmon over time will be critical in evaluating its feasibility in
salmon recovery efforts.
Reservoir draining as a management action could be expected to result in
dramatic cross-community effects and the lasting in-reservoir consequences of brief
draining are unknown. Here, I explore food webs and trophic ecology of large
reservoirs in the Pacific Northwest of North America. Specifically, I explore 1) how
juvenile Chinook Salmon are growing as they use reservoirs for rearing habitat; 2)
how seasonal draining of these systems may change reservoir food web relationships
and alter reservoir fish community structure; and 3) how other reservoir communities

(i.e. zooplankton) may be more resilient to draining. Surprisingly, draining appears to
strongly impact the fish community, especially higher trophic levels and introduced
species, but does not appear to dramatically alter water quality or lower trophic levels
outside of the draining period.
During each annual draining event, I did document a brief spike in ammonium
export, likely related to a short-lived sag in dissolved oxygen. This spike only
occurred deep in the descending arm of draining and was not associated with apparent
differences in nutrients upon refill. An apparent increase in light attenuation in Fall
Creek Reservoir may be related to fine suspended sediments, but otherwise observed
water quality was consistent with nearby reference reservoirs. Phytoplankton
community structure and observed productivity, as with zooplankton, was within
expected bounds based on reference reservoirs.
In Chapter 1, I present the theoretical underpinnings for why reservoir
management may be ecologically important and review the literature on alternative
reservoir drawdown operations. This review found that broad ecological effects might
be expected with draining and other water level manipulations. It also appears that the
physical characteristics of the system (e.g. substrate), productivity (e.g. trophic state),
and seasonality (e.g. time of year manipulation occurs) may be critical in the structure
of responses.
In Chapter 2, I present a linked foraging and bioenergetics model
(http://growchinook.fw.oregonstate.edu/) to examine juvenile Chinook Salmon
growth potential and behavior in reservoirs. This multi-model design and
optimization routine (GrowChinook) has broad applications in examining growth
potential and predicting habitat use in stratified environments in general. I
demonstrate the use of GrowChinook for the spring-summer rearing period in three
Willamette River basin reservoirs, Oregon, USA, where juvenile spring Chinook
Salmon exhibit a novel life history that includes reservoir-reared juvenile fish that are
larger than nearby stream-reared subyearlings. Our simulations support diel vertical
migration as a tactic that increases growth potential.
In Chapter 3, I focus on the effects of reservoir management, specifically
short-duration seasonal (fall) draining, on community interactions and present

evidence that aquatic food web structure changes with this whole-system
manipulation. I evaluate unintended and lagged consequences, including trophic
shifts away from piscivory and towards feeding at lower trophic levels for two
common piscivorous fishes. Using natural abundances of nitrogen stable isotopes, I
observed lower trophic level of feeding for invasive Largemouth Bass (Micropterus
salmoides) and native Rainbow Trout (Oncorhynchus mykiss) during the summers
following reservoir refilling than in nearby reference reservoirs that were not
temporarily drained during fall. Declines in trophic levels of aquatic top predators
have been rarely documented outside of controlled laboratory conditions. While
useful for assisting outmigration of juvenile salmonids, the temporary draining of a
reservoir to riverbed can also result in novel shifts in food web dynamics including
reduced piscivory.
In Chapter 4, I analyze 12 years of fish capture data from a screw trap located
downstream of Fall Creek Reservoir (Oregon, USA) for changes in timing of passage
out of the reservoir and to compare fish species composition pre- and post-draining. A
pulse and contraction occurred in the timing of passage for subyearling juvenile
Chinook Salmon, with an absence of yearling juveniles in years following draining.
This pattern indicated increased export of subyearling juvenile Chinook Salmon with
draining operations. Our findings also show that briefly draining the reservoir to
streambed results in a reduction of warm-water invasive species in the reservoir after
it refills, which could decrease predation and shift competition between invasive and
resident riverine-adapted native fishes in the reservoir. Collectively, our findings
suggest that this low-cost reservoir management option may improve passage and
connectivity for juvenile Chinook Salmon while also decreasing the abundance of
invasive fish species in the reservoir and transitioning remaining piscivores to feed on
zooplankton and other invertebrates.
In Chapter 5, I provide evidence that annual extreme water level fluctuations
may have structured reservoir zooplankton communities so that they are resilient to
increased winter draining. I note the importance of zooplankton as a food resource for
higher trophic levels, including threatened and endangered salmon species, and the

need to improve our understanding of the structuring mechanisms for reservoir food
webs.
In Chapter 6, I conclude with additional observations and recommendations
for future research directions that would improve our understanding of trade-offs
related to reservoir management, highlighting the crucial need for further evaluations
of reservoir draining in other systems and contexts and the importance of planning
ahead. As large dams continue to be operated and constructed worldwide, and climate
change alters water availability, understanding the community and ecosystem-level
effects of reservoir management will be critical to evaluating trade-offs between
human water needs, conservation of high value species, and ecosystem services
impacted by river fragmentation.
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CHAPTER 1- INTRODUCTION AND INITIAL LITERATURE
REVIEW

Christina A. Murphy

Department of Fisheries and Wildlife, 104 Nash Hall, Oregon State University,
Corvallis, Oregon USA 97331-3803
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Background

This study was developed to better understand both immediate and delayed effects of
reservoir management, including draining to streambed, and the implications for
reservoir-reared juvenile Chinook Salmon. The primary objective of my dissertation
research is to improve our understanding of reservoir ecology and the impacts of
changes in water management, especially how they may impact the suitability of
reservoirs for rearing juvenile Chinook Salmon. This includes goals to 1) understand
the high observed growth rates of reservoir-reared juvenile Chinook Salmon, 2)
reconstruct in-reservoir trophic relationships using stable isotopes to understand
reservoir food webs, and to evaluate the impacts of reservoir draining on the reservoir
3) fish and 4) zooplankton communities:


In Chapter 2, I present GrowChinook, a linked model for subyearling Chinook
Salmon growth and depth use in vertically stratified environments. The model
predicts growth rates of juvenile Chinook Salmon that are generally consistent
with observed data. Rapid modelled growth was not based on temperature
alone, but was strongly influenced by Daphnia abundance and distribution.



In Chapter 3, I present stable isotope data on reservoir food webs, with a focus
on observed differences in piscivory across reservoirs. These differences
indicate that piscivorous fishes in the reservoir that experienced annual fall
draining were feeding on invertebrates even during the summer months when
the reservoir was full. This transition to lower-value prey suggested washout
of other fishes.



In Chapter 4, I explore the fish community of Fall Creek Reservoir, the
reservoir experiencing annual draining. Using USACE screw trap data from
before and after draining, I document changes in the community structure that
favor native species and are consistent with the trophic impacts described in
Chapter 3.



In Chapter 5, I document zooplankton community structure, including strong
seasonal patterns. I provide evidence to suggest there have not been changes
to the zooplankton communities across years, nor evidence indicating that Fall
2

Creek Reservoir has an abnormal zooplankton community composition or
biomass during the productive spring and summer months even though it is
drained in fall.


In Chapter 6, I conclude with ideas for next steps to address additional
questions and highlight several considerations for future discussion.



I also studied seasonal physical and chemical parameters in upper Willamette
Basin Reservoirs as part of my dissertation. The data that are not directly
referred to in the food web and trophic ecology chapters here will be
published separately.

Introduction
During the middle of the 20th century, riverine systems changed dramatically through
dam construction (Altman et al., 1997). Now, many headwater streams in the Pacific
Northwest of North America (PNW) are impounded and have physical, biological,
and chemical conditions that can be dramatically different than those found in
unmodified systems (Poff and Hart, 2002). The river discontinuity associated with
impoundment is especially important for migratory fishes such as salmonids
(Larinier, 2001). PNW rivers have been home to salmonids for millions of years
(Behnke, 2010). Anadromous salmon juveniles begin their life rearing in streams and
move downstream to the ocean as smolts, transitioning through diverse habitats and
conditions. Their diets and growth rates reflect these habitats and the availability of
prey (Groot et al. 1995). Dams, and the reservoirs they create, have both altered the
environment and restricted access to and from headwater reaches.
The majority of the 13 Willamette Valley Project (WVP) dams and reservoirs
in Willamette Basin are located on rivers with anadromous salmonids (NOAA
Fisheries 2008; Figure 1.1). The WVP Biological Opinion (BiOp) requires
improvements to operations and structures to reduce impacts on Upper Willamette
River (UWR) Chinook Salmon (Oncorhynchus tshawytscha), listed as a threatened
species under the Endangered Species Act (ESA). Recent efforts to minimize the
effects of dams and reservoirs on these salmonids has resulted in both new
3

infrastructure (e.g. fish passage, temperature control) as well as changes in reservoir
management operations, including outflow and increased drawdown (USACE 2012;
Reasonable and Prudent Alternative measures 4.8, 4.11, 4.12.1, 9.3).

Figure 1.1. Map of the 13 US Army Corps of Engineers dams and reservoirs forming
the Willamette Valley Project. Figure from USACE
(https://www.nwp.usace.army.mil/portals/24/siteimages/locations/_maps/willamette/Willamette-basin.jpg).
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The configuration of WVP dams in concert with their extreme water level
fluctuations, reservoir lengths, and shoreline complexity proves a challenging
environment to provide downstream fish passage for all salmon life history stages
present. WVP reservoirs are annually drawn down to conservation pools during
winter months to provide flood risk reduction before spring refill. Brief fall draining
of Fall Creek Reservoir began in 2011 and continued annually, bringing the reservoir
below the conservation pool and to a run-of-river state for hours or days. This
modified drawdown is being used to improve downstream passage and survival of
juvenile Chinook Salmon. However, limited data existed to evaluate possible inreservoir tradeoffs from this change in management even though substantial changes
could be expected (ISAB 2011). Additional proposed benefits of draining included
displacement of introduced fish species, including predators of juvenile Chinook
Salmon. However, deep drawdowns also lead to dramatic sediment export (Schenk
and Bragg 2014), nutrients bound to the sediment, and zooplankton (Larson 2000).
With these predicted exports of nutrients, plankton and fishes, potential exists for
major modifications to the reservoir rearing environment for subsequent cohorts of
juvenile Chinook Salmon upon refilling. A better understanding of the long-term
effects of modified drawdowns, such as the draining to streambed of Fall Creek
Reservoir, on juvenile Chinook Salmon growth and survival is intended to aid
development of best management practices for reservoirs.
Opportunity

Juvenile Chinook salmon use reservoirs, such as Fall Creek, as rearing habitat before
downstream migration (Monzyk et al., 2012). The US Army Corps of Engineers
(USACE) manages 13 dams and reservoirs in the Willamette Basin (USACE, 2013).
The majority of these reservoirs occur on rivers with anadromous salmonids, which
has wide ranging implications for these species (NOAA, 2008). Recent efforts to
minimize the effects of dams and reservoirs on these target fishes has resulted in both
new construction (e.g. fish passage, temperature control) as well as changes in
operations (e.g. outflow, drawdown) (USACE, 2012). At the start of this project US
5

Army Corps of Engineers was beginning to implement changes in drawdown
operations at some projects, as per the Willamette Basin Biological Opinion (RPAs
4.8, 4.11, 4.12.1, 9.3). Deep drawdowns, to below minimum conservation pool,
initiated at the Fall Creek Project (also referred to as draining to streambed) were
intended to ultimately improve downstream passage and survival of juveniles.
Additional modified drawdowns in Lookout Point and Hills Creek Reservoirs were
also originally under consideration (Figure 1.1). However, limited data existed to help
evaluate ecological tradeoffs from changes in reservoir management and substantial
changes were considered possible (ISAB, 2011). I proposed to quantify whether
drawdown for increased passage of salmonids resulted in changes in reservoir
nutrient availability, prey availability, and food web dynamics in Fall Creek. These
ecological parameters have direct and indirect implications for growth and condition
of juvenile Chinook Salmon. Improving our understanding of potential tradeoffs
remains critical information needed before draining or other modified drawdowns are
considered at other projects.

Draining, Fall Creek Reservoir

Conservation pool, Hills Creek Reservoir

December 2012

December 2012

Hypothesis

Ha: Reservoir draining initiates an export of nutrients and taxa, and a legacy of
cascading effects on food webs and productivity in the reservoir

6

I originally expected that alternative reservoir management, in this case
reservoir draining, could change water quality (nutrients, physical parameters,
phytoplankton communities) and Chinook Salmon food resources (zooplankton
species and abundance) as well as trophic relationships within reservoir food webs.
The possible responses to drawdowns are numerous: drawdowns may lead to reduced
prey availability from washout and changes in the amount of pool habitat. They can
also lead to export of large fish and reduced predator densities the following year.
Plankton and small fish would likely be affected by changes in density of
overwintering native and non-native fishes. Alterations to food webs may also result
in lagged changes over time (i.e., diet shifts are likely not instantaneous and may be
influenced by long-term changes in nutrient and food availability). I expected that
because nutrients affect both primary and secondary production, the export of
nutrients from the reservoir during draining would influence water quality
downstream as well as nutrient availability and productivity within the reservoir the
following season. These changes, along with the washout of taxa, would have
repercussions for native and introduced fishes and the trophic dynamics in the
reservoirs.
Why might nutrients be exported? Seasonally, nutrients in deep waters should
become available as the reservoir mixes while nutrients bound to sediments may not
typically become available (Golterman, 2004). Sediments traditionally accumulate in
reservoirs, although there are methods to mobilize trapped sediment (Fan and Morris,
1992). The deep drawdown (draining) currently occurring at Fall Creek Reservoir is
one such example, moving large amounts of accumulated sediment downstream
(Schenk et al., 2013). In addition to flushing of bound nutrients with this sediment
load, the ability of the reservoir to retain suspended nutrients, plankton, and fish (via
a residual pool) is reduced with draining. Historical data from a previous Fall Creek
deep drawdown show releases of phytoplankton downstream which otherwise stayed
in the reservoir (Larson, 2000). This sediment alters downstream conditions and
makes some monitoring efforts, such screw trapping operations, impossible during
this period of interest (Taylor, 2013). However, it is believed that large numbers of
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reservoir resident non-native fishes are being flushed from the system during draining
(Taylor, personal communication).
I expected food web changes to be especially pronounced. The impoundment
of water behind dams has been shown to reduce the longitudinal gradient and
downstream transport of energy flow in riverine food webs (Ward and Stanford 1983,
Woodward and Hildrew 2002). With the reduction in longitudinal transport, food web
linkages can be compressed spatially (McQueen et al. 1989, McCann et al. 2005) and
processes in lakes or reservoirs may be tightly coupled (Schindler and Scheuerell
2002). This decrease in connectivity affects instream or in-reservoir processes, for
example nutrient cycling and invertebrate drift (Power et al. 1996, Pringle 2003).
Shifts in nutrient availability in reservoirs and resulting exports downstream have
implications for water quality and food availability for fishes (Friedl et al. 2004),
potentially affecting entire food webs (Naiman et al. 2012).
These changes can be characterized as top down influences or bottom up
influences in food webs (Figure 1.2). Food webs have been a cornerstone of
ecological study (Elton 1927) with top-down and bottom-up processes a central tenet
of modern ecological theory (Hairston et al. 1960, Power 1992). Predators drive topdown control, for example reducing grazing and allowing primary producers to
flourish (Hairston et al. 1960). The term “trophic cascade” is most often associated
with top-down control, however bottom-up dynamics can “cascade up” a system
(Menge 1992). Bottom-up control is resource driven and may be trophic or
facilitative in its upward cascade (Murphy 2008). Opposing resource- and predatordriven pressures may then be compounded by increasing environmentally driven
selective pressures which change community composition (Hunter and Price 1992).

Bottom-up food web dynamics: Because these reservoirs are oligotrophic and nutrient
limited, increased export of nutrients may cause reservoirs to become even less
productive. For example, Daphnia spp. and other prey may be limited by primary
production (Wright 1965), which in turn may be nutrient limited (Morris and Lewis
1988). Reductions in phytoplankton production can reduce herbivorous and then
predatory zooplankton, which reduces the food available for small fishes, and
8

ultimately reduces the food available for piscivorous fishes. Further, nutrient
limitation may result in shifts in community composition as species that are less
competitive are eliminated. For example, cyanobacteria are highly competitive for
phosphorus and most species can fix nitrogen. These algae are also able to produce
toxic compounds that pose public health risks and have fitness consequences for
Daphnia spp. and other zooplankton (Work and Havens 2003, Tillmanns et al. 2008,
Sarnelle et al. 2010). As such, species composition and interactions may strengthen
bottom-up effects. Alternatively, available nutrients might increase upon reservoir
refilling due to sediments being re-suspended into the water column of the reservoir.
These dynamics might be most evident after initial changes in drawdown and
gradually decline or rebound over time.

Top-down food web dynamics: Deep drawdown has the potential to increase
downstream export of the top-predators and large fish from the reservoir, including
many of the warm-water non-native species. Trophic cascades triggered by top-down
predation result in a characteristic alternating pattern as reductions in predation by
piscivores on planktivores increase pressures on zooplankton, reducing pressures on
phytoplankton (Polis 1999). For example, this could result in a reduction in predation
on young Chinook Salmon and competition for their food. Natural abundance from
stable isotope ratios have been used to identify trophic status and are useful in
examining linkages and changes in feeding and productivity in food webs, such as
might occur with altered drawdown regimes.

Selectivity: Deep drawdown or draining of reservoirs causes brief stream-like
conditions. The resulting shifts in connectivity and habitat availability could exert
strong selective pressures on retention of material and organisms across trophic levels
which could translate into bi-directional effects (i.e., it may influence both top-down
and bottom-up interactions). For example, drawdown should wash out many plankton
which would ultimately select for species with resting stages at that time of year, and
by being in stable sediments can avoid flushing from the system. Residual pools may
allow a few fish to stay in the reservoir, but predation in these pools is likely to be
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extreme along with fluctuations in temperature and water quality. These pressures
would be expected to favor certain species which could both change predation
pressures as well as altering food availability and quality.

Figure 1.2. Hypothesized top-down and bottom-up effects on nutrients, plankton, and
fish resulting from reservoir draining.
The changes in connectivity associated with reservoirs are especially
important for migratory fishes (Larinier 2001). Migratory anadromous salmonids
inhabit diverse habitats and conditions over their lifetime, with juveniles rearing in
streams and moving downstream to the ocean as smolts and adults migrating back
through the stream network to their natal site. Juvenile Chinook Salmon are rearing in
reservoirs as well as in streams before they begin their downstream migration
(Monzyk et al. 2014).
The diet and growth of juvenile Chinook Salmon rearing in reservoirs is
different from their stream-dwelling counterparts. In headwater streams, juvenile
Chinook Salmon feed predominantly on aquatic and terrestrial insects (Groot and
Margolis 1991, Rondorf et al. 1990) whereas in reservoirs, zooplankton and terrestrial
insects are the most abundant prey items on Chinook Salmon diets (Rondorf et al.
1990). Indeed, Chinook Salmon growth in reservoirs may be twice as fast as rates in
nearby streams (Monzyk et al. 2014). The impoundment of headwater streams results
in temperature increases and warmer habitats for Chinook Salmon, which may
contribute to observed growth rates. Warmer waters also provide habitat for
introduced warm-water fishes (Altman et al. 1997) that can prey on and compete for
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food with salmonids, with serious implications for salmonids in some cases
(Sanderson et al. 2009).
Reservoirs in the Willamette Basin are warm monomictic lakes that stratify in
summer (Johnson 1985). During the summer, the upper and lower strata of the
reservoir do not mix due to the temperature and density differences between the
layers and warm waters accumulate at the surface. Productivity is higher above the
thermocline (epilimnion) where temperatures are warmer and light availability is
greater. This spatial distribution of nutrients, food resources and optimal
temperatures has implications for juvenile Chinook Salmon growth and development.
Zooplankton and phytoplankton are influenced by light, nutrient availability and
temperature and move up and down in the water column to optimize their access to
resources and to avoid predators. Salmonids, however, are more restricted by
temperatures and suitable physical conditions in the reservoirs. A differential overlap
of food resources with optimal temperatures over time will influence the feeding and
growth potential for juvenile Chinook Salmon.

Initial literature review

In 2013, in order to inform my hypotheses and study design, I coordinated a review of
the literature on deep reservoir drawdowns where changes in exports or in-reservoir
conditions were reported. I focused on draining or deep reservoir drawdowns to
below conventional levels and impacts on reservoir biotic communities. Deep
drawdowns (those which go below the conventional drawdown depth for a reservoir)
have been implemented in the Pacific Northwest and elsewhere to flush sediments or
to control target species. However, these drawdowns have the potential to change in
reservoir conditions upon refilling as a consequence of export and change in
composition of nutrients, phytoplankton, and zooplankton coupled with changes in
fish species composition.
Deep drawdowns are implemented during fall in the Pacific Northwest to
improve downstream passage and outmigration of juvenile salmonid smolts. Inreservoir conditions following deep drawdowns and reservoir refilling are of
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particular importance because these reservoirs provide rearing habitat for listed
juvenile Chinook Salmon.
To assess the range of impacts attributable to reservoir drawdowns in the
published literature, I used Web of Science and Google Scholar with search terms
including ‘reservoir*’ or ‘lake*’ combined with ‘drawdown*’, ‘residual pool*’ or
‘water level*’ as well as ‘drawdown*’ combined with ‘macrophyte*’ (to encompass
macrophytes and macrophytic vegetation), ‘zooplankton*’, ‘fish*’, and ‘nutrient*’. I
focus the following discussion on papers that documented changes attributable to
drawdowns or deep drawdown regimes or which served as literature reviews for
specific impacts resulting from drawdowns, regardless of geographic location. I
include modeling results that were derived in whole or in part from real world
observations or experiments. Additional references included those cited in the
relevant literature obtained from my database searches.
Findings
The documented impacts of drawdowns are diverse and include both abiotic
and biotic shifts (Table 1.1). The vast majority of surveyed literature found that
changes should be expected in exports, nutrient availability, phytoplankton
abundance, macrophyte density and composition, zooplankton abundance,
macroinvertebrate communities and fish condition and density. I found few papers
that did not observe changes corresponding to modified drawdowns. In many cases,
significant changes resulted from relatively small fluctuations in water storage level.
The primary mechanisms for these changes are reductions in available area or
volume, the dewatering and desiccation of sediments, changes to thermal and
chemical stratification patterns and the export of material from the reservoir.
Secondarily, changes appear to cascade through the reservoir system both within and
across the groups presented below. For example, Wolcox and Meeker (1992)
hypothesized that declines in submerged macrophytic vegetation led to the
corresponding declines in northern pike and yellow perch observed with reduced
water levels as the macrophytes formed critical spawning habitat that was
inaccessible at low reservoir levels.
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Table 1.1. Effects of deep reservoir drawdowns on exports and in-reservoir
conditions reported in the literature. Review papers including the results of
multiple studies are indicated with boldface. Studies that observed no change
or which concluded negligible changes (as determined by their respective
authors) are included for documented variables. Papers with multiple topi cs
appear under each.
Category

Change observed

Exports

Larson 1974; Cooke 1980; Jossette et al. 1999;
White 2001; Shantz et al. 2004; Baldwin et al.
2008, 2010; Wang et al. 2013
Cooke 1980; Gasith & Gafny 1990; Harding &
Wright 1999; Jansson & Erlingsson 2000; Perrin
et al. 2000; Nowlin 2003; Effler & Matthews
2004; Dirnberger & Weinberger 2005;
Cavanaugh et al. 2006; Owens et al. 2011;
Jaehnichen et al. 2011; Wang et al. 2013
Cooke 1980; Harding & Wright 1999; Baldwin
et al. 2008; Xiao et al. 2011

Sediments &
nutrients
(incl. turbidity)

Phytoplankton

Macrophytes

Zooplankton
Macroinvertebrates
Fish

Cooke 1980; Gasith & Gafny 1990; Wolcox and
Meeker 1992; Furey et al. 2004; Turner et al.
2005; Thomaz et al. 2006; Auble et al. 2007;
Howard & Wells 2009; Zhang et al. 2012;
Boschilia et al. 2012; Chapin & Paige 2013; Su
et al. 2013
Harding and Wright 1999; Albritton & White
2006; Geraldes & Boavida 2007
Cott et al. 2008; McEwen & Butler 2010; Zhang
et al. 2012; Rose & Mesa 2013
Heman et al. 1969; Cooke 1980; Gaboury &
Patalas 1984; Gasith & Gafny 1990; Gafny et
al. 1992; Rogers & Bergersen 1995; Verrill &
Berry JR 1995; Yamamoto et al. 2006; Benejam
et al. 2008; Cott et al. 2008; McLellan et al.
2008; Rose & Mesa 2013

No/negligible change
observed

Turner et al. 2005;
McGowan et al. 2005

Turner et al. 2005;
McGowan et al. 2005

McGowan et al. 2005

McAfee 1980
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Sediments and nutrients

Seasonally, nutrients in deep waters typically become available as the reservoir mixes
while nutrients bound to sediments may or may not become available (Golterman
2004). Sediments typically accumulate in reservoirs, although there are methods to
mobilize trapped sediment (Fan and Morris 1992). The deep drawdown (draining)
currently occurring at Fall Creek Reservoir is one such example, mobilizing large
amounts of accumulated sediment downstream (Schenk et al. 2013).
The export of sediments downstream (sediment flushing) is a well described
use of deep drawdowns (see Fan and Morris 1992 and White 2001 and references
therein). In addition to sediment flushing sediments within the reservoir may dry out
completely while exposed, depending on exposure conditions and season. This
dewatering can alter sediment texture and composition and impact biological activity.
Exposure of sediments to air changes the redox potential or other chemical
characteristics of the substrate (Baldwin and Mitchell 2000). Recent studies suggest
that the banks of reservoirs can be destabilized as a result of reservoir drawdowns
through changes in pressure, ground motion and exposure (Paronuzzi et al. 2013;
Choudhury et al. 2013) and increase the probability of landslides during drawdown
periods (Pinyol et al. 2012).
Nutrients are often bound to reservoir sediments (Mulholland and Elwood
1982). Consequently, researchers have hypothesized that deep drawdowns should
result in the re-suspension of littoral sediments, increasing available carbon, nitrogen
and phosphorus and thus primary production (Turner et al. 2005, Cooke 1980).
Jaehnichen et al. (2011) and Xiao et al. (2011) observed increased nutrient
concentrations within the reservoir during the drawdown period. However, Turner et
al. (2005) did not reveal significant changes in nutrients with sequential increasing
drawdowns. Processes which convert nutrient forms may also be differentially
favored by full vs. partial drying (Baldwin and Mitchell 2000), and could explain
contrasting observed spikes vs. declines in particular nutrient forms, such as
ammonium, during low water phases (Cavanaugh et al. 2006; Jaehnichen et al. 2011).
These changes may be driven by bacteria and by oxygen availability as compounds
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such as ammonium are favored during reduced oxygen conditions (Baldwin and
Mitchell 2000). Eutrophic reservoirs appear especially susceptible to drops in
dissolved oxygen during drawdown periods (Benejam et al. 2008). When additional
nutrients are released into the residual pool during drawdowns, they may also be
exported downstream. Indeed, Baldwin et al. (2010) found increased C, N, P, and Fe
exports during a drawdown period.
Primary producers (phytoplankton and macrophytes)

Macrophytes and phytoplankton can be impacted by drawdowns. Drawdowns have
proven effective in control of macrophytes through reduction or elimination of some
species (Cooke 1980). Drawdowns can lead to sediment desiccation and hardening
(Cooke 1980; Turner et al. 2005), and shifts in macrophyte community composition
and abundance. In many cases, vegetation cover and composition following refill will
differ from pre-drawdown observation (Turner et al. 2005; Thomaz et al. 2006). Less
frequently, drawdowns have been documented to increase the diversity of vegetation,
possibly by reducing dominant plant species (Howard and Wells 2009). Timing of the
drawdown is important because specific life stages of the plants may be differentially
sensitive to such manipulations. In addition, indirect impacts through mechanisms
such as desiccation are seasonally dependent (Boschilia et al. 2012).
Although numerous examples deep drawdown effects on macrophyte
assemblage, density, and distribution exist, impacts to phytoplankton communities
appear less well documented. Assemblage shifts and differences in phytoplankton
densities have been observed following drawdowns, and it does appear that
drawdowns, probably through mechanisms relating to reduced habitat, changes in
nutrient availability and water quality, and the export of phytoplankton downstream,
can influence which remaining species are dominant in the reservoir (Turner et al.
2005; Baldwin et al. 2008; Xiao et al. 2011). Phytoplankton may also be exported
during drawdown periods. Both Larson (1974) and Baldwin et al. (2010) during
drawdown periods found phytoplankton in downstream rivers that matched those in
the reservoirs above. Larson (1974) also noted that exports of phytoplankton during
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full pool periods were negligible, with the vast majority of observed phytoplankton
export occurring during drawdown.
Consumers (zooplankton, invertebrates and fishes)

Impacts to zooplankton from deep drawdowns appear to remain largely unstudied.
However, zooplankton assemblages have been observed to be driven by water volume
and temperature (Geraldes and Boavida 2007). Benthic invertebrate communities may
be seriously impacted by drawdowns, with corresponding declines reported in
multiple studies (McEwen and Butler 2010). Size and density of macroinvertebrates
have dropped following increasing drawdown frequency (Rose and Mesa 2013).
However, changes in macroinvertebrates may not relate linearly to drawdown
magnitude. When deeper drawdowns were compared with traditional drawdowns,
rather than with no drawdowns, there were decreasing impacts to a macroinvertebrate
community (Zhang et al. 2012). This decrease in impacts may be due to differential
positive and negative responses from individual groups within the community as
observed by McEwen and Butler (2010) and is likely to be strongly influenced by
drawdown timing and associated conditions, such as exposure to freezing
temperatures (Cott et al. 2008).
In general, drawdowns appear to negatively affect many reservoir resident
species (Table 1.2). For fish the magnitude of drawdowns appears consistently
correlated to the magnitude of responses. Rose and Mesa (2013) found that catch per
unit effort decreased significantly after a drawdown which reduced the residual pool
to a lower level than previous years, compared to catches which followed those
previous traditional drawdowns. This decrease in catch with increasing drawdown is
consistent with McLellan et al. (2008) who found higher tag return rates by anglers
when a shallow drawdown occurred than when a deep drawdown occurred.
Yamamoto et al. (2006) also found significant reductions in catches following a
deeper drawdown regime. Drawdowns may affect fish by reducing recruitment
success (Gafny et al. 1992), altering adult survival (Cott et al. 2008), changing
movement patterns (Rogers and Bergersen 1995), and through impacts to other
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trophic levels and water conditions on which fish may depend (Heman et al. 1969).
Thus, drawdowns may shift species dominance and condition during the low water
period as well as feeding and growth upon refill (Heman et al. 1969; Benejam et al.
2008). Reported impacts appear strongly tied to season and to species, likely as a
result of life history phenology including spawning timing and periods of maximum
growth.
The existing literature on reservoir drawdowns overwhelmingly suggests
drawdown can impact a diverse array of abiotic and biotic resources within reservoirs
(Table 1.1). Drawdowns, even those with water-level reductions of a few meters, can
influence both in-reservoir conditions and reservoir exports. However, response
variables were often only measured over short time frames, so the longer-term
implications of these management actions are not clear.

Drawdowns in the Pacific Northwest

The effects of drawdowns in the Pacific Northwest have not been well studied.
Drawdowns in the Willamette Basin occur from November to February. Initiations of
these drawdowns are timed for their mandated purpose of flood control. Drawdown is
accompanied by outmigration of Chinook Salmon and other salmonid smolts but does
not coincide with the breeding season for non-native warmwater fishes. However,
during drawdown, many species of fish are exported from the reservoir (Greg Taylor,
personal communication). Planktonic species may be in resting stages in the substrate
prior to drawdown. However, exports of plankton have been noted to increase during
the typical drawdown period in Willamette Basin reservoirs (Larson 1974).
Willamette Basin reservoirs are generally refilled by mid-May for other authorized
purposes, such as recreation.
Most of the literature on Willamette Basin drawdowns comes from Larson
(2000). An initial deep drawdown of Fall Creek Reservoir occurred in 1989, with
limited data collected in the reservoir the following summer. Larson (2000) also
documented turbidity levels in the outflow during the deep drawdown (December
1989), with levels reaching more than 400 NTU when the water level dropped to
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streambed. The historical reservoir export records during traditional drawdown
periods for Hills Creek, Lookout Point, and Dexter reservoirs were collected during a
study on mainstem Willamette River eutrophication (Larson 1974). Data collected in
1972 would suggest that the typical drawdown period exports only low levels of
orthophosphate (0.05 – 0.13 mg/L), nitrate (0.01 – 0.11 ug/L), and ammonium (0.01 –
0.13 ug/L) from these systems. Turbidity during these exports was also generally low,
ranging from 4.6 – 11.0 JTU.
Additional documentation on turbidity during deep drawdowns can be found
in documentation from Cougar Reservoir for the installation of a temperature control
tower. The unseasonal deep drawdown (April 1 – May 25, 2002) was accompanied
by notable sediment export with measurements exceeding 100 NTU (Grant et al.
2002). Measurements suggest levels of turbidity remained lower than those observed
in the 1989 deep drawdown of Fall Creek Reservoir to streambed (400 NTU, Larson
2000). Schenk and Bragg (2014) recorded a turbidity peak of 2,960 Formazin
Turbidity Units (FTU) and calculated that 51,600 tonnes of suspended sediments
mobilized over the 6-day deep drawdown period in Fall Creek Reservoir, 2012. Unit
differences mean the turbidity values are not comparable with the Cougar exports (see
http://or.water.usgs.gov/grapher/fnu.html). I did not find data on the levels of nutrient
or taxa export during the spring drawdown of Cougar Reservoir or prior Fall Creek
deep drawdowns.
Chinook Salmon young-of-year use reservoirs as rearing habitat (Korn and
Smith 1971, Monzyk et al. 2014). The magnitude of refill of reservoirs influences
subsequent available rearing habitat (Tiffan et al. 2006). The literature on drawdown,
reviewed above, could be applied to PNW conditions to suggest that drawdowns will
have both top-down and bottom-up effects on young-of-year salmonids. Within a
reservoir, there could be reduced prey availability through direct and indirect impacts
of drawdown on zooplankton. Alternatively, reduced predation could be expected
through direct and indirect impacts of drawdown on piscivorous fishes. Interest in
considering salmon in the context of food webs and community structure has been
increasing (Giorgi 1993; Naiman et al. 2012). Considering how little is known about
specific impacts of drawdowns in the Pacific Northwest, there are obvious knowledge
18

gaps which relate both to the effects of drawdowns in these systems as well as to the
role of Chinook Salmon in reservoir communities.
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Table 1.2. Studies focusing on drawdown impacts on fish. Reviews were
excluded (with the exception of Cott et al. 2008). Direction of impact
(positive or negative) suggests whether the drawdown benefited or harmed
the species. Season of drawdown is noted.
Species
Largemouth Bass (Micropterus salmoides)

Direction

Season

Reference

+

Summer

Heman et al. 1969
Gaboury & Patalas 1984

Walleye (Sander vitreus)

+/-

Spring

Cisco (Coregonus artedi)

-

Spring

Lake Whitefish (Coregonus clupeaformis)

-

Spring

Northern Pike (Esox lucius)

-

Spring

Lake Whitefish (Coregonus clupeaformis)

+

Summer

White Sucker (Catostomus commersonii)

+

Summer

Kinneret Bream (Mirogrex terraesanctae)

-

Winter

MOVEMENT
of Largemouth Bass (M. salmoides)

Gaboury & Patalas 1984

Gafny et al. 1992

Late
+

Summer

Rogers & Bergersen 1995

+ (not
MOVEMENT
of Northern Pike (E. lucius)

significant,

Late

p > 0.05)

Summer

Common Carp (Cyprinus carpio)

-

Winter

Bigmouth Buffalo

-

Winter

Common Carp (Cyprinus carpio)

-

Summer

Crucian carp (Carassius spp.)

-

Summer

Bleak (Alburnus alburnus)

-

Fall

Roach (Rutilus rutilus)

-

Fall

Brown trout (Salmo trutta)

-

Winter

Lake Whitefish (Coregonus clupeaformis)

-

Winter

Cisco (C. artedi)

-

Winter

Rainbow Trout (Oncorhynchus mykiss)

-

Spring

McLellan et al. 2008

Dace (Rhinichthys spp.)

-

Summer

Rose & Mesa 2013

oregonensis)

-

Summer

Redside Shiners (Richardsonius balteatus)

-

Summer

White Crappie (Pomoxis nigromaculatus)

-

Summer

Suckers (Catastomus spp.)

-

Summer

Suckers (Catastomus spp.)

+

Summer

Verrill & Berry JR 1995

Yamamoto et al. 2006

Benejam et al. 2008

Cott et al. 2008

Northern Pikeminnow (Ptychocheilus

McAfee 1980
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Study timeline

In spring 2013, I initiated reservoir sampling with the goal of identifying whether
deep (draining) or extended (spring/summer) reservoir drawdowns initiated
cascading effects on reservoir conditions, aquatic food webs and productivity. I
included data collections on reservoir nutrient availability, Chinook Salmon prey
availability, and food web dynamics in several upper Willamette Basin reservoirs
with differing drawdown regimes (see Study areas).
This study began in mid-summer 2013 at Fall Creek, Hills Creek and Blue
River Reservoirs. Lookout Point Reservoir was added in 2014 and sampling at Blue
River Reservoir was reduced. Deep drawdown (draining) below conservation pool to
lotic conditions had already begun in Fall Creek Reservoir in 2011, but I was able to
monitor food web, reservoir habitat and water quality responses over time. The
additional reference reservoirs were included to provide an idea of what Fall Creek
Reservoir may have looked like before draining and to account for inter-annual
variability. Lookout Point Reservoir was added in 2014 when both an early
drawdown and a delayed refill had been planned for future years.

Study areas

My sampling included four Willamette Basin reservoirs; Blue River Reservoir
(44.172° N, 122.330° W), Fall Creek Reservoir (43.948° N, 122.736° W), Hills Creek
Reservoir (43.671° N, 122.425° W), and Lookout Point Reservoir (43.896° N,
122.726° W). These reservoirs were selected to represent a range of reservoir
management and drawdown regimes over the study period. Replication for studies of
whole ecosystems (i.e., lakes and reservoirs) is practically impossible, and a common
problem for detecting statistical significance in large-scale studies of manipulations is
low sample size. However, reference sites and continued collections across years
allowed us to document trajectories over time as well as differences in conditions
among reservoirs including inter-annual variability, regional climate extremes, and
other confounding effects unrelated to the draining of Fall Creek Reservoir.
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Table 1.3. General reservoir characteristics and originally anticipated treatment
during this study. Note that Blue River and Fall Creek Reservoirs were managed as
anticipated during planning of study design. Alternative operations at Hills Creek and
Lookout Point Reservoirs were limited to a reduced water level in spring for repairs
in Lookout Point Reservoir.
Reservoir

Originally

Realized

Reservoir

anticipated

management

length

treatment

(2013-2016)

(km)

Hectares

Elevation
(m)

(as of 2014)
Blue

Reference - no

Reference – no

River

change in

change

10.3

408

415

10.9

736

255

14.7

1100

471

22.8

1765

287

drawdown planned
Fall

Existing fall

Existing fall

Creek

drawdown below

drawdown below

conservation pool

conservation pool

(draining)

(draining)

Hills

Planning for fall

Reference – no

Creek

drawdown below

change

conservation pool
in 2 years
Lookout

Planning for early

Reduced water

Point

drawdown

level for

followed by

construction

delayed refill in 1

corresponding to

year

drought year
(2015), no
delayed refill

Methods

I sampled in-reservoir spring and summer and reservoir outflow in fall. For water
quality and plankton sampling, I sampled at five stations in each reservoir during
2013-2015 and focused collections on a central site in 2016. The five stations
included the center of conservation pool area (central site), at the upstream end of the
two main inlets where water depth became greater than 10 m, and midway between
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these points. At each location, multiple water quality parameters were collected at the
midpoint above and below the thermocline. At the central site in 2013 and 2014,
samples occurred at 0.5 m, 4 m, 8 m, 12 m, 20 m, 35 m and near bottom to best match
the majority of the historical data for these systems. In 2015 and 2016 I increased
sampling to include every 2 m until 20m depth. An array of multiple water
temperature and light sensors (Onset stowaways; www.onsetcomp.com) were
deployed at the central sampling station in each reservoir through the photic zone.
These loggers collected data hourly throughout the summer months. Additional
temperature data were collected during sampling and obtained from the US Army
Corps of Engineers for Hills Creek, Lookout Point, and Fall Creek Reservoirs. Inreservoir sampling for 2014 began in late May and occurred in June (early summer
sampling), July (mid-summer sampling) and August (late summer sampling). 2015
sampling began in March and continued until August and 2016 sampling began in
April and continued until September. Bi-weekly grab samples of reservoir outflows
were collected annually following summer sampling efforts (see Exports during
drawdown).

Chemistry and chlorophyll water sampling

I collected water samples with a beta (water chemistry) type opaque Van Dorn for
water chemistry and chlorophyll samples from 0.5 m, 4 m, 8 m, 12 m, 20 m, 35 m and
near bottom at the central site and from the midpoint above and below the
thermocline at the other four sites in each reservoir. Samples were filtered in the field
using Whatman GF/F (0.7µm) glass fiber filters, with 250 mL of filtered water
collected and frozen for chemical analyses and the filter (with total volume recorded,
typically 2000 – 4000 mL) used for chlorophyll extraction and analyses. An
additional 60 mL aliquot was filtered and preserved as a backup sample. In 20142016, all samples were field filtered using a peristaltic pump (GeoPump;
www.geotechenv.com/) to allow for the collection of sufficient material for
chlorophyll a analyses and to minimize potential for sample degradation. All water
samples were kept in clean (acid-washed) Nalgene bottles suitable for chemical
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analyses. Water samples were frozen and transferred to the Cooperative Chemical
Analytical Laboratory (CCAL; http://www.ccal.oregonstate.edu/), Oregon State
University, where they were analyzed for nitrate (NO3), ammonium (NH4), dissolved
organic nitrogen (DON), phosphate (PO4), total dissolved phosphorus (TDP), and
dissolved organic carbon (DOC).
To calculate the total standing stock of nutrients within the reservoir, I used
bathymetry maps to extrapolate from the water collection locations. I effectively
sliced the reservoir into layers, the center of which corresponded to a discrete depth
chemistry sample. I then used the estimated volume by layers to calculate the total
standing stock of each chemical species in the reservoir at the time of sampling.
At each station, during each sampling bout, multiple sensors were used to
collect data. A calibrated sonde multiprobe (YSI EXO1; www.ysi.com) measuring
depth, dissolved oxygen, pH, chlorophyll a and cyanophycin irradiance, temperature
and conductivity was used to collect continuous data across depths. Depth profiles of
photosynthetically active radiation (PAR) were collected to aid in both the
interpretation of phytoplankton data and in the comparison of reservoir conditions. In
addition to the detailed PAR measurements using a light meter (Li-Cor LI-192;
www.licor.com), I also collected standard Secchi disk depths which can be easily
compared to other reservoirs and historical data.

Exports during drawdown

I collected bi-weekly grab samples of reservoir outflows annually from September to
December, 2014-2016. In 2014, 1.0 L was collected for water chemistry and 5.0 L
were field filtered through a 64-micron mesh and preserved in EtOH for identification
and enumeration of exported zooplankton. Samples were filtered (Whatman GF/F
filters) and frozen. Frozen samples were handled as per in-reservoir water chemistry
samples and analyzed for nitrate (NO3), ammonium (NH4), dissolved organic nitrogen
(DON), phosphate (PO4), total dissolved phosphorus (TDP), and dissolved organic
carbon (DOC). Filters were pre-ashed and weighed, allowing for the measurement of
suspended particulates and the organic content of course outflow material. During the
29

Fall Creek Reservoir draining, I intensively sampled at 4 hour intervals using an
ISCO automated water sampler to more accurately capture the possible high
variability in nutrient and sediment loads. For water chemistry fluxes, I multiplied the
concentration of each analyte by the total outflow which occurred since the previous
sample (i.e. 2-weeks for biweekly samples). I also examined this export as a
percentage of the last observed in-reservoir standing stocks.

Phytoplankton composite sampling

Phytoplankton samples were collected with a modified EPA Great Lakes protocol
using an opaque beta horizontal Van Dorn. Phytoplankton samples were collected and
composited in two ways. The first composite was formed from the 5 stations
throughout the reservoir (spatially); the second composite was formed from depths at
the central location (vertically). From each of the five spatially distributed collections
I composited one liter from the chlorophyll a peak at that site (as determined using
the multiprobe sonde). For the depth stratified composite I collected samples from 0.5
m, 4 m, 8 m, 12 m, and 20 m at the central location (corresponding to water chemistry
sampling). These depths were within the photic zone for these systems and
corresponded to the deployed array of light sensors.
For each composite, all of the individual 1.0 L samples were combined (5.0 L
total). One liter of each 5.0 L composite (space vs. depth) was preserved using
Lugol’s solution and the other four of each were filtered for stable isotope analyses;
so community composition and density samples were always collected with paired
stable isotope samples. Visible zooplankton were removed from isotope filters. The
2013 samples showed that filtering of phytoplankton samples was superior to wholewater-drying, likely because dissolved matter not representative of phytoplankton
which passes through the filter is excluded. Phytoplankton samples for identification
were preserved in Lugol's iodine solution and sent to Aquatic Analysts (Jim Sweet;
www.aquaticanalysts.com) for identification and enumeration.

Zooplankton sampling
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Zooplankton were collected through the entire water column at each location using a
simple plankton net (64-µm, 0.5m diameter; www.aquaticresearch.com). All stable
isotopic samples were frozen upon collection while paired samples for identification
were preserved using ethanol. Whole water column tows were collected in 20132016. In 2014, zooplankton sampling was also conducted using closing net tows
through the epilimnion, metalimnion and hypolimnion (as determined in the field
using the sonde generated temperature profiles). Finally, zooplankton were also
collected from specific depths at the central location with a 5.0 L vertical transparent
beta Van Dorn to clarify their distribution through the water column (0 m, 4 m, 8 m,
12 m, 20 m and 35 m in 2014; every 2 m until 20 m and a 35 m collection in 2015
and 2016). For zooplankton tows, analysis was performed according to methods
outlined in Great Lakes Standard Operating Procedures
(http://www.epa.gov/greatlakes/monitoring/sop/chapter_4/LG403.pdf ), wherein
rotifers, nauplii, and other small abundant organisms were analyzed at a higher
dilution than larger, less abundant organisms. For Van Dorn collections, all
individuals in each sample were identified (Thorp and Covich 2009).
Plankton (including zooplankton and phytoplankton) were sorted and
identified to genus and species, when possible, for community composition analyses.
For isotopic ratios, common zooplankton were picked to submit as ordinal level
samples. With this method, I separated large (edible to fish) zooplankton and gained
detail for food web modelling of prey species.

Benthic Invertebrate Sampling

Benthic collections for 2014 and 2015 were structured to test new quantitative
methods aimed at identifying differences in biomass availability and community
composition while collecting material for stable isotope analyses. Five littoral stations
per reservoir were selected to correspond with in-reservoir sample sites. Each station
was sampled in June and again in August. At each station, one square-meter quadrats
were haphazardly thrown five times. Invertebrates were then sampled by one person
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within each quadrat using a 500 μm kick net along the substrate for exactly one
minute. The contents of the net were removed to a white macroinvertebrate sampling
tray where live invertebrates were collected. Macroinvertebrates from all five
replicate quadrats at each station were composited into a single sample and
immediately preserved via freezing in the field to prevent predation and allow for
stable isotopic analyses. Samples were taken back to the lab, thawed, sorted and
identified to family level. Taxon densities were recorded for each station, freezedried, and weighed to obtain biomass.
In each quadrat, water depth was measured at the center point and substrate
was characterized as an estimated percentage of quadrat area using the following
categories: clay (<3.9 µm), silt (3.9-62.5 µm), sand (62.5 µm-2 mm), pebble (2-8
mm), gravel (8-64 mm), cobble (64-256 mm), boulder (>256 mm), wood, course
organic material (COM), and vegetation. A total of 5.0 m2 was sampled per station
with five stations per reservoir per season.
The depth of each station was calculated as the average depth of the five
replicate quadrats. I used temperature values from two weeks previous to the
sampling date to capture short-term thermal variation among reservoirs. Reservoir
depth was incorporated into analysis to capture effects of small-scale WLFs.
Reservoir volume at the time of sampling was included to account for variation in
reservoir size.

Fish and Stable Isotope Samples

Phytoplankton isotope samples were collected from the spatial and depth composite
samples as described above. Zooplankton samples were sent from whole and discrete
(epilimnion, metalimnion, and hypolimnion) tows collected using a closing net.
Additional zooplankton samples have been sorted to order, but are awaiting analyses.
Benthic invertebrate samples were collected from the reservoir margins and separated
by family. Only the relatively large-bodied (>200 um) and dominant invertebrate taxa
from each study reservoir were sent for isotopic analyses to ensure sufficient material.
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For fish fin clip samples, I coordinated with USACE and other research
groups to optimize types of sampling and sampling periods. In 2013, trapping of fish
occurred as the drawdowns began in September. During the drawdown period, fish
samples were also obtained from mortalities collected in the USACE operated screw
traps below Hills and Fall Creek Reservoir outlets. The majority of fish samples
collected during 2013 came from this collaboration. All fish collected by other groups
are thoroughly rinsed in de-ionized water to avoid contamination through alternate
handling procedures.
The first spring isotope collections for reservoir fishes occurred in 2014.
Sampling benefitted from collaborations with ODFW groups for fish collected in
Lookout Point and Hills Creek reservoirs and with USACE for fish collected in
evaluator below Fall Creek Reservoir as well as in the USACE screw traps below all
reservoirs in the fall. I coordinated with OSU researchers to obtain electrofishing time
on each reservoir, which helped to obtain the needed diversity of sizes and species. I
also continued to use a variety of netting methods including trap nets and short set gill
nets. Mortality in trap nets was minimized by using short sets (< 12 h) and frequent
net inspections. Gill nets were checked at least hourly. Fish handling was consistent
with recommended best practices and permits. Fish were anesthetized using AquiS20E (eugenol) at a concentration of 20 to 30 ppm active (20-30 mg/L eugenol) and
held for 1.5 - 2 minutes until sedated.
From 2014-2016, I obtained only fin clips and no mucus for stable isotope
analyses of reservoir fishes. Many salmonids passed through the dams as incidental
mortalities from which I sampled both fin and mucus. However, due to their physical
condition and descaling, the quantity of mucus remaining was often low. In 2013,
from those fish for which I was able to obtain both fin clips and mucus, mucus had a
more variable signal than fin clips. For this reason, I changed sampling methods to
exclude mucus and ensure consistency in data collection.
I characterized the current food web in each reservoir, tracing fish diets using
natural abundance δ 13C and δ15N stable isotope ratios. I also analyzed a smaller
number of samples for stable isotopes of sulfur (δ34S), examining the extent to which
I could distinguish taxa source to where they obtain their food (e.g., terrestrial,
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benthic, or pelagic; McCutchan et al. 2003). I focused 2014 δ34S samples on
obtaining baseline data for Lookout Point, as 2013 sulfur baselines in Fall Creek and
Hills Creek reservoirs appeared reservoir specific. Sediment samples collected during
2014 provided baselines for sediment derived carbon signatures, however had
insufficient sulfur content for δ34S analyses.
All samples were freeze dried for 48hrs to avoid enrichment (de Lecea et al.
2011) before being submitted to the Colorado Plateau Stable Isotope Laboratory for
analysis. As stated above, samples submitted were analyzed for δ15N, δ13C and,
selectively, δ34S isotopes. I used nitrogen enrichment as in Post (2002) to determine
trophic level and focus my discussion in Chapter 3 on those results.
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Abstract

Linked foraging and bioenergetics models allow for increased understanding of fish
growth potential and behavior by incorporating prey availability coupled to
environmental conditions including temperature and prey visibility. To inform our
understanding of growth and vertical migration patterns of Chinook Salmon
inhabiting lentic ecosystems, we linked foraging and bioenergetics models to create
GrowChinook (http://growchinook.fw.oregonstate.edu/). This multi-model design and
optimization routine has broad applications in examining growth potential and
predicting habitat use in stratified environments. We demonstrate the use of
GrowChinook for the spring-summer rearing period in three Willamette River basin
reservoirs, Oregon, USA. These reservoirs support juvenile spring Chinook Salmon
that exhibit a novel reservoir-reared life history that includes larger juvenile fish
compared to nearby stream-reared subyearlings. Model outputs of predicted growth
and depth use patterns based on observed prey distributions and environmental
conditions were corroborated by observed empirical data. Our simulations support
diel vertical migration as a tactic that increases growth potential. This multi-model
approach can be used to examine growth in scenarios involving climate change,
drought, or water level manipulations including reservoir management.
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Introduction

Bioenergetics modeling has improved our understanding of growth and consumption
across many fish species (Chipps and Wahl 2008). This is especially important for
species of concern because growth and size may determine foraging success,
susceptibility to predation, and ultimately fecundity and fitness (Hutchings 1993;
Urban 2007). In the Pacific Northwest of the United States (PNW), reservoirs play a
critical role in life history of anadromous fish, such as juvenile Chinook Salmon
Oncorhynchus tshawytscha by blocking upstream and downstream migrations and by
serving as novel rearing habitat (Monzyk et al. 2014).
Juvenile spring Chinook Salmon that rear in PNW reservoirs frequently grow to
much larger sizes (up to 250 mm, FL) as sub-yearlings than their stream-dwelling (up
to 90 mm, FL) counterparts (Monzyk et al. 2014). Fish that grow larger within their
first year may have improved survival during smolting and higher return rates
(Bourret et al. 2014). However, the factors driving growth of juveniles and thus
greater sizes of smolts are not well understood (Monzyk et al. 2014). Developing
models to predict juvenile Chinook Salmon growth in reservoirs and lakes using
observed environmental variables will aid in evaluating factors that influence this
novel life history.
Foraging models, such as the visual foraging model for salmon (Beauchamp et
al. 1999), are often used to evaluate the effects of environmental conditions and prey
availability on consumption and to determine optimal foraging strategies, but do not
predict growth. In contrast, bioenergetics models can predict growth based on energy
balance, but they lack the ability to explicitly incorporate environmental variables
other than temperature and prey quality (Hanson et al. 1997). By linking foraging and
energy balance bioenergetics models we can explicitly predict the effects of
environmental variables, such as prey availability and light, on growth, even in
situations where realized growth data are not available.
In stratified lentic environments, optimization of growth through a linked model
can be used to predict foraging behavior (e.g. depth use), which is useful because
optimal foraging is not always aligned with metabolically optimal temperatures
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(Eckmann et al. 2016). The ability to predict optimal growth and depth use through
linked models can thus improve our understanding of how dynamic reservoir
conditions influence growth and behavior of juvenile Chinook Salmon and contribute
to novel life histories.
Linked foraging and bioenergetics models may also be especially relevant for
understanding lentic influences on juvenile Chinook Salmon. Unlike adjacent
streams, reservoirs and lakes are thermally stratified during summer, resulting in a
vertical mismatch between depths for optimal foraging and optimal temperature. In
cases where spatial mismatches exist between favorable temperature conditions and
prey distributions, we might expect fish to exhibit vertical migration, whereby they
forage where prey are most abundant and move to depths of optimal temperature for
digestion (Neverman and Wurtsbaugh 1994). Patterns of diel vertical migration have
been observed for juvenile Chinook Salmon in reservoirs (Beeman et al. 2014;
Adams et al. 2015) and in larger rivers (Tiffan et al. 2010), but the implications of
this behavior for growth have not been previously explored.
Here, we introduce a linked model that incorporates both foraging and
bioenergetics submodels for reservoir-reared juvenile Chinook Salmon that uses an
optimization routine to maximize daily growth. The linked model includes a webbased graphic user interface (Figure 2.1; Figures S2.1 and S2.2). Our objectives in
developing this model were to 1) determine whether the rapid observed growth in
reservoir-reared juvenile Chinook Salmon is consistent with observed environmental
drivers, 2) estimate depth and habitat use and consumption of reservoir-reared
juveniles, and 3) test the importance of vertical migration to the growth of juvenile
Chinook Salmon in stratified lentic environments. A linked foraging and
bioenergetics model will also be useful for examining alternative scenarios of
responses of these fish to disturbances, including climate change and reservoir
management.

Methods

Model construction
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This model links a visual foraging model framework (Beauchamp et al. 1999),
constrained by visibility (Gregory and Northcote 1993) and a functional response
curve (Haskell et al. 2017), with the Wisconsin bioenergetics model (Hanson et al.
1997) for salmonids (Stewart and Ibarra 1991), updated to include the corrected
algorithm for daily energy budget (Deslauriers et al. 2017). Because the parent
foraging model represented a piscivore reaction distance, we have replaced this
relationship with an observed fit for planktivorous Chinook Salmon under a range of
visibility conditions (Gregory and Northcote 1993). Due to logarithmic relationships
in the foraging equations, we restricted the minimum and maximum bounds to those
observed. To further account for the effects of Daphnia density and handling time, we
also constrained foraging based a functional response of juvenile Chinook Salmon to
Daphnia density (Haskell et al. 2017). The resulting linked model estimates growth
potential for planktivorous juvenile Chinook Salmon that rear in reservoirs or lakes
using light and temperature as well as distributions of prey availability (Figure 2.1).
By using day and night light conditions and the effects of visibility on foraging, the
linked model incorporates diel vertical migration behavior hypothesized to maximize
growth in juvenile Chinook Salmon (Tiffan et al. 2010).
We parameterized this model using over two years of observed limnological
conditions from three PNW reservoirs. Periods and sites incorporated an average year
as well as a summer with reduced water levels associated with drought and water
drawdowns for reservoir maintenance. We tested the sensitivity of the model for
predicting juvenile summer growth of spring Chinook Salmon juveniles by modifying
the initial size of fish upon entry into the reservoir, visibility, prey abundance and size
and the vertical temperature and prey distributions observed over summer months.
We assembled the GrowChinook model using equations from the Wisconsin
bioenergetics model for salmonids (Stewart and Ibarra 1991; Hanson et al. 1997;
Deslauriers et al. 2017) and from the visual encounter foraging model for salmonids
(Beauchamp et al.1999) modified for plankivorous juvenile Chinook Salmon
(Gregory and Northcote 1993; Haskell et al. 2017). The bioenergetics model for
salmonids has been used successfully to model juvenile Chinook Salmon growth in
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lakes (Madenjian et al. 2004) as well as the consumption and growth of ocean-reared
juveniles (Brodeur et al. 1992). We used the linked model to estimate consumption
and juvenile growth given only inputs of environmental conditions and prey without
model inputs of fish growth or final size. Prey consumption was estimated using the
visual foraging model ultimately constrained by prey density. Although the base
foraging model assumes perfect capture without explicit consideration of search time
or handling costs, constraining optimal foraging with the functional response curve
incorporates these costs where other factors (e.g. light) are not more limiting. We
linked the models using foraging, predicted by the encounter rate and constrained by
prey density and functional response, divided by the physiological maximum
consumption in order to estimate the realized proportion (P) of maximum
consumption (Cmax). Thus, foraging limited the proportion (P) of maximum
consumption (Cmax), when foraging was lower; the proportion was constrained to a
maximum value of 1.
From the Wisconsin bioenergetics model, where ƒ(T) is a temperature
dependence function:
(1)

Growth = Consumption – (Respiration + Waste)

(2)

Consumption = Cmax · P · ƒ(T)
From the visual encounter foraging model:

(3)

Encounter Rate = Search Volume · Prey Density
To link the models:

(4)

P = minimum of (Encounter Rate · Cmax-1) or 1
The resulting linked model used the encounter rate to predict growth via the

Wisconsin bioenergetics model equations, in contrast to use of the Wisconsin model
for estimating the realized proportion of maximum consumption given growth
observed in the field (Koehler et al. 2006). We also added the capacity to
accommodate vertical profile inputs of temperature and prey distribution and day and
night light levels, as the number of hours per day of day and night over 24 hours. We
assumed foraging swimming speed was comparable during both periods, though we
might expect fish to swim more slowly at night (Celedonia et al. 2008). We set the
model to seek optimized depth-use patterns (to achieve maximum growth under the
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given conditions) and summarize the predicted cost and benefits for each period (day
and night) before compounding daily consumption and growth. This daily
compounding was consistent with the original models and parameter calculations.
The optimization routine compared the predicted growth for an individual fish
at each depth and identified the day and night depth use that contributed to the highest
growth rate. The procedure allowed for predictions of growth-driven diel vertical
migration because depth use was allowed to vary by period (day and night) with
depth optimization calculated as the combination of depths that produced the highest
daily growth. Given that other constraints could drive depth use, we added the
capability for the model to restrict the considered ranges of depths or to have fish
avoid specific thermal conditions. A list of the parameter values and description of
the optimization routine is provided in Table 2.1.

Source code and graphic user interface

The model was constructed using Python 3.X and the NumPy and SciPy packages
(www.python.org). The full model source code including the graphic user interface is
available at: https://github.com/ReservoirWebs/GrowChinook. The graphic user
interface is hosted at: http://growchinook.fw.oregonstate.edu and uses HTML and
JavaScript to construct input forms used to run the model (Figure S2.1). Options
included the standard model and the model with sensitivity analysis. Python 3’s CGI
module was used to pass the data from the input forms into the Python 3 model.
Outputs for the graphic user interface are presented on a webpage and tabular
data are available for download as a .csv file (Figure S2.2). Output figures for the
standard model run included predicted juvenile Chinook Salmon mass, growth, and
day and night depths used over a 30-day model run. For sensitivity analyses, output
figures included growth predicted from the range of sensitivity input values tested at
days 1 and 30 respectively.

Input data for model testing
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We sampled in three reservoirs in the upper Willamette Basin, Oregon (Fall Creek
Reservoir: 43°56′33″N 122°45′25″W; Hills Creek Reservoir: 43°40′16″N
122°25′33″W; Lookout Point Reservoir: 43°53′48″N 122°43′34″W; Figure S2.3). We
sampled monthly between March and August 2015 and between April and September
2016. The data collected included light (photosynthetic photon flux density, PPFD)
and temperature (℃) depth profiles, and zooplankton size, composition, and vertical
distribution (Figure 2.2). Light depth profiles were collected using a Li-192 sensor
(LiCor, Lincoln, Nebraska). Light extinction coefficients were estimated by fitting an
exponential decay curve. We sampled zooplankton using a 5-L transparent vertical
Van Dorn sampler (Aquatic Research Instruments, Hope, Idaho). The vertical
distribution of zooplankton was calculated from water samples collected every 2 m of
depth from 0 – 14 m, at 20 m and at 35 m (or the depth of the reservoir, whichever
was shallower). All Van Dorn zooplankton samples were enumerated and individuals
were identified to species. Additional samples collected using a 0.5-m diameter
vertically integrated tow net (64 µm) were used to estimate zooplankton size and
abundances. For analysis, samples from tow nets were divided until each contained
approximately 100 – 200 zooplankton > 0.25 mm. Two replicate subsamples at the
resulting dilution were examined; all specimens were counted and the lengths of ten
specimens of each species were measured and sex of individuals noted (if applicable)
from each subsample.
Daphnia densities (individuals per L) at each depth were calculated by
splining the Van Dorn densities collected across depths and distributing the observed
Daphnia abundance from the corresponding vertical tow based on the proportion of
the total calculated to occur at each 0.5 m interval.

Model evaluation

We evaluated model performance using reservoir-specific field data, by comparing
predicted growth patterns to the patterns of observed lengths of juvenile Chinook
Salmon collected from screw traps below these three study reservoirs from 2006 to
present (Monzyk et al. 2014, Romer et al. 2016, Greg Taylor, US Army Corps of
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Engineers, Lowell, Oregon, personal communication 2017). We used a length-weight
regression, based on prior observations at these sites (Figure S2.4), to estimate the
mass of juvenile Chinook Salmon in circumstances where only length data were
available. Finally, we compared GAM models of the observed and modeled daily
maxima using the ggplot2 package in R (Kassambara 2018). Most empirical mass
data on subyearling juvenile Chinook Salmon were collected outside of the modelled
summer months. We used Lookout Point Reservoir to contrast modelled fish
distributions across depths from in-reservoir gill net fish surveys during late summer
months (Monzyk et al. 2014). Within each 30-day run, fish could gain or lose weight,
but only gain would change length. We added features that allow users to select
alternate temperature and zooplankton profiles, as well as to limit the depth and
temperature ranges considered in the optimization routine. We used observed data
with no temperature restrictions and a 30 m maximum depth constraint for our model
evaluations.

Sensitivity analyses

One-way model sensitivities (varying one key input parameter at a time) to input
parameters of juvenile Chinook Salmon starting mass, Daphnia density, Daphnia
size, and light extinction, were evaluated using the change in model output growth
that resulted from a change in a given input from the baseline (i.e. the observed
conditions). We conducted repeated simulations across each parameter listed for each
summer month to test sensitivity using the range of vertical temperature and Daphnia
distribution profiles observed (Figure 2.2 and Table S2.1).

Results

Model output and comparison to previously observed juvenile Chinook Salmon in
reservoirs
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Parameterizing the model with monthly inputs of observed Daphnia prey distribution
and size, observed temperature, and observed light conditions (Figure 2.2 and Table
S2.1), we modelled optimal monthly growth and compared outputs with observed
juvenile Chinook Salmon size data collected during those months from 2006 to
present (Figures 2.3 and 2.4). We entered a starting mass of 0.3 g at beginning of the
model run (March 2015 or April 2016) and used the model output (or 0.3 g,
whichever was higher) for subsequent months. We compared modelled growth to
estimated masses based on observed fish lengths and the length-weight regression for
the system (Figure 2.3A). The predicted growth potential using observed monthly
data varied by reservoir and year (Figure 2.4) and was consistent with a mid-summer
peak in Daphnia prey abundance (Table S2.1). Across all reservoirs in late summer, a
reduced availability of Daphnia prey and high epilimnetic temperatures occurred.
Modelled growth became negligible or negative (weight loss) in August or September
(Figure 2.4).
Running the model from March through August (2015) or April through
September (2016) resulted in predicted fish masses roughly comparable to the
expected masses based on observed lengths in each corresponding reservoir (Figure
2.3 and Table S2.2). A comparison of GAM models constructed from the two datasets
showed substantial overlap, with the exception of September, when model results
predicted weight loss in all reservoirs (Figure 2.3). The model appeared more likely
to overestimate the estimated mass of a small fish and underestimate the estimated
mass of a large fish (Figure S2.5).
Average depths of observed juvenile Chinook Salmon captures by overnight gill
net sets in Lookout Point during 2012 and 2013 were generally within the vertical
range predicted by the model, although fish were captured in shallower waters than
the model predictions in August of 2012 and in September of both years (Table 2.2;
Monzyk et al. 2014). Predicted fish depth use varied over time and within months, but
generally increased within and across summer months, consistent with expectations
based on water temperature (Monzyk et al. 2014).

Day and night consumption estimates
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Most foraging was predicted to occur during daylight (Table 2.3). Light
limited reaction distance to the minimum observed (1.1 cm) at 93 lux or below. The
maximum light value possible at night was 0.1 lux (Table 2.1). This was modeled to
constrain nighttime foraging (encounter rate below the functional response model)
when Daphnia densities were less than approx. 2300 individuals per m3 for a 10 cm
juvenile Chinook Salmon. The constraint of light on reaction distance drove diel
vertical migration during months when growth was positive and temperatures at
depths with increased prey availability were warmer than optima (Figure 2.2).

Model sensitivity

The model was responsive to all input parameters, though prey size and abundance
had nonlinear relationships with growth (Figure 2.5). Light at depth revealed
thresholds, with little change to values on either size (Figure 2.5A). Overall, higher
light at depth (lower light extinction), larger prey, and more abundant prey predicted
a higher fish growth. Each output curve was specific to the background conditions
used in the model run; no input parameter alone showed a consistent threshold. Initial
body mass of juvenile Chinook Salmon had roughly linear relationship with predicted
growth once intermediate sizes (e.g. greater than ~ 25 g) were used (Figure 2.5B). In
months where modelled consumption from the foraging model was very close to or
very far from maximum consumption (P was close to 0 or 1), light and prey
abundance had more limited effects on the predicted growth.
Using absolute changes in growth as the comparitive metric, the model was
most sensitive to the initial mass of fish (Figure 2.5). Change in starting mass had an
approximately linear effect on modelled growth, where larger fish had lower
modelled growth than smaller fish once intermediate sizes were achieved. Small fish
were limited in growth until reaching intermediate sizes, resulting in proportional
changes in growth that were less than the proportional changes in starting mass past
those intermediate values.
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The model evaluated tradeoffs for growth of juvenile Chinook Salmon. Larger
and more abudant Daphnia were able to compensate for the effects of unfavorable
depth specific environmental conditions (i.e., temperature and Daphnia distributions
observed in March and August), resulting in positive growth during any observed
month in Fall Creek Reservoir. However, larger Daphnia size corresponded to a
nonlinear response in growth of fish, where very large Daphnia failed to yield
substantial changes in predicted growth (Figure 2.5C). This pattern was similar to that
observed for Daphnia abundance where growth approached condition specific
asymptotes at high abudance values.

Discussion

We present the GrowChinook model that addresses our goal of understanding how
reservoir conditions, including prey availability and temperature, influence juvenile
Chinook Salmon growth and depth use in lentic systems. We calculate daytime and
nightime foraging and bioenergetics through an optimization routine that allows for
diel vertical migration and optimizes growth potential. Importantly, the model
incorporates visual foraging in addition to a functional response curve. Juvenile
Chinook salmon are documented visual foragers when feeding planktivorously
(Gregory and Northcote 1993; Schabetsberger et al. 2003) and using a visual foraging
model produces expected foraging behaviors. The model results are generally
consistent with observed patterns in growth and depth use for reservoir-reared
juvenile spring Chinook Salmon (Monzyk et al. 2014, Adams et al. 2015, Greg
Taylor, US Army Corps of Engineers, Lowell, Oregon, personal communication
2017).
Modelling growth in a reservoir context for juvenile Chinook Salmon is
especially important because growth rates in these systems are in sharp contrast to
stream-reared growth rates. High growth rates of fish observed in PNW reservoirs
may have long term consequences for improving survival to returning adult (Bourret
et al. 2014) and much of the spawning habitat for spring Chinook Salmon is located
above dams in the Willamette Basin (NOAA Fisheries 2008). The GrowChinook
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model can provide guidance on how reservoir conditions influence the survival and
growth of juvenile salmon in these environments.

Model driven observations and hypotheses

The model predicts high optimal fish growth during early summer. These growth
rates result in large smolts, which may improve survival to the returning adult stage
(Monzyk et al. 2014), yet the drivers of growth in reservoirs have been poorly
understood. Our model findings indicate that abundant forage of both sufficient prey
size and energetic density in combination with metabolically optimal temperature
conditions can explain the high growth observed for reservoir-reared juvenile spring
Chinook Salmon.
Though no true observational growth data from the corresponding years
were available, model results appear to track growth patterns with indications of
possible overestimation of growth for moderate sized individuals and underestimation
of growth for very large juveniles (Figure 2.3 and Figure S2.5). Modelled optimal fish
growth resulted in length predictions that were roughly consistent with observations
from downstream screwtraps (Figure 2.3B). Differences from observed (rather than
length converted) masses were more variable (Table S2.2), as expected based on the
allometric relationship of length with mass and the paucity of observed data.
Initial overestimation of growth for small juveniles could be expected based
on the optimization assumption that Chinook have complete information about
Daphnia densities and because a vertical migration cost (in time and energy) was not
imposed. We expect that imposing vertical migration costs would improve model
performance, but were unable to find literature values of these costs to impose in the
model. We also have observed low phytoplankton densities that are likely to reduce
the energy density of Daphnia, possibly with temperature-dependent effects (Filho et
al. 2011). An underestimation for growth of large juveniles could result from
probable diet switching to include small fishes once juvenile Chinook Salmon reach
large body sizes; allowing for greater growth than what would be predicted from the
planktivorous diet modelled here.
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The GrowChinook model suggests that diel vertical migration is a plausible
hypothesis that can minimize energy loss while maximizing foraging potential for
juvenile Chinook Salmon. The model is able to optimize day and night foraging
behaviors interdependently. In most cases where predicted optimal growth results in
weight gain for juvenile Chinook Salmon diel vertical migration occurs. The pattern
of increasing diel vertical migration over the summer is supported by acoustic
observations of juvenile Chinook Salmon vertical depth use at reservoir in a
neighboring drainage (Beeman et al. 2014). Diel vertical migration likely occurs
because of a mismatch between optimal temperature and foraging opportunities
throughout the summer months. When stratification patterns are strong (e.g., 24 °C in
the epilimnion and 8 °C in the hypolimnion) and Daphnia abundance decreases later
in the season, the model predicts that fish minimize energetic losses by occupying
deeper and cooler water during both day and night. Patterns of modelled fish depth
use are generally supported by observed data (Monzyk et al. 2014), even though
observed data are not from a modelled year. The discrepancies between shallower
nighttime fish depth use and model predictions may indicate the costs or limitations
for vertical migration not considered here.

Model sensitivity and performance

As expected, because foraging is limited by both a functional response curve and the
physiological maximum, sensitivity testing reveals more favorable conditions
increase growth up to a threshold (Figure 2.5). Fish starting size has conditiondependent effects on growth, and is the only variable for which growth is highest at
intermediate values. This is not unexpected, since we modelled juvenile Chinook
Salmon in a reservoir environment and we would expect intermediate-sized fish
(larger juveniles) to attain the highest growth, balancing prey capture ability with
energetic expenditure. A small fish is less expensive to maintain, but is limited in
prey capture (swimming speed is a function of body length). A very large, fasterswimming fish would have a greater prey capture ability, but also greater energetic
costs. Model users should consider that growth is a rate (i.e., g·day-1) and errors
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affecting growth will propagate over time. Proper characterization of uncertainty
requires a match of time horizon and the understanding of where in parameter space
current conditions fall.
The limited range represented by the relationships for light and foraging (Table
2.1) and the imposition of a functional response curve limitation on foraging appears
to drive the threshold response for changes in growth predicted under a range of light
conditions. We would expect that threshold to have two inflection points, one where
light is limiting and one where time is limiting, other variables equal. Limited light
produces a foraging minima and high light produces a foraging maxima based on fish
size and prey density. The encounter rate is then limited by functional response if the
predicted foraging is greater.
The nonlinear relationship between predicted fish growth and prey size and
abundance suggests that small changes in these values will be especially important
over a narrow range, where the rate of fish growth change is greatest, specific to the
other input variables. Both variables can have large impacts on predicted growth,
even though prey size is not used in the foraging equation, as it would be under
foraging equations for fish predators (Beauchamp et al. 1999). This is because prey
size ultimately determines the profitability for each item captured. Daphnia density
ultimately drives encounter rate; at a sufficiently high prey density foraging will
approach or exceed functional response regardless of other conditions. Because of
the non-linear model response to these variables, it may be prudent to use any
observed or assumed field variation during model runs to check whether the
characteristics of an individual dataset may cause these variables to fall within the
narrow ranges of increased sensitivity.

Utility and Transferrability

We anticipate that running scenarios using the GrowChinook model will aid in
predicting the impacts of reservoir water level management, climate change, droughts
and other environmental or anthropogenic disturbances on the growth potential of
reservoir-reared juvenile Chinook Salmon. We can inform scenarios using anticipated
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changes to environmental or prey conditions. Scenario modelling may also provide
insight into changes to the number of juveniles supported at maximum growth under
current vs. novel conditions.
Our linked model is specific for reservoir-reared juvenile spring Chinook
Salmon, but it could be modified for any pelagic visual foraging fish with available
information about model parameters and prey data. For example, the model could be
programmed to examine reservoir predators of juvenile Chinook Salmon such as
Largemouth Bass. The species-specific bioenergetic parameters (e.g. temperature
thresholds, maximum consumption), foraging equations, as well as the prey attributes
of size and nutritional density can be adjusted in the original source code.
The graphic user interface and source code of GrowChinook include the ability
to create boundary conditions for environmental inputs. The user can restrict the
model to predetermined fish depth use or temperature conditions (e.g., as surrogates
of low oxygen deep waters or warm-water predator avoidance). This could be useful
for species such as Lake Trout (Salvelinus namaycush), which often occur where
hypoxic conditions may be of concern (Evans 2007).
The GrowChinook model may also be useful in contexts beyond extended
reservoir rearing. For example, some juvenile Chinook Salmon that hatch upstream of
reservoirs will quickly migrate through reservoirs as they move downstream.
Assuming that foraging and bioenergetics opportunities drive depth use by juvenile
Chinook Salmon, it could be useful to model the predicted depths of individuals
trying to migrate out of the reservoir under current or modified conditions and
compare those to the depths of reservoir outlets.
The web-based graphic user interface presented is flexible and accepts user
inputs, producing graphical outputs as well as downloadable .csv files. The source
code for the graphic user interface is available (GNU General Public License v3.0)
and can be edited for other species or applications. We anticipate that web-based
interfaces will improve the accessibility of linked models to interested stakeholders as
well as providing educational opportunities for students to explore foraging and
bioenergetic relationships without extensive coding or computational experience.
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Conclusions

We were able to construct and parameterize a foraging and bioenergetics model using
existing data to examine relative growth responses of juvenile Chinook Salmon to
environmental and biological conditions in stratified environments. The
GrowChinook model can also be used to explore scenarios of climate change, water
availability, and or timing and magnitude of management actions that affect water
levels in key rearing reservoirs. Further exploration of the factors influencing diel
vertical migrations and the depths occupied by juvenile Chinook Salmon will be
critical to optimizing downstream passage. Although the reservoir life history is novel
for juvenile Chinook Salmon, much of the spawning habitat for spring Chinook
Salmon occurs above dams in the Willamette Basin (NOAA Fisheries 2008). The
apparent survival advantage incurred with increased body size during migration and
ocean transition (Bourret et al. 2014) emphasizes the importance of understanding
juvenile salmon growth in reservoirs during their use as rearing habitat.
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Table 2.1. Parameter values used in the GrowChinook linked model backend and
their source.
Input Parameters
Equation or value Units
Comments
Chinook Salmon starting
mass
Daphnia abundance
Daphnia size
Light extinction
coefficient
Chinook Salmon length
from mass

[mass]

g

[aerial abundance]
[Daphnia length]
[k]

# · (m2)-1
mm

length = (mass /
0.000004) ** (1 /
3.1776)) *10

cm

Chinook Salmon
swimming speed

2 * length

cm · sec-

Daytime light levels

39350

lux

Nighttime light levels
Wet Daphnia weight

0.10
Wet weight = (0.75 *
Daphnia length ^
2.925) / 1000
Dry weight = e^(1.468
+ 2.829 * log(Daphnia
length)) / 1000000
22700
0.174

lux
g

Daphnia vertical
distribution

auc = trapezoidal
integration (y,x)
y = y/auc * Aerial
abundance / 1000000

Daphnia
· (cm3) -1

Daphnia

Daphnia / cm3 at
occupied depth

Dry Daphnia weight

Daphnia energy content
Daphnia digestibility
(proportion indigestible)

Foraging Equations
Reaction distance for
visual foraging equation

Search volume

1

Reaction distance =
31.64 -13.31*(0.96*
log10((-((log10((light
level * e^(-k * depth) /
51.2) 1.045)/0.0108))+1) 0.002)*100)
Search volume = π *
(reactiondistance ** 2)

Length / weight regression
from screwtraps below Fall
Creek and Lookout Point
Reservoirs
(r2 = 0.99, n = 764)
The daytime mean swim
velocity (milling speed, not
Ucrit) observed in Lake
Washington.
(Celedonia et al. 2008)
Ranges from average 24,800
lux in shade to average
53,900 lux in full sun. Field
data from LiCor Li-192
sensor converted from PPFD
to lux using conversion factor
of 54.
(Kyba et al. 2017)
(Smirnov 2014)

g

µg to g
(Watkins et al. 2011)

J · g-1

(Luecke and Brandt 1993)
Derived for Rainbow Trout.
(De La Noüe and Choubert
1985)
Distributes Daphnia
throughout the water column
using auc from Van Dorn
data and aerial abundance
from tow or user input.

cm
minimum
1.1
maximum
31.64

(Gregory and Northcote
1993)

cm3 · hr-1

(Beauchamp et al. 1999)
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* swim_speed
Encounter rate (time)

Foraging (mass)

Model linkage

EncounterRate =
search volume *
Daphnia
OR
EncounterRate =
(29.585 * Daphnia *
1000 * ((4.271 +
Daphnia * 1000) ^ -1)
* 60)
Foraging =
EncounterRate *
Daphnia weight
P = min (foraging /
cmax, 1)

Consumption,
Egestion, Excretion
Equations
Energy density of
juvenile Chinook
Salmon

Consumption Equation
Parameters
CA
CB
CQ
CTO
CTM
CTL
CK1
CK4
Respiration Equation
Parameters
Parameters not modified
Egestion/Excretion
Equation Parameters
Parameters not modified
Foraging Optimization

Daphnia
· hr-1

Encounter rate used is the
minimum of the two
encounter rates calculated
from 1) search volume
determined by visual
foraging equation or 2) the
daphnia consumed based on a
functional response curve
(Haskell et al. 2017).

g · hr-1
P is the proportion of cmax
achieved during the day and
night periods or 1, whichever
is lower.
(Hanson et al. 1997)

Calculated using modified
equation to account for
thresholds, correcting error in
Fish Bio Energetics 3.0.
(Deslauriers et al. 2017)

0.303
-0.275
5
15
20.93
24.05
0.36
0.53

(Stewart and Ibarra 1991)
(Stewart and Ibarra 1991)
(Stewart and Ibarra 1991)
(Stewart and Ibarra 1991)
(Plumb and Moffit 2015)
(Plumb and Moffitt 2015)
(Stewart and Ibarra 1991)
(Plumb and Moffitt 2015)

(Stewart and Ibarra 1991)

if day foraging rate >
night foraging rate:
day foraging =
day foraging rate
* day hours
day P = min(day
foraging/cmax, 1)
night P = min(1 –
day P OR
night foraging
rate * night hours)
if night foraging rate
>= day foraging rate:

(Stewart and Ibarra 1991)
Prioritizes foraging period
(day or night) as the one with
the highest foraging
opportunity. Remaining P (up
to cap of 1) can be consumed
during alternate period.
Highest foraging is not
assumed to produce the
highest growth. Calculated
concurrently with growth
optimization routine.
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night_foraging =
night foraging
rate * night hours
night_P =
min(night
foraging/cmax, 1)
day_P = min(1 –
night P OR
day foraging rate
* day hours)
Optimization Routine

For day 1 use a grid
search to determine best
day and night depth
combination.

if x0 is None:
x0 = brute (growth,
(depth bounds, depth
bounds))

m
(depth)

Use the results of the
previous day to set the
initial guess.
Optimize using Limitedmemory BFGS.

Minimize (growth,
x0=x0,
method='L-BFGSB',
bounds=
[(depth_min,
depth_max),
(depth_min,
depth_max)],
jac='2-point',
options={'eps': 1e3})

m
(depth)

Determine the day and night
depths that in combination
produce the greatest daily
growth rate.
SciPy optimize; find global
peak growth available within
depth constraints.

SciPy optimize; find global
peak growth available within
depth constraints.
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Table 2.2. Observed and modelled depths for reservoir rearing juvenile Chinook Salmon. Observed data as reported by
Monzyk et al. 2014 using experimental gill net arrays of 24.4 x 4.6 m panels to a depth of 25 m. Modelled depths resulting
from monthly model runs of GrowChinook using default values and a 0.3 g starting size fish for the first month.
2012 mean
2013 mean
Lookout Point
Mean
Mean
observed
observed
daytime model
modelled day
modelled
Month
Lookout
Lookout
depths (2015, 2016)
depth
night depth
Point
Point
(all
(all
reservoirs)
reservoirs)
0 , na
2.2
3.3
March
0.5 , 30.0
7.8
19.7
April
7.4 , 6.0
5.1
30.0
May
10.1 , 7.7
7.6
22.0
June
11.3
11.6
4.0 , 4.0
10.3
30.0
July
13.1
16.1
14.0 , 4.0
15.7
30.0
August
13.4
17.2
na , 30.0
21.3
30.0
September
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Table 2.3. Modeled P (proportion of maximum consumption) for day 1 of each
month modeled for daytime and nighttime periods by reservoir, month, and year from
GrowChinook, rounded to the nearest hundredth. Default values and a 0.3 g starting
size fish were used for the first month and values were carried from prior months
thereafter. Total P values corresponding to months where diel vertical migration was
predicted are bolded. Hours included during daytime and nighttime periods for each
month are noted.
Reservoi
Month
Daytime P
Nighttime P Total daily
Hours
r
P
2015 2016 2015 2016 2015 2016 day nigh
t
March
0.78 na
0.08 na
0.85 na
11.8 12.1
Fall
3
7
Creek
April
1.00 0.09 0.00 <0.0 1.00 0.09
13.4 10.6
1
0
May
0.29 1.00 <0.0 0.00 0.29 1.00
14.7 9.27
1
3
June
0.11 0.52 0.00 0.03 0.11 0.55
15.4 8.58
2
July
<0.0 0.17 <0.0 <0.0 <0.0 0.17
15.1 8.88
1
1
1
1
2
August
<0.0 0.41 <0.0 0.00 <0.0 0.41
13.9 10.0
1
1
1
7
3
Septembe na
0.00 na
0.00 na
0.00
12.4 11.5
r
5
5
March
0.07 na
0.01 na
0.09 na
Hills
Creek
April
0.06 0.22 0.01 0.04 0.07 0.26
May
1.00 1.00 0.00 0.00 1.00 1.00
June
1.00 0.82 0.00 0.04 1.00 0.86
July
0.25 0.20 0.00 <0.0 0.25 0.20
1
August
0.18 <0.0 0.00 <0.0 0.18 0.01
1
1
Septembe na
0.19 na
0.00 na
0.19
r
0.11 na
0.01 na
0.12 na
Lookout March
Point
April
0.02 0.00 <0.0 0.00 0.02 0.00
1
May
1.00 0.28 0.00 0.00 1.00 0.28
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June
July

1.00
0.58

1.00
0.41

August

0.34

0.35

Septembe
r

na

<0.0
1

0.00
<0.0
1
0.02
na

0.00
<0.0
1
<0.0
1
<0.0
1

1.00
0.58

1.00
0.42

0.36

0.35

na

<0.0
1

64

Figures

Figure 2.1. The linked foraging and bioenergetics model framework. Field derived
data including light (yellow), temperature (grey), and Daphnia prey density and size
(green) depend on depth use (solid background fill) and are used in the foraging and
bioenergetics (consumption and loss) models which are linked where foraging may
limit consumption. Encounter rate relationship with Daphnia prey density is
constrained (black vs. grey dashed line) to the lower of two equations, one scaled
with visibility and the other a functional response to density. GrowChinook default
outputs (black boxes) include the depths that produce the greatest growth rate, in
combination, for each day in addition to the maximum daily growth rate
corresponding to those depths.
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Figure 2.2. Vertical distributions of temperature (solid line) and Daphnia (dashed line) for 2015 (top) and 2016 (bottom)
used as defaults in the GrowChinook model by reservoir (Fall Creek = orange, Hills Creek = black, Lookout Point = blue)
and month (light to dark). Daphnia distribution has been scaled for comparison across months (R ‘scale’ function, the
centered columns of Daphnia density for each month have been divided by their standard deviations). Note that alternate
distributions can be uploaded via the graphic interface.
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Figure 2.3. Modelled optimal growth (hatched lines) as A) mass and B) length of
juvenile Chinook Salmon rearing in Fall Creek (orange), Hills Creek (grey) and
Lookout Point (blue) Reservoirs under 2015 and 2016 conditions compared to all
available observed data (points) from 2006 to present (lengths converted to mass).
Individual data are represented as reservoir specific points from USACE and ODFW
screwtrap data (Romer et al. 2016, Greg Taylor, US Army Corps of Engineers,
Lowell, Oregon, personal communication 2017). Loess smoothed curves (solid lines)
for models of observed daily maxima at each site (black) and GrowChinook outputs
(red) are included; grey and pink shading represent the respective 95% confidence
intervals.

Figure 2.4. Modelled growth (g·day-1) for juvenile Chinook Salmon using 2015
(pale) and 2016 (dark) data for Fall Creek (orange), Hills Creek (grey), and Lookout
Point (blue) Reservoirs. Fish were assumed to enter the reservoir at 0.3 g and growth
was propagated across months.

Figure 2.5. One-way sensitivity results for models using observed background data
by month for Fall Creek reservoir, 2016 including A.) The sensitivity of predicted
growth to changes in light extinction coefficient, where higher values correspond to
decreases in light availability, B.) The sensitivity of predicted growth to changes in
Chinook Salmon starting mass, C.) The sensitivity of predicted growth to changes in
in Daphnia length, and D.) The sensitivity of predicted growth to changes in Daphnia
abundance. Points are measured intervals. A 10 g starting fish size was used for all
runs other than starting mass.
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2
3
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Supporting information
Table S2.1. Spatiotemporal observed Daphnia abundances (#/m2 from 35 m depth to surface), lengths (mm), and light extinction
coefficients (K) used to parameterize the GrowChinook linked model. Note that Daphnia abundances were distributed using splined
observed relative vertical distribution (Figure 2.3) in calculating the densities for each depth used in the model.
Reservoir
Month
2015
2016
Daphnia Daphnia
Light
Daphnia Daphnia
Light
abundance length extinction abundance length extinction
Fall Creek
March
815
1.21
0.969
---April
17,357
1.25
0.695
367
0.56
0.761
May
24,446
1.13
0.710
22,328
1.01
0.435
June
3,993
1.26
0.792
48,240
1.13
0.441
July
2,363
1.49
0.434
8,801
1.48
0.424
August
407
1.18
0.426
5,378
1.78
0.396
September
---3,626
1.10
0.429
Hills Creek
March
204
1.24
0.539
---April
453
1.09
0.580
163
1.22
0.522
May
11,408
1.03
0.569
7,456
1.08
0.570
June
20,535
1.20
0.414
88,658
1.16
0.387
July
9,126
1.84
0.284
9,045
1.54
0.488
August
3,178
2.21
0.311
13,527
1.18
0.345
September
---13,853
1.51
0.315
Lookout Point March
61
1.46
0.602
---April
127
0.96
0.629
20
0.53
0.572
May
14,016
1.06
0.398
448
0.68
0.468
June
44,981
1.35
0.386
9,290
1.14
0.388
July
5,949
1.97
0.373
11,693
1.31
0.349
August
581
2.07
0.381
6,926
1.64
0.390
September
---1,854
1.20
0.352

6

70

7
8
9
10
11

Table S2.2. Observed lengths and masses for juvenile Chinook Salmon from 2006 to present captured in screwtraps downstream of
study reservoirs as well as the percent difference between masses converted from observed lengths and the maximum modeled mass
from 2015-2016 GrowChinook models.
Note the limited numbers of directly observed weights available. Weights often came from fish lengths that were not representative
(e.g. fish with weights in August at Fall Creek were 112 and 125 mm while average observed was 165 mm).
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71

13

14
15
16

Figure S2.1. Screenshot of Graphic User Interface input page for the GrowChinook model. Available at:
growchinook.fw.oregonstate.edu
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17
18

Figure S2.2. Screenshot of Graphic User Interface output page for the GrowChinook model.
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19
20

Figure S2.3. Map of study reservoirs (purple; intensity corresponds to depth) used to inform and

21

test the GrowChinook model and their general characteristics. Data available from the U.S.

22

Geological Survey (https://lta.cr.usgs.gov/NED and https://nhd.usgs.gov).
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Figure S2.4. The length-weight regression for juvenile spring Chinook Salmon used in the
model based on aggregated screw trap data collected throughout the year below Upper
Willamette reservoirs (Greg Taylor, unpublished data).
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Figure S2.5. Predicted modeled (GAMs fit to individual reservoir modeled output for 2016) vs. observed A) masses (g) and B)
lengths (mm) for reservoir rearing subyearling juvenile Chinook Salmon collected in downstream screwtraps 2006 - present from Fall
Creek (orange), Hills Creek (black) and Lookout Point (blue) Reservoirs.
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Abstract

Large dams and their respective reservoirs provide renewable energy and water
security, but also can profoundly alter riverine ecosystems. Here, we present evidence
of changing aquatic food web structure in the seasons following short-duration,
extreme manipulation of water levels in a reservoir (i.e., draining of the reservoir to
the original riverbed during fall to assist outmigration of juvenile Chinook Salmon).
We find unintended and lagged consequences of transitioning from a lake to a river,
even temporarily, that resulted in trophic shifts away from piscivory and towards
feeding at lower trophic levels for two common piscivorous fishes in reservoirs.
Using natural abundances of nitrogen stable isotopes, we observed lower trophic level
of feeding for invasive Largemouth Bass (Micropterus salmoides) and native
Rainbow Trout (Oncorhynchus mykiss) during the summers following reservoir
refilling than in nearby reference reservoirs that were not temporarily drained during
fall. Declines in trophic levels of aquatic top predators have been rarely documented
outside of controlled laboratory conditions. While useful for assisting outmigration of
juvenile salmonids, the temporary draining of a reservoir to riverbed can also result in
novel shifts in food web dynamics including reduced piscivory. As large dams
continue to be operated and constructed worldwide, increased understanding of the
community and ecosystem-level effects of reservoir management will be critical to
evaluating trade-offs between human water needs, conservation of high value species,
and ecosystem services impacted by river fragmentation.

Introduction

Worldwide over 58,000 large dams (> 15 m height) collectively store more than
6,000 km3 of freshwater (Chao et al. 2008; Lehner et al. 2011; Lovett 2014;
O’Connor et al. 2015). Because these large dams and reservoirs frequently provide
services including renewable energy and water security (Barnett et al. 2005) they
continue to be constructed worldwide (Zarfl et al. 2015). Large dams and their
respective reservoirs can profoundly alter riverine ecosystems including modification
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of hydrological regimes (Poff et al. 2007; Poff and Schmidt 2016), degradation of
habitat, loss of longitudinal connectivity (Stanford and Ward 2001; Stone 2011), and
proliferation of invasive species (Havel et al. 2005; Vander Zanden et al. 2015). The
artificial reservoir habitats created by dams (Nilsson et al. 2005) often contain a
complex mixture of native and invasive species (Keefer et al. 2013) and novel food
webs (Vander Zanden et al. 2015). Large dam operation must necessarily balance
trade-offs between multiple objectives (Kareiva 2012). To this end, studies on new
management strategies and manipulations of reservoir water levels may provide
insight into trade-offs between ecological processes, ecosystem dynamics and water
level management (Gulati et al. 2008).
In the Pacific Northwest of North America (PNW), the river networks
originally supported cold-water species, including anadromous salmonids. However,
the large reservoirs inserted into these networks have created novel habitats that are
now typically inhabited by both cold-water natives and warm-water invasive fishes
(Keefer et al. 2013). Salmonids spawn in the headwaters of the river networks,
upstream of the reservoirs, and upon hatching, the juvenile salmonids move
downstream. During this downstream movement they frequently become entrained in
the reservoirs that may represent ecological traps for outmigration of threatened and
endangered salmonids (NOAA Fisheries 2008). Because entrained juveniles use the
large reservoirs as rearing habitats, and those habitats contain large numbers of
invasive piscivores, reservoirs put juvenile salmonids at increased risk of being prey
for invasive warm-water fishes (Sanderson et al. 2009).
To test how better to facilitate the downstream movement of juvenile salmon
out of reservoirs, a new management strategy involving short duration draining of a
reservoir to riverbed in late fall was implemented. Rather than drawdown to an
overwinter 'conservation' pool (to provide storage for winter rains and prevent
downstream flooding), all standing water is now briefly drained in late fall to expose
the riverbed. This flushes downstream most migratory salmonids along with other
fishes. This week-long event is followed by refill to the traditional winter
conservation pool and conventional spring and summer water level management
(Figure 3.1B).
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We hypothesized that draining of the reservoir might alter food web structure
upon refilling, due to changes in lower trophic resources. We expected that decreased
densities of zooplankton, and increased concentrations of nutrients and higher
turbidity from resuspension of sediments, would lead to increased predation on fishes
by piscivores. Collectively, changes in reservoir ecology could result from
management actions to improve fish passage. We aimed to evaluate unexpected
consequences at the whole food web level to aid in the future transfer of lessons
learned here.

Results

After refilling of a large reservoir that has been temporarily drained to its original
riverbed the previous fall, we observed that nitrogen stable isotope ratios (δ15N) of
large, normally piscivorous fish—Largemouth Bass (Micropterus salmoides) and
Rainbow Trout (Oncorhynchus mykiss) larger than 150 mm in fork length—were
lower in Fall Creek Reservoir than in nearby reference reservoirs. Their reduced
enrichment suggests that these top aquatic predators were no longer feeding on fish.
They probably switched diets toward consuming invertebrates at lower trophic levels
(Figure 3.2).
Our findings are based on sampling in four large reservoirs (400-1,700 ha)
during summer full pool. We compared the manipulated reservoir (Fall Creek) with
three nearby reservoirs in the Willamette Valley, Oregon, USA (Figure 3.1). Because
these reservoirs are managed for multiple purposes, all of them have substantial water
level fluctuations throughout the year, and are drawn down in fall to a small
conservation pool so that winter rains can be stored and large floods avoided (Figure
3.1). To increase downstream passage of salmonids in late fall, Fall Creek Reservoir
is further drained and riverbed exposed for approximately one week.
To validate that the lower δ15N in these two predatory fish were not due to
differences in basal resources among reservoirs, we compared nitrogen stable isotope
ratios from multiple tropic levels across reservoirs. Stable isotope ratios from lower
trophic levels were consistent among reservoirs (Table 3.1). Differences in mean
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phytoplankton δ15N values were less than 1‰ across all reservoirs. Zooplankton and
chironomids were less than 2.5‰ different across reservoirs whereas fish values
averaged 4-6‰ for lower trophic levels (e.g. Bluegill) and more than 7‰ for
piscivorous fishes (e.g. large Largemouth Bass and Rainbow Trout). Average ratios
for detritivorous fishes in Fall Creek (e.g. bullhead; Ameiurus sp.) were intermediate
to the other reservoirs where they were detected.
The turnover time for fish fin tissue allowed us to be confident that observed
changes in isotopic ratios were not due to differences in diet during the short duration
draining to riverbed in the previous fall (Heady and Moore 2012); observed isotopic
ratios most likely represented diets during the current summer full pool. Statistically
significant differences in δ15N observed for common predatory fish at Fall Creek
Reservoir could be explained by a greater contribution of lower trophic level prey
(i.e. invertebrates) in their diet. We also noted lower content of prey fish in the
stomachs of captured Largemouth Bass in Fall Creek Reservoir than in other
reservoirs (Table S3.2); however, the number of fish captured and examined were
limited.

Discussion

Our findings illustrate that an unconventional short-duration draining of a reservoir to
its original riverbed may have important unexpected consequences on the following
season's food webs. The predatory fish that remained in the reservoir after draining
and refilling occupied a different trophic position than the same species in other
reservoirs. Instead of preying upon other fishes, they appeared to have consumed less
isotopically enriched prey, likely invertebrates and zooplankton.
Within the literature, rarely has it been documented that fish species shift from
piscivory to the consumption of lower trophic levels; such changes are infrequently
noted with seasonal prey availability (Beauchamp 1990; García-Berthou 2002) and in
small-scale controlled experiments (Dibble and Harrel 1997). To our knowledge, one
of the only large-scale examples of a similar shift was observed following
introduction of competitor species (Vander Zanden et al. 1999); invasive fishes have
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been shown to cause previously dominant species to shift their diet to lower quality
food from lower trophic levels due to competition for high quality food (Vander
Zanden et al. 1999). During development, the direction of diet switching in fishes is
typically from consumption of lower trophic levels towards higher trophic levels
(Persson and Brönmark 2002). This is due to the greater energy requirements (and
larger gape) of larger body sized individuals (Clarke and Johnston 1999). Larger
fishes optimize their energy budget by simultaneously minimizing outgoing energy
costs of foraging (Sherwood et al. 2002) while choosing prey items with the highest
energy content possible, generally from higher trophic levels (Cohen et al. 1993).

Possible mechanisms for observed isotopic ratios of predators in Fall Creek
There are several possible mechanisms for the lower δ15N of large Largemouth Bass
and Rainbow Trout after draining and refilling of Fall Creek Reservoir. The most
likely is that a change in the densities of prey fishes was responsible for altering the
feeding by these piscivores and food web relationships (Vander Zanden et al. 1999).
Many small fishes, both salmonids and others, were probably flushed downstream
during the fall draining. So there could be a reduction in availability of high quality
prey after refilling. This conceptual model of reduced densities of prey fish following
refilling (Figure 3.3) is supported by decreased numbers of invasive species exported
from Fall Creek Reservoir relative to annual juvenile Chinook Salmon outmigrants in
the subsequent years (Murphy et al. 2018). At a reference reservoir, there have not
been similar changes in fish leaving the reservoir.
We do not find evidence that these piscivores increased their consumption of
juvenile Chinook Salmon that enter the reservoir each spring after hatching upstream.
If juvenile salmon had been an increasing part of a predominantly piscivorous diet,
the δ15N signals/values of piscivores should have increased. Predation on these
threatened and endangered juvenile salmon by native and invasive fish in reservoirs is
a concern of managers (NOAA Fisheries 2008), and the isotopic ratios observed in
the previously drained reservoir suggest predation pressures may be reduced with this
management.
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The similarity of isotopic ratios of basal resources among reservoirs as well as
densities of zooplankton and invertebrates suggest that observed isotopic differences
for Largemouth Bass and Rainbow Trout are not associated with differences in those
resources (Table 3.1 and Table S3.3). The decrease in nitrogen isotopic enrichment is
also not consistent with lack of food or starvation of these piscivorous species. In a
catabolic state, we would expect isotope levels to become more enriched and for
starving fish to then appear to be more, not less, piscivorous (Hobson et al. 1993;
Scrimgeour et al. 1995; Fuller et al. 2005). Reductions in visibility could also alter
foraging success, though previous research suggests that piscivory in both
Largemouth Bass and Rainbow Trout increases with increasing turbidity (Yard et al.
2011; Shoup and Lane 2015). Therefore, it would not seem that differences in light
transmission at depth, a function of increased resuspension of fine sediment, would
explain the reduced piscivory observed in the drained reservoir (Table S3.4).
It is also possible that declines in recruitment success, although delayed, could
happen as a consequence of stress from the short duration draining to riverbed.
Recruitment declines would result in a reduction in the density of prey fishes,
including young of both piscivorous and non-piscivorous species. Regardless, without
abundant prey fishes, top fish predators capable of omnivory may alter their feeding
behavior to prioritize lower trophic level prey, as the behaviors related to search and
capture are prey-dependent (Breck 1993; Warburton et al. 1998).

Tradeoffs

The timing and duration of the draining of a reservoir in late fall appears to result in
minimal impacts to the social and economic benefits of the dam operation; winter
flood control capacity is still maximized and spring and summer recreation are not
impacted. Modification of reservoir operations may provide a tool to support salmon
recovery in western North America by providing downstream passage and altering
the foraging of invasive piscivores in a way that could reduce predation on juvenile
salmon, without depleting the Daphnia prey commonly consumed by juvenile
salmon. Given this intention of enhanced outmigration benefits to juvenile threatened
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salmon, and the observed reductions in piscivory by predaceous fishes, the
management practice of short-duration reservoir draining warrants further
exploration.
An increased export of fishes, including invasive species, is hypothesized as
one of the drivers leading to the differences in trophic levels observed here and could
be of concern for downstream communities. However, invasive fishes are exported
regularly from Willamette River reservoirs even during conventional management
(Keefer et al. 2013). Although invasive fishes are regularly exported and are
commonly found in the mainstem Willamette River below these study reservoirs,
native fishes have still been documented as >90% of the fish in the mainstem
Willamette River, likely due to habitat preferences (Williams 2014).
The short duration (days) of the draining to riverbed maintains the ability of the
reservoir to continue to meet multiple needs (e.g. flood risk reduction, summer
recreation, and downstream flow augmentation), yet may have important
consequences for the reservoir ecosystem through cascading trophic level impacts. It
is unclear whether competition increases as trophic levels drop. We have not seen
differences in zooplankton or benthic macroinvertebrate densities (Table S3.3). If the
driver of reduced piscivory is reduced densities of invertivorous prey fishes, the
predators may be consuming invertebrates that would have been consumed by prey
fishes under greater densities, rather than resulting in increased pressure on
invertebrate prey.
Even in the era of high-profile removals, many large dams serve as part of
critical flood control and power-generating infrastructure and are likely to remain in
place for some time. Thus, it is imperative to reduce their ecological impacts. It
appears that unconventional short-duration draining of reservoirs simulates a pulse
disturbance effective in temporarily improving downstream fish passage and
ecosystem connectivity in addition to the lasting food web changes described here.
However, additional studies are needed to fully understand the magnitude and
mechanisms of these shifts in trophic positions across ecosystems. Reducing the
negative ecological impacts of large dams through changes in their operations could
present attractive management options with relatively modest costs.
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Materials and Methods

Study reservoirs
We compared food web dynamics in Fall Creek Reservoir (43°56′33″N
122°45′25″W), which was drained to riverbed for approximately 1 week each fall, to
three nearby reservoirs with conventional reservoir management; Blue River
(44°10′19″N 122°19′49″W), Hills Creek (43°40′16″N 122°25′33″W) and Lookout
Point (43°53′48″N 122°43′34″W) Reservoirs, in the upper Willamette River basin,
Oregon. The conventional management of the reference reservoirs includes dramatic
seasonal changes in water levels and water storage (Figure 3.1), regularly exposing
the benthic margins and likely limiting the littoral benthic community, both
vegetation and benthic macroinvertebrates, due to repeated stranding and desiccation
(Whitmore et al. 2017). However, all three maintain some lake habitat (conservation
pool) throughout the year. They also have comparable fish communities (Table S3.5).
All of our study reservoirs are considered multipurpose structures that are kept at full
pool during summer, for recreation and to maintain downstream flows, and have their
water levels lowered starting in September to a minimum lake level, to provide flood
control (Figures 3.1 and 3.3). Fall Creek is not currently a power-generating facility,
though it has been proposed (Oregon Department of Environmental Quality 2012).
The annual draining to riverbed of Fall Creek Reservoir began in 2011; two to three
draining events had occurred prior to sampling in 2013 and 2014, respectively.

Isotope sample collection and analyses

Reservoir biota were sampled during the productive summer months (June-August) of
2013 and 2014. Fish were captured in the central reservoir during full pool using
large fyke net traps and short-set gill nets and lower caudal fin clips were collected
(Oregon State University Institutional Animal Care and Use Permit 4476, Oregon
Department of Fisheries and Wildlife permits 18168 and 18390, National Oceanic
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and Atmospheric Administration permits W1-13-OSU202 and W1-14-OSU202, and
National Fish and Wildlife Service permit TE-31445B-D). Zooplankton were
collected through the entire water column using a 1-m diameter, 64-µm mesh, opentow net. Benthic invertebrates were collected using 1-m quadrats and kick nets in
shallow waters along the reservoir margin and were sorted to family. Phytoplankton
were collected from the depth of peak chlorophyll-a as determined by fluorescence
profiles, and composited from five stations across each reservoir. Fishing efforts
targeted a minimum sample size of five individuals per species per site, with more
samples for more abundant species to allow for future mixing model analyses of diets.
Samples were retained on ice and returned to the lab for preparation for isotopic
analyses of δ13C and δ15N. Samples were freeze-dried and sent to the Colorado
Plateau Stable Isotope Laboratory (http://www.isotope.nau.edu/) for analyses for
natural abundances of stable carbon and nitrogen isotope ratios (δ13C and δ15N). Ten
percent of the isotope samples were randomly duplicated to ensure consistency.

Statistical methods
We estimated a conservative threshold for piscivory in predaceous fishes (7.7‰)
based on maximum mean δ15N trophic fractionation of 3.4‰ per trophic level (33),
along with the observed δ15N of zooplankton to indicate basal resource δ15N (mean
0.88‰, n = 9, Table 3.1). Using this threshold, we identified fish of body length of
>150 mm as likely being predominantly piscivorous in these reservoirs (Figure 3.2 CD; r2 calculated using SigmaPlot 11 Dynamic Curve Fit. Largemouth Bass; y = 4.66 +
(1.61*10-2)x – (6.19*10-6)x2; r2 = 0.82; Rainbow Trout; y = 4.66 + (1.61*10-2)x –
(2.10*10-5)x2; r2 = 0.25)). We adopted the 150 mm size threshold based on consistent
isotopic ratios of lower trophic levels that suggested similar fractionation rates across
reservoirs. Thus, our analysis focused on inter-reservoir comparison of large
predatory fishes rather than an exact quantification of piscivory per se. We assessed
significance for differences in means using one-way ANOVA - Tukey multiple
pairwise-comparisons (R Statistical Computing 2014).
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Table 3.1. Mean δ15N values and sample sizes (n) for other trophic levels and fish species in the four study reservoirs. Data
represent either whole organisms (plankton and macroinvertebrates) or individual fin clips (fishes). The riverbed draining
treatment reservoir is highlighted in bold. *Bulk zooplankton were not collected for Lookout Point but the mean δ15N for
Daphniidae was 1.56 (n=7). Note that phytoplankton and zooplankton samples were bulk samples and likely represent a
range of taxa.

δ15N

Blue River

Fall Creek

Hills Creek

Lookout Point

Reservoir

Reservoir

Reservoir

Reservoir

Phytoplankton

0.44 (n=2)

0.77 (n=6)

0.74 (n=5)

0.29 (n=4)

Zooplankton

0.01 (n=3)

1.46 (n=3)

1.17 (n=3)

*

Chironomidae (aquatic macroinvertebrate)

0.28 (n=1)

2.05 (n=3)

2.15 (n=4)

0.73 (n=1)

Bluegill (Lepomis macrochirus)

4.27 (n=9)

4.97 (n=12)

5.76 (n=10)

5.16 (n=8)

Brown Bullhead (Ameiurus nebulosus)

Not detected

6.58 (n=6)

7.69 (n=5)

6.27 (n=12)

Chinook Salmon (Oncorhynchus tshawytscha)

Not present

6.08 (n=49)

7.23 (n=71)

7.97 (n=29)

Largemouth Bass (Micropterus salmoides) < 150 mm

5.29 (n=5)

5.19 (n=15)

6.16 (n=11)

6.68 (n=6)

Largemouth Bass (Micropterus salmoides) > 150 mm

8.60 (n=7)

6.61 (n=18)

8.94 (n=20)

8.77 (n=20)

Rainbow Trout (Oncorhynchus mykiss) < 150 mm

4.88 (n=2)

5.12 (n=1)

6.57 (n=9)

6.94 (n=3)

Rainbow Trout (Oncorhynchus mykiss) > 150 mm

7.88 (n=14)

6.36 (n=12)

7.42 (n=9)

7.56 (n=14)

Yellow Bullhead (Ameiurus natalis)

Not detected

6.64 (n=18)

7.19 (n=4)

6.97 (n=10)
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Figure 3.1. Study sites and management characteristics. (A) Map of the four Willamette Basin study reservoirs (purple).
(B) The water control diagram with the conventional drawdown to conservation pool water level management (rule curve;
black, solid) and the draining to riverbed (red, dashed) for the Fall Creek treatment reservoir. (C) Table of the conventional
management characteristics of the study reservoirs. (D) Photographs from each reservoir in September, to illustrate
exposed littoral area, when reservoirs are still accessible but water levels have begun to lower per conventional
management. Photographs: C.A. Murphy. Fall Creek Reservoir is managed by short duration winter draining to riverbed
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(by 49 m instead of the conventional 31 m) while the other reservoirs undergo conventional winter water level management
(from 29 m to 51 m in magnitude) and are reduced in lake levels but maintain a ‘minimum conservation pool’ (i.e. a small
lake above riverbed). In conventional reservoir management each reservoir follows ‘rule curve’ diagrams for reservoir
water levels to maintain downstream flow targets. During the winter, these large reservoirs are held at a reduced lake level,
the ‘conservation pool’ that allows for the capture of peak inflows, reducing downstream flood risks. This period exposes
littoral sediments. Captured water is used to fill the reservoir during the spring until ‘full pool’ is reached. Stored water is
then available to augment summer downstream flows as well as provide recreational opportunities in the reservoirs before
the reservoir water level is reduced in the fall to the minimum lake level. The typical conservation pool is represented by a
flat line during winter months and full pool by a flat line during summer months. Water control diagrams for all study
reservoirs are available at: http://www.nwd-wc.usace.army.mil/nwp/teacup/willamette/
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Figure 3.2. Trophic levels of key taxa (top) and δ15N ratios for Largemouth Bass and Rainbow
Trout (bottom). (A) Reference reservoir food chain compared to the (B) altered reservoir food
chain observed in the previously drained reservoir. Additional species found in Willamette Basin
reservoirs but not pictured here include: bullhead catfish, Largescale Sucker and sculpin
(detritivores); dace, mosquitofish, Redside Shiner, and Threespine Stickleback (invertivores);
Bull Trout, crappie, Northern Pikeminnow, Walleye and Yellow Perch (juvenile invertivores,
adult piscivores). (C and D) δ15N ratios increase naturally with increasing size of fish in
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reference reservoirs. The threshold for piscivory is indicated by a red dashed line. The grey
dotted vertical line indicates the 150 mm threshold, above which fish diets are predominantly
piscivorous. Although both species are capable of consuming fish as prey when smaller than 150
mm, this size threshold was calculated as the intersection of these (C and D) reference
ontogenetic trajectories and the predicted piscivory isotopic ratio. (E and F) δ15N values of large
(>150 mm) (E) Largemouth Bass and (F) Rainbow Trout in Fall Creek Reservoir (shown in
orange) are lower than in other reservoirs (shown in gray; Table S3.1). Fall Creek experienced
riverbed draining while other reservoirs maintained conservation pools. Lower δ15N values
indicate that consumers are feeding lower on the food chain.
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Figure 3.3. Hypothesized progression of the ecosystem-level water management cycle in reservoirs and ecological
processes. A full pool reservoir during summer is followed by (A) conventional lowering to minimum reservoir level or
(B) experimental draining of the reservoir to riverbed during late fall, and eventual refilling in spring. Under both
scenarios, much of the benthos are exposed. In the case of Fall Creek Reservoir, this draining results in lotic conditions,
with no holding pool, for one week annually. Sediments do not appear to desiccate during this period. The draining of a
reservoir to riverbed assists anadromous Chinook Salmon with downstream migration, but acts as a pulse disturbance
washing out many reservoir resident fishes. Upon refill, the reservoir in (B) has reduced densities of overwintering fish
species (zooplankton and benthic invertebrates can quickly recover to previous densities from egg banks and resting
stages). This results in shifts in the trophic dynamics for predatory fish, presumably through the reduction of small prey
fishes. Though juvenile Chinook Salmon hatch in streams and move to the reservoirs in early spring, their densities are
relatively low, making a piscivorous strategy which relies on them alone inefficient and thus, predaceous fishes now focus
on invertebrate prey instead.
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Supporting information

Table S3.1. Results of one-way ANOVA - Tukey multiple pairwise-comparisons for δ15N values observed for large,
greater than 150 mm fork length, Rainbow Trout (left) and Largemouth Bass (right) in treatment (Fall Creek) and reference
(Blue River, Hills Creek, and Lookout Point) reservoirs. Statistically significant (p<0.05) results are bolded.
Comparison
Difference
Blue River-Fall Creek
Hills Creek-Fall Creek
Lookout Point-Fall Creek
Hills Creek-Blue River
Lookout Point-Blue River
Lookout Point-Hills Creek

1.52
1.06
1.20
-0.46
-0.32
0.14

Rainbow Trout
Lower
Upper
95% CI 95% CI
0.33
2.71
-0.28
2.41
0.01
2.39
-1.76
0.85
-1.47
0.84
-1.16
1.44

p

Difference

<0.01
0.17
<0.05
0.79
0.88
0.99

1.99
2.34
2.16
0.34
0.17
-0.18

Largemouth Bass
Lower
Upper
95% CI 95% CI
0.22
3.76
1.04
3.63
0.87
3.45
-1.40
2.09
-1.58
1.91
-1.43
1.08

p
0.02
<0.01
<0.01
0.95
0.99
0.98
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Table S3.2. Gut contents of Largemouth Bass collected opportunistically as
mortalities from other sampling efforts (all sizes, few opportunistic mortalities were
collected greater than 150 mm FL). Fish used were estimated to be dead less than 48
hrs before collection and freezing. Stomachs were removed and preserved in ethanol.
Preserved stomachs were then examined under a dissecting scope, including
enumeration and identification of contents by category (zooplankton, aquatic insect,
terrestrial insect, terrestrial non-insect, fish and unknown). We report the percent
contents by weight (%W), calculated using comparable field collected invertebrate
(collected, sorted by family, and dried) and fish (measured, weighed and converted to
dry weight assuming a wet to dry ratio of 5) samples. Note that δ15N indicates 150
mm as the size threshold where fish are predominantly piscivorous. We expect
evacuation rates to be lower for ingested fish than ingested invertebrates and for %W
(see below) values to be biased towards fish because they are larger prey.

Mean % fish (by dry weight) in stomach
Mean length of fish sampled (mm)

Fall Creek
37% (n = 9)
138

Hills Creek
79% (n = 21)
82

Lookout Point
68% (n = 6)
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Table S3.3. Average cladoceran zooplankton, total zooplankton, and benthic
macroinvertebrate densities measured in the study reservoirs during June and August
(full pool), 2014. Zooplankton were collected through the entire water column using a
1-m diameter, 64-µm mesh, open-tow net and were identified to the lowest taxonomic
resolution possible, typically genus or species. Benthic invertebrates were collected
using 1-m quadrats and kick nets in shallow waters along the reservoir margin and
were sorted to family. The streambed draining treatment reservoir is highlighted in
bold.
Reservoir
Macroinvertebrate Cladocera Zooplankton
density
density
density
# / m2
# / m3
# / m3
Blue River Reservoir
not available
171
510
Fall Creek Reservoir
29.6
376
985
Hills Creek Reservoir
30.3
167
533
Lookout Point Reservoir
29.4
289
1022

Table S3.4. Light extinction coefficients calculated from light depth profiles
collected using a Li-192 sensor in 2016. Light as photosynthetic photon flux density
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was measured at 1-m intervals from surface to 30 m using a Li-192 sensor (LiCor,
Lincoln, Nebraska). Light extinction coefficients represent the average value
calculated from the log of light measured immediately below the water surface (L0)
minus the log of the light at each depth (Ld), divided by that depth (d).
k = (L0 - Ld) / d
Extinction coefficient values were confirmed by fitting an exponential decay curve to
measured values across depths, where the exponent represented the extinction
coefficient.
Month
April
May
June
July
August

Blue River
0.343
0.337
0.330
0.300
0.299

Fall Creek
0.761
0.435
0.441
0.424
0.396

Hills Creek
0.522
0.468
0.388
0.349
0.390

Lookout Point
0.572
0.468
0.388
0.349
0.390

Table S3.5. Top-four most common fish species found in downstream screw traps for
each study reservoir from 2013-2015. Species listed for Blue River fishes are based
on in reservoir sampling since no screw trap operated downstream.
Blue River*
Largemouth Bass
Bluegill
Rainbow Trout
Stickleback

Fall Creek
Bluegill
Chinook Salmon
Largemouth Bass
Rainbow Trout

Hills Creek
Chinook Salmon
Sculpin
Bluegill
Rainbow Trout

Lookout Point
Bluegill
Chinook Salmon
Sculpin
White Crappie
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Table S3.6. Fork lengths (mm) and δ15N for Rainbow Trout. Grey boxes represent
individuals greater than 150 mm FL. Considering all sizes, a one-way ANOVA (aov,
R Statistical Computing), revealed a significant effect of size (p < 0.001) and
treatment (p < 0.001; reference vs. Fall Creek; which experienced draining to
streambed the prior fall) on δ15N. An ANCOVA (aov, R Statistical Computing)
showed no significant interaction of size and treatment (P > 0.05).
Fork
Blue
Fork
Fall
Fork
Hills
Fork
Lookout
Length River Length Creek Length Creek Length
Point
(mm) (δ15N) (mm) (δ15N) (mm) (δ15N) (mm)
(δ15N)
116
4.39
127
5.12
80
5.78
75
6.62
142
5.37
231
4.81
83
7.47
123
6.11
219
9.83
255
6.95
88
4.95
140
8.09
230
7.46
260
5.23
91
4.91
160
6.43
237
9.79
261
6.09
111
6.31
245
6.34
245
6.63
284
7.00
120
8.02
247
8.91
249
6.41
310
6.74
128
6.32
271
7.30
251
6.79
315
6.73
132
7.23
302
8.32
268
6.23
327
6.41
135
8.16
305
6.21
277
7.49
331
9.25
152
8.44
320
6.99
279
8.61
338
5.87
161
6.19
333
7.49
285
8.94
409
4.75
175
5.65
343
7.71
292
6.97
462
6.49
181
7.34
359
7.95
305
8.11
219
6.81
362
9.14
334
8.48
230
6.72
364
6.32
344
8.57
248
8.34
378
8.06
270
8.16
380
8.69
270
9.15
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Table S3.7. Fork lengths (mm) and δ15N for Largemouth Bass. Grey entries
represent individuals greater than 150 mm FL. Considering all sizes, a one-way
ANOVA (aov, R Statistical Computing), revealed a significant effect of size (P <
0.001) and treatment (P < 0.001; reference vs. Fall Creek; which experienced draining
to streambed the prior fall) on δ15N. An ANCOVA (aov, R Statistical Computing)
showed no significant interaction of size and treatment (P > 0.05).
Fork
Blue
Fork
Fall
Fork
Hills
Fork
Lookout
Length River Length Creek Length Creek Length
Point
(mm) (δ15N) (mm) (δ15N) (mm) (δ15N) (mm)
(δ15N)
60
3.88
62
6.47
39
6.04
91
5.78
75
5.78
96
4.75
53
6.53
95
5.83
81
6.82
106
5.50
66
5.09
101
6.31
95
4.38
107
5.19
72
5.11
114
7.02
99
5.60
114
4.69
85
6.98
129
8.88
151
7.13
130
5.32
92
5.32
142
6.28
225
7.89
132
5.35
100
5.65
152
8.11
228
7.64
134
4.76
116
5.82
160
7.84
244
7.31
137
4.78
134
7.16
162
7.70
389
8.76
138
4.48
141
7.56
173
6.89
438
9.48
139
4.82
146
6.50
218
8.01
494
11.98
140
5.76
165
7.89
240
7.69
141
4.97
170
7.13
247
9.95
142
5.85
184
6.65
259
8.10
145
5.10
195
6.95
271
8.09
151
4.76
199
7.21
288
9.10
152
5.27
200
6.51
292
9.43
154
8.24
201
6.98
295
8.87
155
5.62
209
6.95
301
9.63
156
5.28
225
8.79
304
9.23
158
5.69
236
8.53
307
9.18
160
5.67
276
12.84
315
9.74
165
6.03
300
9.68
352
9.66
167
5.92
303
8.11
359
9.37
169
8.96
347
10.50
390
9.15
170
7.56
353
10.16
407
9.56
171
6.24
418
10.41
177
5.00
419
9.62
178
6.28
451
11.31
183
6.48
459
11.05
195
7.79
538
11.55
338
9.19
352
8.91
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Abstract

Fish passage out of reservoirs is a critical issue for downstream movement of juvenile
salmonids and other migratory species. Reservoirs can delay downstream migrations
by juvenile salmon for months or years. Here, we examine whether a novel
management activity implementing annual short-term draining of a reservoir to
streambed improves timely downstream migration of juvenile salmonids. We analyze
12 years of fish capture data from a screw trap located downstream of Fall Creek
Reservoir (Oregon, USA) for changes in timing of passage out of the reservoir and to
compare fish species composition pre- and post-draining. We observed a contraction
in the timing of passage for juvenile Chinook Salmon and reduction of yearlings in
years following draining. Our findings also show that briefly draining the reservoir to
streambed results in a reduction of warm-water invasive species in the reservoir after
it refills, which could decrease predation and shift competition between invasive and
resident riverine-adapted native fishes in the reservoir. Collectively, our findings
suggest that this low-cost reservoir management option may improve passage and
connectivity for juvenile Chinook Salmon while also decreasing the abundance of
invasive fish species in the reservoir. This case study underscores the crucial need for
further evaluations of reservoir draining in other systems and contexts.

Keywords: drawdown, invasive species, operational measure, outmigration, river,
smolt, stream connectivity, reservoir management
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Introduction

Large dams (> 15 m height) have long been recognized as having profound
implications for fish migration. Large dams serve as barriers to both up- and downstream migration, with severe consequences for highly migratory species (Stanford &
Ward, 2001; Stone, 2011). In the Pacific Northwest of North America (PNW), large
dams and reservoirs are often located on anadromous salmon-bearing rivers. As a
consequence of impediment by large dams, these anadromous species have lost
access to historical habitat and many are now listed under the US Endangered Species
Act (NOAA Fisheries, 2008). Even when adults are able to access upstream reaches
by fish ladders or trap and haul operations, large PNW dams and reservoirs often
result in high mortality and delayed downstream migration of juvenile salmon both
because of difficulty locating downstream outlets and because outlets that attract fish
may cause injury (Korn & Smith, 1971; Raymond, 1979; Schilt, 2007). Modification
of dam outlet structures or construction of new structures to allow more effective
downstream passage of fish are expensive (J. G. Williams, Armstrong, Katopodis,
Larinier, & Travade, 2012), and can lead to additional problems with invasion of
undesirable nonnative species (Fausch, Rieman, Dunham, Young, & Peterson, 2009).
The establishment of invasive species in these areas is often facilitated by the
creation of the artificial lentic, reservoir habitats associated with large dams (Havel,
Lee, & Zanden, 2005; Vander Zanden, Lapointe, & Marchetti, 2015). In the PNW,
invasive fish species in reservoirs include top piscivores such as Largemouth Bass
(Micropterus salmoides) and crappie (Pomoxis sp.) that co-occur with native juvenile
salmonids (Keefer et al., 2013). The abundance of invasive piscivores associated with
large dams and reservoirs in the PNW thus also raises concerns about juvenile
salmonid survival due to potential increases in predation (Monzyk, Romer, Emig, &
Friesen, 2014) and likely act in concert with passage problems impacting juvenile
salmon.
Because of the cost and uncertainty related to the modification or construction
of downstream passage facilities, especially in highly fluctuating reservoirs,
temporary draining of reservoirs to streambed during outmigration periods has been
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proposed as an operational alternative to improve downstream passage for juvenile
Chinook Salmon (Oncorhynchus tshawytscha) at some PNW dams (Tiffan, Garland,
& Rondorf, 2006; USACE, 2012). By fully opening a dam outlet (e.g. gate valve),
removing a physical barrier and temporarily converting the lentic reservoir into a lotic
river, draining to streambed could improve the ability of juvenile salmon to locate the
reservoir outlet and to pass through that outlet with minimal obstruction and without
handling. This is effectively reservoir flushing, and may be accompanied by a
washout of sediments (Schenk & Bragg, 2014) as well as other fish species. Although
there is some history of draining at PNW dams for passage and dam maintenance
efforts (Anderson, 2007), this strategy has not been evaluated for long-term impacts
to the reservoir community.
Here, we evaluate 12 years of data from fish collections downstream of a
PNW reservoir to quantify changes in timing of downstream passage and in
community structure before and after brief fall annual draining of the reservoir to
streambed. We also examine whether draining to streambed was followed by changes
in the number of returning adult Chinook Salmon. We hypothesize that short duration
reservoir draining to streambed can be used to 1) increase the effectiveness of
downstream passage of juvenile salmon, improving numbers of individuals available
to recruit to the adult population. We predict that more effective passage will be
evidenced by a reduction in passage in the months after reservoir draining to
streambed (juvenile salmon will have already moved downstream) and that adult
numbers will increase. 2) We also hypothesize that reservoir draining to streambed
will ultimately reduce abundances of warm-water invasive species in the reservoir.
We expect warm-water species to be highly sensitive to the temporary lotic
conditions experienced during draining, which might favor a transition to a
community dominated by cool-water riverine-adapted native species in the reservoir
over time. We expect a reduction in abundance of warm-water invasive species will
result in shifting composition from invasive-dominated catches to native-dominated
catches in the downstream screw trap. This work is an important first step in
evaluating a novel management activity that could serve as an alternative to
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modification of dam outlet structures and may offer a cost-effective solution to
downstream passage and invasive species management.

Methods

Study site

This study was conducted in Fall Creek Reservoir which was created in 1966 on a
tributary of the Willamette River, western Oregon (dam height = 55 m, water surface
elevation range = 205-254 MAMSL, reservoir area = 736 ha, reservoir volume =
0.142 km3; Figure 4.1, USACE, 2017). This and other large dams in the Willamette
River Basin are operated by the US Army Corp of Engineers for multiple objectives
that include reducing flood risk, improving downstream water quality, providing
onsite recreation and supplying downstream water for irrigation, navigation, and fish
and wildlife management (USACE, 2014). Balancing these objectives typically
results in a low water elevation in the winter for flood control, refilling in the spring,
maximum water elevation for summer recreation, and a drawing back down to low
water elevation in the fall (Figure 4.1). There are no additional complete barriers to
salmon below Fall Creek Dam. However, salmon must pass Willamette Falls on the
mainstem Willamette (178 river miles below Fall Creek dam); a basalt waterfall
where a canal and locks were constructed in the late 1800s along with a fish ladder
that was replaced in 1971 (ODFW, 2019).
The fish species composition of Fall Creek Reservoir includes ESA-listed
juvenile Chinook Salmon, and has historically been dominated by invasive Bluegill,
(Lepomis macrochirus), Black Crappie (P. nigromaculatus), and Largemouth Bass
(Micropterus salmoides) (Keefer et al., 2013). A complete list of observed fish taxa is
provided in Table 4.1. Hatchery juvenile spring Chinook Salmon were stocked into
Fall Creek Reservoir until 2001 (Jeff Ziller, personal communication); therefore,
reservoir out-migrating juvenile Chinook Salmon included in this study originated
from natural production by wild or hatchery adults. Upstream fish passage for
returning adult salmon at Fall Creek Dam consists of trap and haul operations; adult
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salmon are captured at the base of the dam, loaded, transported, and released
upstream of the reservoir using tank trucks. Although hatchery-originated smolts
were released into Fall Creek downstream of Fall Creek dam through 2007, beginning
in 2009 only wild returning adult salmon were transported upstream of the dam and
released for spawning in the headwaters of Fall Creek.
To facilitate downstream passage of salmonids, Fall Creek Dam was built to
include ‘fish horns’. These are nine horn-shaped outlets arranged in groups of three at
three elevations on the upstream face of the dam (Figure 4.1). Fish passing
downstream either move through these ‘fish horns’ or through the dam regulating
outlet at the base of the dam; spillway structures are reserved only for emergencies.
Korn and Smith (1971) noted that the ‘fish horns’ at Fall Creek Reservoir in the years
following construction failed to pass the majority of juvenile Chinook Salmon
downstream. A recent study (Normandeau Associates, Inc. & Pierce, 2014)
reevaluated the performance of the ‘fish horns’ and suggested they may have high
immediate (56%) and delayed (89%) mortality rates for juvenile subyearling Chinook
Salmon outmigrating in the fall. Juvenile Chinook Salmon grow more quickly in Fall
Creek Reservoir than in nearby streams (Monzyk et al., 2014), and their large size
may contribute to increased injuries.

Reservoir draining to streambed

To remedy problems with limited passage through the fish horns, brief draining of
Fall Creek Reservoir to streambed occurred annually from 1969 until 1979, and once
more in 1989, after which reservoir operations changed to maintaining winter
reservoir elevations at the ‘minimum conservation pool’ (15 m deep; Figure 4.1).
Based on historical data, this brief reservoir draining to streambed was highly
effective (Korn & Smith, 1971), and contemporary reservoir draining to streambed
was initiated in November 2011 and has occurred annually since. The duration of
each annual contemporary draining to streambed event is approximately one week,
but varies depending on inflow conditions (Figure S4.1). Prior to the contemporary
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streambed-draining, the composition of fishes in Fall Creek Reservoir roughly
resembled those found in other nearby reservoirs (Table 4.1).

Fish trapping downstream of the dam

From 2006-2017, the US Army Corps of Engineers trapped fish 165 m downstream
of Fall Creek Dam using a 2.44 meter diameter rotary screw trap (EG Solutions,
Corvallis, OR). The trap was generally deployed year-round, although low discharge
in summers frequently precluded operation during June through August (Figure 4.2).
Trapping was also not possible for short periods during reservoir draining when the
reservoir water level reached streambed, due to clogging from high sediment loads.
Efficiency tests for trapping of fish noted up to 12.5% trap efficiency with higher
efficiencies generally observed for live fish and during higher water discharge periods
(G. Taylor, unpublished data). USACE personnel emptied the trap daily or every
other day during operations in accordance with Oregon Department of Fisheries and
Wildlife permits 15228, 16345, 17137, 17862, 18646, 19466, 20086 and 21274.
Juvenile Chinook Salmon collected were measured (fork length; mm) before being
released to continue downstream migration. Measurements of other fish species were
collected as time and personnel permitted.

Returning adult Chinook Salmon

When adult Chinook Salmon return to the Fall Creek Dam, they are trapped, counted,
transported upstream of the reservoir and released into Fall Creek. Adults return to
Fall Creek from April through October and spawn in the late summer and early fall.
Fry typically emerge from redds the following winter and spring. The adults that were
transported upstream in 2010 produced the subyearlings that experienced the first
contemporary reservoir draining to streambed event in 2011. This cohort should
return to Fall Creek as 3-6 year old adults between 2014 and 2017, with the majority
expected to return as 4 year olds in 2015 (Claiborne, Fisher, Hayes, & Emmett, 2011;
M. A. Johnson & Friesen, 2013). Because the number of adults returning are
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influenced by numerous factors, including estuarine and ocean conditions, we
compared the number of adult Chinook Salmon returning to Fall Creek Dam to the
number of adults passing Willamette Falls fish ladder on the mainstem Willamette
River (RM 27, 178 river miles below Fall Creek Dam. Willamette Falls is the only
barrier downstream of Fall Creek Dam and passage through the ladder is volitional.
Comparing the number of adults returning to Fall Creek to numbers of those returning
to the larger basin, above Willamette Falls, allows us to adjust for interannual
variation attributable to conditions beyond management of Fall Creek Dam.

Statistical methods

Data species codes were standardized across years and analyzed using R Statistical
Computing software (R. Core Team, 2014), including the lubridate (Grolemund &
Wickham, 2011) package to facilitate time span comparisons. Inconsistent gaps in
trap operations precluded the use of time series forecasting. Instead, because of
potential differences in trap operation and efficiencies over time that would make a
duration based effort correction inaccurate, our analyses focus on relative proportions
from daily and monthly captures and on changes in annual cumulative distributions
(empirical cumulative distribution function, R); metrics that should be more robust to
variability and data gaps than raw fish counts. For evaluation of timing of juvenile
Chinook Salmon passage, we used data that included complete subyearling cohorts
(i.e. April, when fry first start to enter the reservoir, to March, 2006 – 2017). Monthly
and annual proportions and species-specific sizes were compared for years before and
after reservoir draining to streambed using unpaired Wilcoxon tests implemented in R
with the ggpubr package (Kassambara, 2018). We used the same methods to evaluate
changes the abundance and size structure of invasive species. As reservoir
management outside of draining has not changed, we assume that changes in screw
trap data reflect changes of the fish community inside of the reservoir. In addition to
the proportion of invasive species with respect to native species, which we expect to
be less affected, we compared before and after abundance and size within each
species as described above. Numeric counts were highly variable across years, but are
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presented in the case of species that were no longer detected in years following
draining events.

Results

Juvenile Chinook Salmon downstream passage

Before draining, 95% of the juvenile Chinook Salmon had passed the dam by January
4th with some fish observed passing in February. In the years with draining to
streambed, 95% of juvenile Chinook Salmon had passed through the dam by
November 18th, a significant contraction in the later end of the distribution (unpaired
2-tail t-test, p < 0.01; Figure 4.3, Table 4.2). The median juvenile Chinook Salmon
passage date before and after draining has not changed, nor has the difference
between the median and 75th percentile. However, the variability of the timing of the
75th percentile was reduced after reservoir draining to streambed. Though few to no
fish passed after draining treatments in November, the timing of passage was variable
before draining. We found no significant differences in the days elapsed between the
5th or 25th percentiles of the cumulative distribution compared to the median. Changes
in timing were not accompanied by significant changes in the maximum Chinook
Salmon size observed annually moving downstream nor in raw counts per year,
though there was a trend towards smaller salmon, consistent with a reduction of
reservoir-reared yearlings (see Figures S4.2 and S4.3 in Supporting Information).

Invasive fish species downstream passage

The proportion of invasive species in the total number of fish exported daily across
years decreased over time after 2011 following the initiation of reservoir draining to
streambed (Figure 4.4). In addition, the proportion of invasive species exported by
month decreased significantly in September and for months between December and
April (unpaired Wilcoxon tests, p-values < 0.01). Trends in downstream passage
shifted towards the cold season (e.g. October, November, December; Figure 4.5). The
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capture of invasive piscivores showed the greatest change with continued annual
draining to streambed events; captures of crappie, Largemouth Bass, and bullhead
catfish comparing years before the 2011 draining event to the years after (see Figure
S4.3 in Supporting Information). Largemouth Bass and White and Black Crappie
were no longer captured in the screw trap after 2014 (Figure 4.6).
Shifts in size structure of fishes occurred in the years following draining to
streambed (Figure S4.3). Smaller maximum sizes of Bluegill and crappie were
captured in years with draining events (unpaired Wilcoxon test by species, p-value <
0.01). We also observed non-significant trends towards smaller Largemouth Bass and
bullhead. Conversely, some native species including Cutthroat Trout (Oncorhynchus
clarkii), Rainbow Trout (Oncorhynchus mykiss), and Longnose Dace (Rhinichthys
cataractae) showed trends of larger maximum sizes over this same period (Figure
S4.3).

Adult spring Chinook Salmon returns

To address whether the reservoir draining had longer term effects on Chinook Salmon
populations, we examined the number of adults that returned to Fall Creek Dam
starting in 2015. 2015 would have been when adults from the first cohort of juveniles
exposed to drawdown would be expected to return. From 2015 to 2017, 259 to 425
adults returned per year. Numbers were comparable to prior years, when the median
number of returning adults was 410 (range of 338-540). 2015 was an exception; it
was a drought year and returns were low (Figure 4.7).
The proportion of adult Chinook Salmon returning Fall Creek can be
compared to returns throughout the Willamette Basin, as measured at Willamette
Falls. Fall Creek adults ranged from 0.6% to 1.7% of total Willamette Falls Counts
from 2015 to present, similar to the 0.9% to 2.0% range observed from 2009-2014.

Discussion
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This study shows that short-term draining of a reservoir during late fall aids the
downstream passage of juvenile Chinook Salmon. Draining also passes non-native
competitors and predatory fish out of the reservoir, which likely reduces their
densities in the reservoir and their impact on incoming Chinook fry the following
spring. However, the increased outmigration has not yet resulted in increased returns
of Chinook adults for spawning.
The absence of late migrants suggests that a high proportion of juvenile
Chinook Salmon move through the dam associated with reservoir draining to
streambed, leaving few to no juveniles remaining in the reservoir for outmigration
later in winter or as yearlings. In years without draining, juveniles continued to exit
the dam, even when water levels increased above the typical winter minimum pool.
Because the juvenile Chinook Salmon grow quickly in reservoirs, and the fish horns
in the dam are designed to safely pass smaller fish, outmigration through the
regulating outlet, rather than the horns, appears to lead to reduced mortality for the
juveniles (Nesbit et al., 2014). These factors support draining to streambed as an
'effective passage' option, defined by a high proportion of out-migrating juvenile
Chinook salmon passing through the dam with low passage-related mortality.
Draining to streambed may also help to reduce reservoir-related predation risk
for juvenile Chinook Salmon through multiple mechanisms. In addition to changes in
the abundance of invasive fishes observed in reservoir exports here, recent evidence
indicates that both native and invasive reservoir resident piscivores switch diets to use
lower trophic level sources, consistent with reduced prey fish densities and optimal
foraging theory, following draining to streambed events (Chapter 3: Murphy et al
2019). Thus, juvenile Chinook Salmon may be entering a reservoir with a reduced
predator density and those remaining predators may be focused on capturing lower
trophic level food items.
Although the downstream export of large numbers of invasive fishes during
draining is of concern for downstream river food webs, the same species have been
passing through the dam throughout the year prior to the reservoir draining to
streambed. The shift in timing of export of invasive species might lower their survival
downstream, especially in river networks where conditions during the periods of
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export could be less favorable to their establishment (e.g. export of warm-water lentic
fish downstream during the winter months when stream discharge is high and
temperatures are cold).
Although reservoir draining appears to reduce mortality for juvenile Chinook
as they pass through the dam, as well as provide ecological benefits, such as a
reduction in the size and number of invasive predatory fish, it is unclear what the
long-term implications of this pulsed downstream migration will be for maintaining a
diversity of Chinook Salmon life histories (see Schroeder, Whitman, Cannon, &
Olmsted, 2015). After closure of Fall Creek Dam and as observed for other dams
(Romer, Monzyk, Emig, & Friesen, 2013), the majority of juvenile spring Chinook
Salmon have exhibited downstream passage through the dam in the fall after spring
and summer rearing; a smaller proportion of juvenile salmon outmigrated throughout
the year as fry, subyearlings or as yearling fish. Tradeoffs will need to be weighed,
given that their life histories have likely already been modified by the dams and given
potential benefits of the reservoir draining on reduced juvenile mortality.
We expected to see an increase in numbers of returning Chinook Salmon
adults as the cohorts that were passed downstream by reservoir draining have matured
and returned to spawn. However, we were surprised that the numbers of returning
adults have stayed relatively constant. One explanation could be that there may not
yet have been enough time to see responses, including a reduction of invasive
predators in the reservoirs. Declines in invasive fish appear lagged for a year or two
following initial draining to streambed and the potential increased survival of juvenile
Chinook Salmon from reduce predators in the reservoir would also be delayed. A
second explanation could be that the increased number of juvenile (fry to subyearling)
outmigrant Chinook Salmon may not be enough to affect adult survivorship. We did
not observe an increase in the ratio of adult Chinook Salmon returning to Fall Creek
Dam vs. the overall number of adults passing Willamette Falls. Ocean conditions
experienced by juveniles are known to be important determinants of adult Chinook
Salmon returns (Dale, Daly, & Brodeur, 2017). However, we might expect that
Chinook Salmon juveniles produced above Willamette Falls that move downstream,
to below Willamette Falls, experience similar or shared ocean conditions. Adult
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Chinook Salmon in this basin have also been documented to have highly variable
annual prespawn mortality rates (Bowerman, Roumasset, Keefer, Sharpe, & Caudill,
2018). These sources of interannual variability could cause complex relationships
between juvenile production, passage survival, and adult returns. Even if higher adult
returns do not follow from this shift in management, high survival and effective
passage out of reservoirs are critical components needed to ensure anadromous runs
of Chinook Salmon are able to be sustainable.
Cultural resource protection, reservoir-based recreation and safety are critical
considerations for reservoir management practices. Additional challenges specific to
the implementation of draining include sediment transport (Bangs, 2016; Schenk &
Bragg, 2014), impacts to downstream water quality (Johnson, Murphy, & Arismendi,
2017), and a temporary loss of water storage. Sediment transport includes short-term
turbidity issues (Schenk & Bragg, 2014) as well as potential longer-term
consequences for off-channel habitats if sediments are deposited in the margins and
not moved downstream by later flows (Bangs, 2016). Sediments from a more
productive reservoir could have the potential to deoxygenate downstream reaches.
However, observations of Fall Creek Reservoir, an oligo-mesotrophic system,
indicate that the downstream water quality impacts have been short-lived (Schenk &
Bragg, 2014). Regardless, reservoir trophic status and substrates should be considered
before draining. Timing of draining is also important to consider. In strongly seasonal
environments, such as the PNW, a brief winter draining and a brief summer draining
would be expected to have very different consequences, both inside of the reservoir
and downstream. Concerns over the export of invasive species may be greater in
some areas. In the PNW, invasive species are most associated with lentic habitats, and
are regularly exported from reservoirs regardless of draining (Keefer et al., 2013).
Even so, they appear to be outcompeted in the Upper Willamette River downstream
of the dams described here (J. E. Williams, 2014) and the observed shift in export
timing to unfavorable seasons may reduce risk. Finally, the large water-level
fluctuations associated with draining could be of concern in regions with more stable
water levels as even comparatively small water level fluctuations can have large
consequences for lentic systems (Wantzen et al., 2008).
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New options for reservoir management are increasingly under consideration
as managers work to reduce ecological impacts of the dams and reservoirs on native
species (Chen & Olden, 2017; Poff & Schmidt, 2016). Water levels in large reservoirs
are often lowered for reasons other than downstream passage (e.g. for repairs or
during drought years). These operations can provide unique opportunities that could
be extended to additional studies of draining to streambed, especially to examine the
impacts on reservoir conditions and resident fishes. Considering that draining may
provide a low-cost option to improve passage and connectivity while also exporting
invasive species, we highlight the critical need for further evaluations in other
systems and contexts. Draining a reservoir to streambed is an interesting management
alternative to aid downstream passage of juvenile salmon through large dams and it
needs to be evaluated on a case by case basis before broad implementation, because
of the variability in types of dam outlet structures and potential loss of hydropower
generation during the draining and refill periods. Finding more ecologically sound
reservoir management practices is a growing concern as we balance the societal
benefits of large dams with their ecological costs and draining offers one option in a
broad management portfolio.
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Figure 4.1. Physical characteristics of Fall Creek Dam and Reservoir. A) Map of dam
(black line) and reservoir (blue) location in the upper Willamette River Basin,
Oregon, USA. B) ‘Water Control Diagram’ showing water levels in the reservoir over
a water year (Oct-Sept) with idealized draining to streambed (dashed red line),
streambed (solid red line) and sidecut dam overlay depicting outlets (fish horns, dark
blue; gate and RO structures, green). C) Photo of reservoir side of Fall Creek Dam
showing water outlets and fish passage structures.
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Figure 4.2. Timing of screw trapping operations when fish were being captured
below Fall Creek Dam in the years before (white) and after (black) the initiation of
draining to streambed.

Figure 4.3. Mean proportion of juvenile Chinook Salmon larger than 60 mm FL
captured in the outmigrant screw trap between April and March (which corresponding
to timing of juvenile Chinook cohorts). Shaded area represents ± 1 SD. Open symbols
represent the years preceding reservoir draining to streambed (2006-2011) whereas
black symbols represent years that included draining to streambed (2011-2017).
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Figure 4.4. Invasive species as a proportion of the total daily catch (open circles)
before and after draining to streambed. The thicker line along the x-axis represents
the period including reservoir draining to streambed. Water surface elevation in the
reservoir, represented by the light grey line, is plotted against the secondary y-axis.

Figure 4.5. Proportion of invasive fish species (number of invasives per total catch)
by month in years before (light) and after (dark) draining to streambed. Boxes
represent median and 25th to 75th percentiles, whiskers represent the largest and
smallest values within 1.5 * the interquartile range (distance from the 25th to 75th
percentile). Stars indicate significant differences before and after contemporary
reservoir draining to streambed events (unpaired Wilcoxon Test, R, * < 0.01, ** <
0.001).
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Figure 4.6. Total number of invasive piscivores captured in the screw trap below Fall
Creek Reservoir by year before and after the initiation of reservoir draining to
streambed events (dashed line).

Figure 4.7. Naturally produced adult spring Chinook Salmon passed above Fall
Creek Dam (bars). Lines represent the total (solid) and wild (dashed, beginning in
2012) spring Chinook Salmon passing Willamette Falls on the mainstem Willamette
River, 288 km downstream of Fall Creek Dam. Assuming most adults are roughly
split across age 4 and 5 (Johnson & Friesen, 2013) the first reservoir draining to
streambed cohort (2011) should have returned in 2015 and 2016.
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Table 4.1. Species in the Fall Creek Reservoir fish community, captured in the screw
trap deployed below Fall Creek Dam from 2006-2017. Taxa include native (top,
white background) and invasive (bottom, grey background) species. Groups indicate
genera that contain multiple species and/or taxa that were not consistently
distinguished and were pooled for analyses (e.g. bullheads).
Designation Common name
Scientific name
Group
Chinook Salmon
Oncorhynchus tshawytscha
Largescale Sucker
Catostomus macrocheilus
Sculpin
Cottus sp.
sculpin
Lamprey
Lampetra sp.
lamprey
Cutthroat Trout
Oncorhynchus clarkii
Native
Rainbow Trout
Oncorhynchus mykiss
Mountain Whitefish
Prosopium williamsoni
Northern Pikeminnow
Ptychocheilus oregonensis
Longnose Dace
Rhinichthys cataractae
Speckled Dace
Rhinichthys osculus
Redside Shiner
Richardsonius balteatus
Yellow Bullhead
bullhead
Ameiurus natalis
Brown/Black Bullhead Ameiurus nebulosus/melas
bullhead
Bluegill
Lepomis macrochirus
Invasive
Largemouth Bass
Micropterus salmoides
White Crappie
crappie
Pomoxis annularis
Black Crappie
crappie
Pomoxis nigromaculatus

124

Table 4.2. Mean ± SD of percentile timing (5%, 25%, 50%, 75%, and 95%) for
juvenile Chinook Salmon passing downstream (April-March). Results from a twotailed t-test comparing the number of days from the median before (April 2006 –
March 2011) and after (April 2011 – March 2017) the reservoir draining to streambed
is included.
Percentile Date before
streambed
draining
(2006-2011)

Date after
streambed
draining
(2011-2017)

Days from
the median
passage date
before
draining

Days from
the median
passage
date after
draining

5th

October 20th
(±16 days)
November
13th (±9
days)
November
15th (±10
days)
November
17th (±10
days)
November
18th (±10
days)

40 (±26)

36 (±10)

p-value
(t-test)
for
change
in days
from
median
0.41

15 (±2)

13 (±2)

0.06

-

-

-

11 (±13)

2 (±1)

0.14

42 (±20)

3 (±1)

<0.01

25th
50th
75th
95th

October 14th
(±40 days)
November 8th
(±21 days)
November
23rd (±12
days)
December 4th
(±18 days)
January 4th
(±21 days)
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Supporting information

Elevation (mamsl)

A)

B)

C)
Year
2011
2012
2013
2014
2015
2016
2017

Days below 681’
(207.569 mamsl)
7
0
6
1
7
12
6

Figure S4.1. Reservoir elevations through time highlighting timing and duration of draining to streambed. A) Annual Fall
Creek Reservoir elevations (dotted line) by day from 2006 (top) to 2017 (bottom), streambed is shown as a solid red line
(680’, 207.264 mamsl). B) Photo of 2017 streambed draining. C) Duration of streambed exposure (elevation <681’). Note:
2012 was considered ‘at streambed’ from Dec 9th through Dec 15th (6 days) though high inflows precluded the reservoir
dropping below 681’.
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Figure S4.2. Annual maximum observed fish sizes by species before (light) and after (dark) initiation of streambed
draining events. Bolded taxa with stars were significantly different after contemporary streambed draining (unpaired
Wilcoxon Test, R, * < 0.01, ** < 0.001).
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Figure S4.3. Annual counts (log scale) of juvenile Chinook Salmon and other fishes before (light) and after (dark)
initiation of streambed draining events. Bolded taxa with stars were significantly different after contemporary streambed
draining (unpaired Wilcoxon Test, R, * < 0.01).
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Abstract

The importance of zooplankton as a food resource for higher trophic levels, including
threatened and endangered salmon species, highlights the need to improve our
understanding of the structuring mechanisms for reservoir food webs. Pelagic
plankton are the dominant primary and secondary producers in reservoirs
experiencing extreme water level fluctuations (WLFs). In these systems, we might
expect the WLFs to promote highly predictable and homogenized biotic communities.
Here we explore whether zooplankton communities in Pacific Northwest floodcontrol reservoirs experiencing annual extreme WLFs are homogenized and whether
community resilience is evidenced in a reservoir that has been drained annually since
2011. We sampled four reservoirs during spring and summer, including one that was
drained for one-week each fall, from 2012-2016 and found low beta diversity across
reservoirs, indicating homogenized communities. Additionally, we did not observe
changes across sample years nor increased differences in species composition
compared to historical data. Instead, we observed strong, predictable seasonal
transitions that occurred annually. These findings support the hypothesis that extreme
WLFs may have structured reservoir zooplankton communities such that they are
resilient to increased winter draining, i.e. when they are normally drawn down to
lower water levels. Understanding how WLFs and draining may impact zooplankton
will be critical to minimizing unintended consequences of reservoir management.

Keywords: drawdown, flood control, flushing, hydrological alteration, lake, season
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Introduction

The seasonality of phytoplankton and zooplankton community assemblages and
biomass in natural lakes is predictable (Sommer et al. 1986). Seasonal successional
dynamics of plankton have been attributed to predictable changes in physical factors
of light, temperature and mixing, production, grazing, and predation (Sommer et al.
2012). In oligotrophic systems, these dynamics are typically depicted as resulting in a
unimodal early to mid-summer zooplankton biomass peak (Sommer et al. 1986,
2012). However, reservoirs are artificial lakes and may have unique zooplankton
biomass dynamics and assemblages that are transitional through time as reservoirs
age and new zooplankton species are introduced (Taylor et al. 1993; Popp et al. 1996;
Work and Gophen 1999).
In addition to the physical factors affecting natural lakes and the transitional
status of non-flood control reservoirs, reservoirs managed for flood-control have
extreme seasonal water level fluctuations (WLFs). In temperate systems, these
extremes include low water levels in winter and high to full water levels in spring and
summer (Figure 5.1) (USACE 2019). In the Pacific Northwest of North America
(PNW), large storage reservoirs used for flood-control experience extreme annual
WLFs that can be greater than 30 meters in addition to intra-seasonal WLFs of 15
meters or more. This overlay of seasonal water level management in addition to
natural seasonal transitions creates unique and highly fluctuating systems. After more
than 60 years of this management and associated selection pressures, we might expect
the effects of WLFs to be remarkable and associated with highly predictable and
homogenized biotic communities, including zooplankton.
Even relatively small (< 2m) WLFs can have profound impacts on lake
ecosystems. These impacts can include wide-ranging changes to exports (White et al.
2008), nutrients (Jaehnichen et al. 2011), phytoplankton (Baldwin et al. 2008),
macrophytes (Turner et al. 2005), zooplankton (Geraldes and Boavida 2007),
macroinvertebrates (Whitmore et al. 2017) and fishes (Cott et al. 2008, Murphy et al.
2019). In ephemeral habitats, seasonal flooding often results in productive littoral
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habitats; however, the regular exposure of reservoir bed sediments can lead to
sediment hardening and reductions in fine sediments (Cooke 1980; Furey et al. 2004).
Whether the responses of relatively small WLFs scale with the large
magnitude of water level change experienced by flood storage reservoirs is unclear
because extreme WLFs (e.g. 20 m or more) have been rarely studied (but see Hirsch
et al. 2017 and Trottier et al. 2019). Such extreme WLFs result in exposure of
sediments both within and across seasons. Desiccation and hardening of littoral
sediments, resulting from changes in water level throughout the productive spring and
summer months, limit the benthic and littoral contributions to primary and secondary
production in reservoirs experiencing extreme WLFs (Turner et al. 2005; Whitmore et
al. 2017). The frequency and extent of extreme seasonal WLFs are likely to increase
with climate change as weather patterns shift to more intense precipitation and drying
events (Maloney et al. 2013).
Exposure to WLFs would be expected to produce strong selection pressures
for tolerance to desiccation, habitat instability, and recovery, and may act as an
environmental filter. In some cases, extreme WLFs may include an accompanying
transition from lentic to lotic habitats as reservoirs or lakes are temporarily emptied.
In a reservoir with previously stable water levels, temporary draining has been shown
to alter seasonal succession, including community dynamics, even after refilling
(Harding and Wright 1999). Conversely, reductions in washout have been shown to
restructure zooplankton communities (Campbell et al. 1998). Draining could
reasonably be expected to flush zooplankton downstream and restructure the
community. However, one might expect that zooplankton communities regularly
affected by extreme WLFs are well adapted to desiccation and exposure and that
those adaptations should be applicable to draining. Resilience, a recovery of the
community following draining, could result from resting stages that make it possible
for species to recover by the subsequent spring and summer. As such, it is unclear
whether these zooplankton communities regularly exposed to extreme WLF will be
impacted by reservoir draining to streambed, especially if that draining occurs during
a period conventionally managed for low water levels.
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Here, we explore whether 1) zooplankton communities in reservoirs
experiencing extreme WLFs were homogenized and seasonally predictable and 2)
whether spring and summer zooplankton communities appeared resilient (i.e. able to
recover to their previous state) to short term draining of the reservoir during fall. We
examine four PNW reservoirs with extreme (> 25 m) water level fluctuations
throughout the year, including one reservoir that has recently been drained to
streambed annually. We compare the communities among the four reservoirs, as well
as to historical species composition reported in previous studies (Claska 1988). We
examine if there have been shifts in seasonal composition and test the hypothesis that
annual extreme WLFs have resulted in homogenized and stable zooplankton
communities, that were not further impacted by draining of a reservoir to streambed.

Figure 5.1. Conceptual seasonal transitions (summer, fall, winter, and spring;
clockwise from top) and typical maximum within-season water level variability in
Willamette Basin reservoirs. Temperature and thermal stratification are represented
by color (where blue is cold and orange is warm), with depth of fill representing the
water levels that might be expected for that season. The dominant zooplankton groups
are included for the productive spring through fall periods.
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Methods

Study Sites

Zooplankton were collected from 2013-2016 at four reservoirs in the Willamette
Basin, Oregon (Figure 5.2) including Blue River (44.172° N, 122.330° W), Fall
Creek (43.948° N, 122.736° W), Hills Creek (43.671° N, 122.425° W), and Lookout
Point (43.896° N, 122.726° W). In 2013, zooplankton were collected in August and in
2014, in June and August. Samples were not collected from Lookout Point Reservoir
in 2013, nor from Blue River Reservoir in 2014. In 2015 all four reservoirs were
sampled monthly throughout the productive spring and summer months; March
through August. In 2016, Hills Creek, Fall Creek and Lookout Point Reservoirs were
sampled monthly April through September and Blue River Reservoir was sampled in
July only.
These reservoirs were selected to represent a range of reservoir management
and drawdown regimes over the study period. We were especially interested in
analyzing trajectories of change over time in Fall Creek Reservoir where, beginning
in 2011, water management included short duration winter draining to riverbed
(reduction of 49 m from full pool, instead of the conventional 31 m; see Murphy et al.
2019 for additional details). The other reservoirs (Blue River, Hills Creek, and
Lookout Point) had conventional winter water level management (drawdown from 29
m to 51 m in magnitude). These sites have reduced water levels but maintain a
‘minimum conservation pool’ (i.e. a small lake above riverbed; Figure 5.2). In
conventional reservoir management, each reservoir follows water control diagrams
for reservoir water levels to maintain downstream flow targets (http://www.nwdwc.usace.army.mil/nwp/teacup/willamette/).

Field collections

We collected vertically integrated zooplankton tows from the bottom to top of water
column (2013-2014) or from 35-m depth (2015-2016) to the surface at a central site
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in the reservoir forebay, using an open 64-µm mesh size tow net. Comparisons
between tows starting at 35-m depth with tows including lower depths showed little
difference in abundance or biomass. Additionally, tows in 2015 included closing net
tows to characterize epi-, meta-, and hypo-limnetic layers as determined by
temperature profiles. Collected samples were ‘relaxed’ with Alka-Seltzer (CO2) and
preserved in 95% EtOH for later identification in the lab.

Laboratory methods

In the lab, samples were rinsed through a 64-µm mesh using DI water before
processing to remove EtOH that would damage the counting and splitting wheels.
Strained organisms were transferred to a large petri dish with several drops of
detergent to prevent clumping or adhesion to the dish. Whole samples were then
scanned under a dissecting microscope to identify any large, rare taxa > 500 µm at a
1/1 dilution (e.g. Leptodora). We used standard enumeration for non-rare large taxa,
and taxa < 500 µm. These were counted in dilutions resulting in 200 - 400 large taxa
(e.g. copepods, cladocerans) and 200 - 400 small taxa (e.g. rotifers, nauplii; Figure
S5.1). The first 10 specimens of each taxon were measured; remaining individuals
from those taxa were identified, sexed when possible, and enumerated. When
dissection was required, a drop of lactic acid was used to clear material and aid in the
visibility of identifying features.

Zooplankton abundance and length to mass conversions

Closing net tows revealed that most zooplankton occurred in the epilimnion with few
to no individuals below 35 m deep. To avoid underestimating very deep (>35 m)
reservoir densities, we calculated the total abundance expected in a column of water
(from surface to depth) with 1 m2 surface area. We assumed that tows captured the
full water column (e.g. that no organisms were below 35 m). Data from open tow nets
were evaluated, except in the rare instances when only closing tow net data were
collected.
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Given that large zooplankton taxa were very surface oriented, the few small
rotifers and nauplii that may be excluded using these methods are unlikely to
substantially affect calculated biomass. We corrected laboratory counts for dilution,
weighting observations according to their relative dilution before scaling to the full
sample volume and accounting for net aperture. For example, when one 1/8 dilution
and two 1/16 dilutions were used, the one 1/8 dilution count was assigned a weight of
0.5 and each 1/16 dilution count was weighted to 0.25 (e.g. if the counts were 4, 8,
and 8 individuals of species S, respectively, the weighted average would be 6
individuals) before scaling for total sample volume. Aerial abundance was thus
calculated using the dilution corrected abundance and the net aperture (0.20 m and
0.07 m for open and closing nets, respectively).
All measured taxa lengths were converted to masses before calculating the
average mass for each taxa in a sample to avoid bias due to the non-linear relationship
of length to mass. For copepods and cladocerans, measured lengths were converted to
mass using published length-weight regressions. In choosing length-weight
regressions, we aimed to use fewer equations that cover broader ranges of taxa (i.e.,
daphniids) rather than choosing species-specific equations. We made this decision to
introduce the fewest sources of between-study error possible. Exceptions to this rule
were made for taxa that are known to be unusually heavy for their length (i.e.,
Scapholeberis mucronata) and larger individual taxa (i.e., Leptodora) for which
broad taxa groupings were inappropriate. Generally, we accounted for the presence of
eggs or lack of eggs in female cyclopoids, but did not account for them in calanoids,
as the available equations did not differentiate between ovigerous and non- ovigerous
females.
Because length-weight regressions were not available for most rotifers, we
collected published reports of measured average dry weights of individuals for each
taxon (some rotifers could only be identified to the ordinal level). These were
typically determined by pooling a known number of individuals within a given size
range, drying them, and dividing the resulting mass by the number of individuals in
the pool. When multiple measured dry weights were available for a species, we took
the median of reported average measured dry weights from multiple studies and
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assigned that mass to all individuals in that species. We consulted multiple sources
from peer-reviewed literature, and used all dry weights located for each species.
When no measured dry weight information was available for the species of interest,
the mass of related species of similar size and shape was used. One exception was
that we did not include the dry mass published by Bottrell et al. 1976 because their
masses were regularly an order of magnitude greater than all other empirically masses
for a given taxa. This decision had little effect on the final mass calculations give that
the median without the Bottrell et al. (1976) dry mass estimate and the median with it
were generally very similar. We rejected the approach of using length to estimate
volume, converting to mass by assuming a particular density, and then converting the
mass to dry weight for several reasons. Relative few data exist for vetting the
typically assumed density of 1 and the typically assumed dry:wet 1:10. The few data
that exist suggest that choosing one density assumption and one dry:wet mass
assumption would be inaccurate, and too little data are available to construct taxaspecific adjustments. A table of conversions used is presented in Table S5.2.

Statistical analyses

Species richness and beta diversity across reservoirs were analyzed using the vegan
package (Oksanen et al. 2013) in R (R. Core Team 2014). The adonis function in
vegan was used for permutational multivariate analysis of variance on communities
across reservoirs and to check for effects of site and month as well as site-month
interactions. PC-ORD (McCune and Mefford 1999) was used for non-metric
multidimensional scaling (nMDS) analyses. For nMDS we reduced the data to the
month and year combinations where all reservoirs were represented to avoid
confounding effects (i.e. 2015, August 2016). Because the range of biomass was large
(six orders of magnitude), we natural log-transformed the biomass data. We used
Sorenson (Bray-Curtis) distances (see McCune and Mefford 1999), recommended for
community data, and an initial 6-dimensional nMDS in search of an optimal number
of axes to best represent observed variation. A three-dimensional nMDS ordination
with final instability of 0.004 and stress value (goodness of fit) of 11.8% was an ideal
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tradeoff between represented variability and interpretability based on a scree plot. We
formed convex hulls around the three reference reservoirs to create a reference
community space for comparison with our drained reservoir.
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A)

B) Reservoir

Blue River
Fall Creek
Hills Creek
Lookout Point

Year filled Elevation
(m)

1969
1966
1961
1954

415
255
471
287

Reservoir dimensions (full pool)
length
(km)

depth
(m)

area
(ha)

volume

10.3
10.9
14.7
22.8

76
49
91
71

408
736
1100
1765

0.091
0.142
0.465
0.552

3

(km )

Conventional Loss of surface
winter
area during
drawdown
conventional
(m)
drawdown (%)
51
84%
31
74%
29
49%
31
51%

C)

Figure 5.2. A) Map of the four Willamette Basin study reservoirs, B) details of their
conventional management and C) photographs of Fall Creek Reservoir during
summer (left), conventional drawdown (middle) and draining (right). During the
winter, these large reservoirs are held at a low surface water level, the ‘conservation
pool’ that allows for the retention of high inflows, to reduce flood risks downstream.
Captured water fills the reservoir during the spring until ‘full pool’ is reached. Stored
water is held to create summer recreational opportunities in the reservoirs as well as
release to augment summer flows downstream. Starting in fall, the reservoir water
level is reduced again to the minimum lake level for winter. Recent changes to Fall
Creek Reservoir management include a brief winter draining to streambed (49 m
fluctuation instead of the conventional 31 m fluctuation).
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Results

Community metrics

Most taxa (21 of 25) were shared across two or more reservoirs; observed beta
diversity was low, ranging from 1.5 (Lookout Point Reservoir) to 1.9 (Fall Creek
Reservoir). A permutational multivariate analysis of variance on communities across
reservoirs, comparing Fall Creek Reservoir to the three other study reservoirs
revealed a non-statistically significant effect of site alone (p = 0.19). We observed
statistically significant effects of month (p = 0.01) and site by month interactions (p =
0.05). The nMDS using Sorensen distance resulted in a 3D model with a stress of
11.8% (0.12) and p = 0.004 (Figures 5.3 and 5.4). The measures of fit varied from
0.99 to 0.85 with 45.8% on axis 1, 20.6% on axis 2, and 18.6% axis 3. Fall Creek
samples generally fell within the nMDS convex hulls of the other reservoirs, spanning
a gradient observed between Blue River Reservoir and Hills Creek and Lookout Point
Reservoirs (Figure 5.3). Axis 1 appeared to structure sites by total biomass. Axis 2
and 3 appeared to distinguish seasonal effects with axis 2 representing a gradient of
cladoceran composition and axis 3 representing a calanoid to cyclopoid gradient
(Figures 5.3 and 5.4). A 3D nMDS using all years did not reveal evidence for a
distinguishable inter-annual trajectory in Fall Creek Reservoir, nor in the other study
reservoirs (Figure S5.4).
Biomass varied across months for taxonomic groups, with a March/April
dominance of copepods and all reservoirs peaking in cladocera in June (Figure 5.5).
Blue River and Fall Creek Reservoirs had higher zooplankton biomasses earlier in the
summer than Hills Creek and Lookout Point Reservoirs; however, they did not reach
the same average peak biomass in June. The cyclopoid biomass was higher in Blue
River and Fall Creek Reservoirs. These reservoirs also had more notable end of
season peaks in calanoid biomass. The cladocera peaks in Hills Creek and Lookout
Point Reservoirs were attributed to larger-bodied taxa (>20µg; Daphnia
pulex/pulicaria and Leptadora kindtii), while Blue River and Fall Creek Reservoirs
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had greater biomass contributions from medium sized taxa (5.1 - 20µg; Daphnia
mendotae, Holopedium gibberum, and Scapholeberis mucronata; Figure S5.4).

Comparison with historical data

Comparing the species observed during 2014-2016 collections to species documented
by Claska (1988), we found concordance (i.e. number of taxa present or absent in
both studies) that was the same for the three reservoirs represented in the historical
collections (Blue River, Fall Creek, and Hills Creek; Table 5.1). Species observed in
Fall Creek Reservoir were also similar to collections from Larson (2000; Table S5.5).
Seasonal patterns in Daphnia, calanoid and cyclopoid copepods for Blue River, Hills
Creek and Lookout Point Reservoirs had the same trends as those observed
previously by the Oregon Department of Fish and Wildlife (Wetherbee et al. 1980;
Figure S5.6). Hills Creek Reservoir was included in the 2007 National Lakes
Assessment (https://www.epa.gov/national-aquatic-resource-surveys/); however, the
resolution of the data precluded in-depth comparison and so is not considered here.

Figure 5.3. Non-metric multidimensional scaling ordination on natural logtransformed biomass including zooplankton collected at Blue River (blue), Fall Creek
(red), Hills Creek (dark green), and Lookout Point (green) Reservoirs. Convex hulls
for Fall Creek Reservoir (red) and reservoirs with conventional management (grey)
and underlayed. We used monthly data from spring and summer of 2015-2016, a
period when all reservoirs were sampled and log transformed the biomass data. Axis
1 generally represents a high to low gradient of total biomass. Axis 2 generally
represents a gradient of cladoceran composition from larger to smaller cladoceran
species and axis 3 generally represents a calanoid to cyclopoid gradient.
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Figure 5.4. Non-metric multidimensional scaling ordination of natural logtransformed biomass for zooplankton across months from March (purple) to August
(red). Convex hulls are shown by month. Samples were collected at Blue River, Fall
Creek, Hills Creek, and Lookout Point Reservoirs. We used 2015-2016 data where
collections included all sites during a month.

Figure 5.5. Average zooplankton biomass by month, across 2013-2016, for broad
taxonomic groupings (solid lines; cladocera-green, calanoida-purple, cyclopoida-dark
blue, nauplii-light blue, rotifer-red) at each study reservoir. Total biomass (dashed
black line) is plotted using the secondary y-axis (right). Note that scales are different
for the two rows because of larger June biomass peaks in Hills Creek and Lookout
Point Reservoirs.
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Table 5.1. Comparison of taxa observed in study reservoirs from 2013-2016 with taxa observed collected from 1981-1984
(Claska, 1988). Matching observations of presence absence are bolded and highlighted in grey. The number of
matching/mismatching entries, where comparisons were possible, are listed in the final rows.
Family

Group

Lookout Point
2014- 19812016 1984
0
0
X
0
X
X
0
X
X
X
X
X
0
X
X
X
X
X
X
X
X
0
X
X
0
0
NA
NA

Not surveyed

Blue River
Fall Creek
Hills Creek
2013- 1981- 2013- 1981- 2013- 19812016
1984
2016
1984
2016 1984
Acanthocyclops vernalis
Cyclopidae
Cyclopoida
0
X
0
Alona spp.
Chydoridae
Cladocera
X
0
X
0
0
0
Ascomorpha spp.
Rotifera
0
0
X
Asplanchna
Rotifera
X
0
X
0
0
0
Bosmina longirostris
Bosminidae
Cladocera
X
0
X
X
X
X
Collotheca pelagica
Rotifera
X
X
X
Chydorus sphaericus/biovatus Chydoridae
Cladocera
X
0
0
0
0
0
Conochilus spp.
Rotifera
X
0
X
0
X
0
Daphnia ambigua/rosea
Daphniidae
Cladocera
X
0
X
0
X
0
Daphnia mendotae1
Daphniidae
Cladocera
X
X
X
X
X
X
Daphnia pulex/pulicaria
Daphniidae
Cladocera
X
0
X
0
X
X
Diacyclops thomasi2
Cyclopidae
Cyclopoida
X
0
X
X
X
X
Diaphanosoma spp.
Sididae
Cladocera
0
0
X
X
0
0
Epischura nevadensis
Temoridae
Calanoida
X
0
X
X
X
X
Holopedium gibberum
Holopedidae
Cladocera
X
0
X
X
0
0
Kellicottia longispina
Rotifera
X
0
X
0
X
0
Keratella cochlearis
Rotifera
X
0
X
0
X
0
Keratella hiemalis
Rotifera
X
0
X
0
X
0
Leptodiaptomus cuauhtemoci3 Diaptomidae
Calanoida
0
?
X
?
X
?
Leptodiaptomus tyrrelli3
Diaptomidae
Calanoida
0
?
X
?
0
?
Leptodora kindti
Leptodoridae
Cladocera
X
0
X
0
X
0
Mesocyclops edax
Cyclopidae
Cyclopoida
X
0
0
0
0
0
Ploima spp.
Rotifera
X
X
X
Polyarthra
Rotifera
X
0
X
0
X
0
Scapholeberis spp.
Daphniidae
Cladocera
X
0
0
0
0
0
Trichocerca spp.
Rotifera
X
0
X
0
0
0
Number of matching presence/absence
8
8
8
Number of non-matching presence/absence
12
12
12
X = present, 0 = absent, blank = not documented, ? = unclear if represented by reclassified taxa
*Includes historical identifications of 1Daphnia galeata mendotae, 2Cyclops bicuspidatus tomasi, 3diaptomid copepod (?)
Taxon*
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Discussion

Evidence for consistent and predictable seasonal communities

We observed highly homogenized communities across these reservoirs that have
extreme water level fluctuations. Zooplankton biomass and community composition
in Fall Creek Reservoir, which was drawn down to streambed for a week each fall,
were not different from the other reservoirs that were partially drawn down each fall.
Seasonal patterns in biomass and species composition are very similar, and generally
consistent with other observations of successional patterns for oligo-mesotrophic
lakes (Sommer et al. 1986, 2012). Distinct seasonal patterns with a peak in June are
also observed in historical collections (Figure S5.6).
Biomass exhibited a summer peak that could be expected based on seasonal
productivity (Sommer et al. 2012). Though predictable community changes occur
across months, those changes are also idiosyncratic to each reservoir. Fall Creek
Reservoir appears to alternate between a community more similar to Blue River
Reservoir in early spring and fall and a community similar to Hills Creek and
Lookout Point Reservoirs in summer. The positions of the reservoir communities are
perhaps not surprising from a geographic proximity and connectivity perspective;
Hills Creek and Lookout Point Reservoirs are hydrologically linked and Fall Creek
Reservoir is geographically located between those reservoirs and Blue River
Reservoir.
Biomasses in Fall Creek and Blue River Reservoirs are unexpectedly more
frequently dominated by smaller taxa of smaller masses than the large taxa dominant
in Hills Creek and Lookout Point Reservoirs. Combined with the lower peak
zooplankton biomass in those reservoirs, fish predation may be the primary
explanation. Predation by zooplanktivorous fishes would be expected to result in topdown control that could dampen peak zooplankton biomass and alter size structure
through the preferential consumption of larger bodied taxa (Brooks and Dodson
1965). Hills Creek and Lookout Point have the greatest diversity of piscivores
(Monzyk et al. 2014; Murphy et al. 2019). These piscivores likely prey on
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zooplanktivorous fishes, reducing their ability to control zooplankton populations.
Thus, top down processes could limit the ability of zooplanktivorous fishes to control
the grazing zooplankton populations in Hills Creek and Lookout Point Reservoirs
during June. If June is not included, all sites are more similar (Figure S5.7).
Alternately, cyanobacterial blooms have been associated with a relative increase in
small-bodied taxa (Jiang et al. 2017) and are known to be a dominant phytoplankton
in PNW reservoirs (Larson 2000). However, nutrient and phytoplankton collections
concurrent with these efforts suggest similar composition and productivity across
reservoirs (Johnson et al. 2017).

Evidence for resilience in Fall Creek

Although we lack data immediately before the implementation of brief annual fall
draining in Fall Creek Reservoir, in the 1980s and 1990s zooplankton species were
recorded with historical data collections (Claska, 1988; Larson, 2000). Comparisons
of species among these periods indicate that the community has not changed much
over time. We expect that remaining differences are likely related to taxonomy and
effort more than to community changes, per se. We also note that the zooplankton
community is Fall Creek Reservoir is similar to our other study reservoirs suggesting
that the Fall Creek community has not been substantially impacted by draining.
We suspect that differences in effort, identification, and changing systematics
are driving most of the observed differences in taxa for all study reservoirs when
comparing the data here to historical sampling efforts. We found greater richness than
previous studies, but effort was higher here. When species were identified, we
converted to the presently accepted taxon (e.g. Diaptomus tyrrelli in Claska 1988 is
now considered Leptodiaptomus tyrrelli). In some cases, taxa may represent more
than one extant species (e.g. Larson 2000 identified Diaptomus spinicornis, a
presently unaccepted species that likely represents observations of Leptodiaptomus
spp.). The changing landscape of systematics is important to keep in mind for future
efforts examining reservoir ageing or other processes over time. While the lack of
strong evidence for reservoir aging may be surprising, it is not inconsistent with
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research comparing new with old, but drained reservoirs (Geraldes and Boavida
1999). This could suggest that extreme WLFs act to annually reset the reservoir
community similarly to draining.
During the years of our zooplankton collections, we also find no evidence of
changes across years (trajectories) in any reservoir, with grossly consistent
placements in the seasonal cycle across study years. A lack of directional change
would indicate that draining is not resulting in cumulative effects to the zooplankton
community over time. The specific dynamics of Fall Creek Reservoir and its
fluctuation across the nMDS space occupied by the other reservoirs might be a result
of draining events. However, Fall Creek samples do not occupy a disproportionate
amount of ordination space, nor a position that suggests that it is unique, so it seems
more likely that the observed dynamics are simply intrinsic to that system.
Zooplankton community resilience following draining is more likely than
resistance (e.g. showing no immediate effects) during draining because the
zooplankton community is highly seasonal and we have observed more zooplankton
exported during the fall when Fall Creek is drained (Murphy et al. unpublished data).
With draining, we assume that there is an effect on the standing stock of zooplankton
present in the reservoir and the taxa present are likely already adapted to extreme
WLFs. One explanation for why draining did not negatively affect standing stock in
the subsequent spring and summer communities is that the zooplankton are in resting
stages during draining and able to quickly recover from those resting stages (see
Figure 5.1). Development of trait-based assessments, as those used for benthic macroinvertebrates, could be very useful in comparing zooplankton communities and could
aid in future comparisons of lakes and reservoirs along disturbance gradients.
Increasing our understanding of the resilience of zooplankton in fluctuating
reservoir ecosystems may have critical management applications. For example, the
brief annual draining of Fall Creek Reservoir is being used to improve downstream
passage conditions for threatened juvenile Chinook Salmon. From springtime until
the fall draining event, juvenile salmon occupy the reservoir and, based on gut
content and stable isotope analyses, consume a diet dominated by Daphnia (Murphy,
unpublished data). This pattern of juvenile salmon rearing and dependence on
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zooplankton is also reported in the other study reservoirs with anadromous salmon;
Hills Creek and Lookout Point Reservoirs (Murphy et al., in revision). If the
zooplankton community during the spring and summer are severely impacted by
draining, the consequences to rearing could outweigh the benefits of passage for
salmon. However, few studies exist with which to predict outcomes to the
zooplankton community likely to result from changes in water level management.
Here we provide evidence that the extreme water level fluctuations that are part of
conventional management may have resulted in communities that appear highly
resilient to brief fall draining. Documenting the effects of other water level
management strategies in these highly fluctuating systems will be important to
forming the comprehensive picture of management outcomes needed to avoid
unintended consequences.
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Supporting information

Figure S5.1. Diagram of splitting process and resulting subsample dilutions. A total
of 200-400 organisms were counted for each dilution set. This diagram assumes that
each 1/16 dilution (e.g. A or B) yields ~100-200 large specimens and each 1/32
dilution (e.g. X or Y) yields ~100-200 small specimens. When 200 – 400 specimens
were not counted, a higher dilution was used as well (e.g. C, to supplement A and B).
Whole samples (W) were examined for large (> 1.25 mm), rare (< 200 individuals)
taxa (e.g. Leptodora).
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Table S5.2. Table of conversions used in length to biomass calculations.
Taxon
Calanoida/
Cyclopoid
Calanoida

Lifestage
nauplii

Eq (W=µg; TL=mm)
W = a(TLx1000)b

a
1.1x10-5

b
1.89

W = a(TLx1000)b

1.1x10-5

1.89

W = a(TLx1000)b

1.1x10-5

1.89

Adult

Source of dry weight equation*
Pooled “copepoda” equation that includes copepodites plus nauplii for
both calanoids and cyclopoids (Dumont et al., 1975)
Pooled “copepoda” equation that includes copepodites plus nauplii for
both calanoids and cyclopoids (Dumont et al., 1975)
Pooled “copepoda” equation that includes copepodites plus nauplii for
both calanoids and cyclopoids (Dumont et al., 1975)
Pooled for all daphniids based on 4 species (Dumont et al., 1975)

Cyclopoida

copepodite

Daphnia galeata
mendotae
Diacyclops
thomasi
All cyclopoids
with eggs
Polyarthra

W = a(TLx1000)b

1.5x10-8

2.84

adult

Pooled for adult cyclopoids without eggs (Dumont et al., 1975)

W = a(TLx1000)b

1.1x10-7

2.59

Cyclopoids with eggs (Dumont et al., 1975)

W = a(TLx1000)b

4.9x10-8

2.75

Median of: 0.043 (Pauli, 1989); 0.066 (Pauli, 1989); 0.060
(Makarewicz & Likens, 1979)
Pooled for all daphniids based on 4 species (Dumont et al., 1975)

Daphnia
pulex/pulicaria
Cyclopoida
Calanoid

adult

W = a(TLx1000)b

1.5x10-8

2.84

Mature males
Female
Leptodiaptomus
Leptodiaptomus
cuauhtemoci
Epischura
nevadensis
Adult

Pooled for adult cyclopoids without eggs (Dumont et al., 1975)
Equation 10 (Burgess et al., 2015)

W = a(TLx1000)b
W = a(TLb)

1.1x10-7
4.89

2.59
2.59

Equation 10 (Burgess et al., 2015)

W = a(TLb)

4.89

2.59

Equation 10 (Burgess et al., 2015)

W = a(TLb)

4.89

2.59

(Makarewicz & Likens, 1979)

Bosmina
Ploima

Adult

26.6

3.13

Holopedium
gibberum
Keratella
hiemalis

unknown

(Dumont et al., 1975)
Adopted 0.1 ug. Ploima is an order that includes: Asplanchnidae,
Brachiondiae, Gastropodidae, Lecanidae, Synchaetidae, and
Tricocercidae. The mass of 0.1 is a common mass estimate for those,
and between the median and mean of the average masses for taxa in
that family in our samples.
Model 2 for non-gravid animals regression of relaxed length to dry
weight (Yan & Mackie, 1987)
Part of the K. quadrata group
http://www.nies.go.jp/chiiki1/protoz/morpho/rotifera/r-kerat1.htm

0.1
Note: length is body only
W = a(TLb)
0.1

7.03

2.86

Calanoid
Calanoid
Kellicottia

copepodite

adult

adult

W = a(TLb)

Median of: 0.07 (Bottrell, 1976) and 0.075 (Doohan & Rainbow,
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Calanoida
Leptodora
kindtii
Keratella
cochlearis
Conochilus
Collotheca
pelagica
Daphnia
ambigua/rosea

Leptodiaptomus
tyrrelli

1971) in (Pauli, 1989) for K. quadrata.
Equation 10 (Burgess et al., 2015)

W = a(TLb)

4.89

2.59

1.5x10-8

2.84

(Lehman & Cáceres, 1993)
adult
adult
adult
adult

Median of: 0.038; 0.07; 0.07 (Makarewicz & Likens, 1979; Pauli,
1989)
Use Conochilus unicornis = 0.082 (Makarewicz & Likens, 1979)
Constitutes the majority of the Collotheca. Comibine with C.
mutabilis. Same genus as Collotheca cornuta (Bottrell, 1976)
Pooled for all daphniids based on 4 species (Dumont et al., 1975)

0.082
0.1
W = a(TLx1000)b

*References:
Bottrell, H. c, 1976. A review of some problems in zooplankton production studies. Norw J Zool 24: 419–456.
Burgess, S., E. W. Jackson, L. Schwarzman, N. Gezon, & J. T. Lehman, 2015. Improved estimates of calanoid copepod biomass in the St.
Lawrence Great Lakes. Journal of Great Lakes Research 41: 484–491.
Doohan, M., & V. Rainbow, 1971. Determination of dry weights of small aschelminthes (< 0.1 μg). Oecologia 6: 380–383.
Dumont, H. J., I. V. de Velde, & S. Dumont, 1975. The Dry Weight Estimate of Biomass in a Selection of Cladocera, Copepoda and Rotifera from
the Plankton, Periphyton and Benthos of Continental Waters. Oecologia 19: 75–97.
Lehman, J. T., & C. E. Cáceres, 1993. Food-web responses to species invasion by a predatory invertebrate: Bythotrephes in Lake Michigan.
Limnology and Oceanography 38: 879–891.
Makarewicz, J. C., & G. E. Likens, 1979. Structure and function of the zooplankton community of Mirror Lake, New Hampshire. Ecological
Monographs 49: 109–127.
Pauli, H. R., 1989. A new method to estimate individual dry weights of rotifers. Hydrobiologia 186: 355–361.
Yan, N. D., & G. L. Mackie, 1987. Improved estimation of the dry weight of Holopedium gibberum (Crustacea, Cladocera) using clutch size, a
body fat index, and lake water total phosphorus concentration. Canadian Journal of Fisheries and Aquatic Sciences 44: 382–389.
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Figure S5.3. Ordination plots using 2-dimensional, not 3-dimensional, nMDS to
illustrate trajectories of zooplankton community composition as measured from tows
from 2013-2016, including duplicate tows. The proximity of points is a measure of
similarity. Note that reservoirs cycle over time and do not show evidence of
trajectories across sample years.
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Figure S5.4. Total biomass for each study reservoir colored by contribution of each
size category from large to extra small (top to bottom). Size categories were large (L,
> 20.0 µg, blue), medium (M, 5.1-20.0 µg, light blue), small (S, 0.6 – 5.0 µg, dark
blue), and extra small (XS, ≤ 0.5 µg, grey). Note that the contribution of small sized
taxa to the total biomass was negligible in Fall Creek, Hills Creek and Lookout Point
Reservoirs, but is visible in Blue River Reservoir during May.
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Table S5.5. Species found in Fall Creek Reservoir during this study from 2013-2016
as compared to samples taken in 1990 (Larson 2000). Note that rotifers were not
identified in historical sampling efforts.
Species

Family

Group

2013-2016

Acanthocyclops vernalis

Cyclopidae

Cyclopoid Copepods

X

Alona spp.

Chydoridae

Cladocera

X

Bosmina longirostris

Bosminidae

Cladocera

X

X

Rotifera

X

NA

Cladocera

X

Rotifera

X

Collotheca pelagica
Chydorus sphaericus/biovatus

Chydoridae

Conochilus spp.

1990

NA

Daphnia ambigua/rosea

Daphniidae

Cladocera

X

Daphnia mendotae

Daphniidae

Cladocera

X

Daphnia pulex/pulicaria

Daphniidae

Cladocera

X

Diacyclops thomasi

Cyclopidae

Cyclopoid Copepods

X

X

Diaphanosoma spp.

Sididae

Cladocera

X

X

Epischura nevadensis

Temoridae

Calanoid Copepods

X

X

Holopedium gibberum

Holopedidae

Cladocera

X

X

Kellicottia longispina

Rotifera

X

NA

Keratella cochlearis

Rotifera

X

NA

Keratella hiemalis

Rotifera

X

NA

X

Leptodiaptomus cuauhtemoci

Diaptomidae

Calanoid Copepods

X

?

Leptodiaptomus tyrrelli

Diaptomidae

Calanoid Copepods

X

?

Leptodora kindti

Leptodoridae

Cladocera

X

X

Mesocyclops edax

Cyclopidae

Cyclopoid Copepods

X

Ploima spp.

Rotifera

X

NA

Polyarthra

Rotifera

X

NA

X = present, blank = not documented, ? = unclear if represented by reclassified taxa*
*1990 samples include Diamptomus spinicornis which likely refer to Leptodiaptomus sp.
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Aerial mass (µg/m2)
Aerial mass (µg/m2)
Aerial mass (µg/m2)

Figure S5.6. Seasonal patterns in daphnia, calanoid and cyclopoid copepods as
monthly average aerial mass for Blue River, Hills Creek and Lookout Point
Reservoirs (left panel) compared to historical abundance observations by Wetherbee
et al. (1980) (right panel).
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Figure S5.7. Average zooplankton biomass by month for broad taxonomic groupings
(solid lines; cladocera-green, calanoida-purple, cyclopoida-dark blue, nauplii-light
blue, rotifer-red) at each study reservoir with June samples (peaks) removed from
Hills Creek and Lookout Point Reservoirs. Total biomass (dashed black line) is
plotted on the secondary y-axis (left).
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During my dissertation research I have focused on reservoir ecology and
management, particularly brief fall draining. This research will be important in
optimizing reservoir management and to evaluating the tradeoffs associated with
reservoir draining. I have explored why draining might be expected to have impacts
across communities and foodwebs (Chapter 1). I have modeled how we expect
juvenile Chinook Salmon are growing in reservoirs and how that growth relates to
reservoir conditions (Chapter 2). I have provided evidence for a draining-induced
contraction of the food web to one with reduced piscivory, even during refill (Chapter
3) and related those early changes to the ultimate restructuring of the fish community
under the continued brief annual draining regime (Chapter 4). Finally, I provide
evidence that draining has not had appreciable effects on the zooplankton community
(Chapter 5).
In the larger conceptual framework of hydrological alteration this research
shows that ‘extreme’ management may not necessarily result in extreme responses. In
this case, we observed that brief draining of a large reservoir had surprisingly little
impact on subsequent spring and summer reservoir ecology, outside of the fish
community. Brief draining reduced the dominance of invasive fishes without
measurable impacts to lower trophic levels. I would argue that this is evidence for a
disturbance regime that, while appearing extreme, may be moving the reservoir closer
to a natural system. The improved connectivity to the river system during the lentic to
lotic transition may be key to the measured responses.
My inferences during this project have been constrained by the limited data
from years immediately preceding the operational changes at Fall Creek Reservoir.
Fortunately, there has been relatively continuous screw trap data downstream. Such
before/after data sets are crucial and should be prioritized in the future, as well as
efforts made to collect more frequent ecological data that would allow for direct
before/after comparisons along with reference sites. These would improve evaluation
of impacts that result directly from management changes and would facilitate the
development of more generalizable insights in the future.
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The reservoirs in the Willamette Basin, and in the Pacific Northwest in
general, have often been previously presented as a ‘black box’ for juvenile Chinook
Salmon. The absolute condition of a fish upon entry and exit was evaluated without a
focus on the mechanisms producing the observed outcome. Understanding these
mechanisms allows for better hypothesis generation and a framework for hypothesis
testing. The ecology presented in this dissertation is of course not everything in the
box. Continuing research in the Willamette Basin has included juvenile Chinook
Salmon survival (USGS, 2017-2018) and an exploration of the ecology and effects of
parasitic copepods (OSU, ongoing). I hope that these data streams will be used in the
future to continue to elucidate the mechanisms at play and to test my current model of
juvenile Chinook Salmon growth and behavior (GrowChinook; Chapter 2).
Drawdown of reservoirs in the Pacific Northwest can be complex and plagued
by uncertainty. As multiple use projects, each has different priorities based on its
capabilities and use (such as flood risk reduction, power generation and recreation;
USACE, 2013). Of course, management concerns are not limited to juvenile Chinook
Salmon, but include human health and downstream drinking water quality. In recent
years, harmful algal blooms (commonly referred to as HABs), a dominance of
cyanobacteria which may load the water with organic toxins, have taken a spotlight
(OLA, 2013). The in-reservoir water quality and the magnitude, timing, and duration
of outflows have repercussions for outflow water quality, an area of concern since the
major cities of the Willamette Valley are often downstream. Ecological research
should thus be comprehensive and paired with management whenever possible to
inform tradeoffs and to identify and prioritize operations that can achieve desired
objectives while minimizing undesired consequences. Reservoir management,
including actions such as the draining that is a focal point of my theses, should
consider substrate, trophic status, species composition, timing, and weather. These
variables may be very important in structuring the patterns observed. Reservoir
management is likely to play an increasing role in water security under changing
climate regimes. Ultimately, how reservoirs are managed will involve a suite of
tradeoffs. We need more research on reservoir draining in other regions, seasons and
contexts to expand our ability to predict these tradeoffs.
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