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1 | INTRODUCTION

In the last decade, there has been a massive increase in the num-
ber of proposed hydropower projects around the world (Zarfl,
Lumsdon, Berlekamp, Tydecks, & Tockner, 2015). This proliferation

has gained momentum in response to the 2015 Paris Agreement,
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Abstract

1.

The construction of dams on large rivers has negative impacts on native species.
Environmental flows have been proposed as a tool to mitigate these impacts, but
in order for these strategies to be effective they must account for disparate tem-

perature and flow needs of different species.

. We applied a multi-objective approach to identify trade-offs in dam release dis-

charge and temperature for imperiled fishes with contrasting habitat require-

ments, while simultaneously meeting the needs of human water users.

. Using the Sacramento River (California, USA) as a case study, our model suggests

that current management aimed at providing high discharge for downstream water
users and cold water for endangered winter-run Chinook salmon (Oncorhynchus
tshawytscha) has detrimental impacts on threatened green sturgeon (Acipenser

medirostris), which require warm water for juvenile growth.

. We developed an optimal dam release scenario that can be used to meet the

needs of salmon, sturgeon and human water users. Our results show that dam
releases can be managed to successfully achieve these multiple objectives in all

but the most severe drought years.

. Synthesis and applications. This study shows that managing dam releases to meet

the needs of a single species can have detrimental effects on other native spe-
cies with different flow and temperature requirements. We applied a multi-objec-
tive approach to balance environmental requirements of multiple species with the
needs of human water users. Our findings can be used to guide management of
Shasta Dam and our approach can be applied to achieve multi-object management

goals in other impounded rivers.
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which identified hydropower as the renewable energy replacement
for fossil fuels (Hermoso, 2017; UNFCCC, 2015). It has been well
documented that dams alter downstream conditions such as flow
timing, flow amplitude and river temperature (Olden & Naiman,
2010; Richter & Thomas, 2007). The disturbance of the river envi-

ronment downstream from dams reduces biodiversity and changes

J Appl Ecol. 2019;00:1-10.

© 2019 The Authors. Journal of Applied Ecology | 1
© 2019 British Ecological Society

wileyonlinelibrary.com/journal/jpe


www.wileyonlinelibrary.com/journal/jpe
mailto:﻿
https://orcid.org/0000-0001-8782-6048
https://orcid.org/0000-0002-7126-9168
https://orcid.org/0000-0002-5496-7263
mailto:ljz27@cornell.edu

2 Journal of Applied Ecology

ZARRI ET AL.

community structure (Poff, Olden, Merritt, & Pepin, 2007; Stanford
& Ward, 2001; Wootton, Parker, & Power, 1996). However, dams are
also used to deliver water, prevent floods and generate electricity
at peak times. Dam releases must therefore be managed to sustain
aquatic habitat while delivering human services. The United States
Endangered Species Act (ESA) mandates flow targets for individual
species, which are met using dam releases to modify discharge and/
or temperature (Olden & Naiman, 2010; Poff et al., 1997). Specific
flow designs may provide opportunities to simultaneously meet
downstream human and wildlife needs (Chen & Olden, 2017).

Dams prevent cold-water reliant fish species from reaching
lower order streams, whereas altering temperatures in mainstem
rivers inhabited by warm-water species. Cold-water species must
instead carry out their life history in the warmer mainstem. Targeted
flows can release cold water (Olden & Naiman, 2010), but the re-
lease of cold water can negatively impact warm-water species. This
alters mainstem habitat, pushing warm-water organisms further
down in the river system where temperatures warm to acceptable
levels. Natural flow regimes can be restored for communities of na-
tive fishes using targeted releases (ESSA, 2017; Kiernan, Moyle, &
Crain, 2012), and many studies focus primarily on identifying and
mimicking ecologically relevant components of the natural hydro-
graph (Poff et al., 2010; Yarnell et al., 2015). However, flows have
not yet been designed for co-occurring species with conflicting tem-
perature tolerances. Here, we use a case study of a warm- and cold-
water Endangered Species Act (ESA) listed species in California's
Sacramento River to ask whether flows can be designed to simul-
taneously meet the needs of cold- and warm-water fish species and
downstream human use.

The Sacramento River provides 35% of California's water sup-
ply but also contains unique genetic and life-history diversity for
several anadromous fish species listed under the US Endangered
Species Act (ESA) (Grantham et al., 2017). The spawning grounds
of two ESA-listed species, endangered Sacramento River winter-run
Chinook salmon (hereafter referred to as winter-run; Oncorhynchus
tshawytscha) and threatened green sturgeon (Acipenser mediros-
tris), did not overlap in the Sacramento River. Winter-run spawned
in high-elevation cold habitat, whereas green sturgeon spawned in
the warm mainstem (Figure S1; Fisher, 1994; Mora, Lindley, Erickson,
& Klimley, 2009). The optimal rearing temperature for larval green
sturgeon is 19°C, whereas survival of incubating winter-run eggs
begins to decrease above 12°C (Martin et al., 2017; Poletto et al.,
2018). These differences in temperature tolerance between the two
species lead us to classify green sturgeon as a ‘warm-water species’
and winter-run as a ‘cold-water species’ for the purposes of this
manuscript, although these are relative classifications that are spe-
cific to this system. After the construction of Shasta Dam in 1945
blocked access to historical spawning habitat, both species began
spawning in the mainstem below the dam (Figure 1). Winter-run chi-
nook dig gravel redds in the cold outflow from the dam, whereas
green sturgeon broadcast spawn further downstream in strong ed-
dies with varying benthic habitat (Wyman et al., 2017). These habi-
tat displacements are a conservation concern because both distinct
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FIGURE 1 Map of the Sacramento River below Keswick Dam
(the afterbay to Shasta Dam) to Red Bluff, with river regions of
Sacramento River winter-run Chinook redds, green sturgeon
spawning and temperature management

population segments are endemic to Central Valley watersheds, and
these compounding factors have led to the ESA-listing of both spe-
cies. Current management provides cold water for winter-run egg
survival using a temperature control device (TCD), which allows se-
lective withdrawal of cold hypolimnetic and warm epilimnetic flows
from Shasta Reservoir. Selective withdrawal is the most effective
method of control release temperature, although there are several
other techniques (Olden & Naiman, 2010). The river below Shasta
Dam is now much colder than it was historically, and this cold water
extends into current green sturgeon spawning grounds (Figure S1).
Cold-water pollution below dams dramatically impacts mainstem
ecosystems that are adapted for warmer temperatures (Astles,
Winstanley, Harris, & Gehrke, 2003). Larval green sturgeon growth,
food consumption, food conversion efficiency and diet indices are
positively influenced by warmer temperatures (Mayfield & Cech,
2004; Poletto et al., 2018; Zarri & Palkovacs, 2018), suggesting that
cold releases for winter-run may negatively impact green sturgeon.
During the temperature management season for winter-run
(May-November), Shasta Dam releases maintain cold temperatures
for incubating eggs and deliver adequate discharge for downstream
water users. The current management strategy aims to maintain

river temperature at or below the experimentally derived threshold
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of 13.3°C for winter-run egg survival (USFWS, 1999). Recent work
suggests that dam releases should be even colder to reduce win-
ter-run egg mortality (Martin et al., 2017). Green sturgeon spawning
temporally overlaps with the temperature management season and
winter-run spawning, and previous models suggest that there may
be a temperature management trade-off between the two species
(Hamda et al., 2019). Downstream water users and winter-run re-
quire certain minimum discharge levels, but the impact of discharge
on wild larval green sturgeon remain unknown. We examined the
water management options for the Sacramento River to determine if
there is an optimal balance for winter-run, green sturgeon and down-
stream water users.

We used 5 years of green sturgeon and winter-run data from
2012 to 2016 to ask three questions: (a) Do the water tempera-
ture targets for winter-run egg development create suboptimal
conditions for larval green sturgeon? (b) Do dam release strate-
gies exist that optimize management of winter-run, green sturgeon
and downstream water users and (c) how often are optimal release
strategies feasible given inter-annual variability in hydrology and
meteorology? We adapted models of winter-run egg survival
(Martin et al., 2017) and developed a statistical predictive model
for green sturgeon body condition to understand their responses
to dam release temperature and discharge. There are other
ESA-listed species in this system such as California Steelhead
(Oncorhynchus mykiss) which are likely impacted by altered flow
regimes, but there is not enough empirical data on these species
to integrate them into our model. To understand the trade-offs in
dam release scenarios for both species and water users, we com-
bined the two species models in a multi-object optimization model
(Horne et al., 2017; Polasky, Nelson, Lonsdorf, Fackler, & Starfield,
2005). We optimized dam releases for winter-run and green

sturgeon during the months they are both present (Figure 2b) after
constraining management scenarios to those which meet the dis-
charge requirements of water users, based on the past 20 years of
dam discharge release (Figure 2a). Finally, we used a mechanistic
water temperature model of Shasta Reservoir to estimate the pro-

portion of years the scenario was feasible.

2 | MATERIALS AND METHODS
We first compared health metrics for both species across 2012-
2016. Winter-run egg-to-fry survival was calculated as the esti-
mated number of surviving fry in Red Bluff Diversion Dam (RBDD)
screw traps divided by estimated egg production (National Marine
Fisheries Service, 2013-2017; Figure 1). We limited our analysis to
exogenously feeding larval green sturgeon at approximately 2 weeks
post hatch (Supporting Information). Samples were collected via ro-
tary screw traps which we assumed to sample fish randomly and not
select for specimens of particular body condition. The green stur-
geon health metric was body condition, because there are no data
available on green sturgeon egg production. Larval body condition
is a commonly used indicator of fat reserves and health, and has
been associated with health in sturgeon (Froese, 2006; Kappenman,
Fraser, Toner, Dean, & Webb, 2009). To estimate the temperature
and discharge dam releases across the season, we modelled aver-
age temperature and discharge for each month of the year that early
life stages of either species were present in the study area using
data from the River Assessment for Forecasting Temperature model
(RAFT; Daniels, Sridharan, John, & Danner, 2018; Pike et al., 2013).
Next, we developed statistical submodels elucidating the im-

pact of river temperature and discharge on winter-run and green
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sturgeon. To place both submodels in the context of dam release
scenarios, we estimated differences in discharge and temperature
between Keswick Dam (the afterbay to Shasta Dam) and each spe-
cies’ environment. During the summer and fall, the river warms
as it moves downstream from Keswick Dam, increasing 0.46°C
(6 = 0.06°C) to the downstream boundary of winter-run redd loca-
tions and 2.20°C (¢ = 0.52°C) to the green sturgeon spawning loca-
tions. We assumed constant temperature and discharge throughout
winter-run embryonic development as data on individual redds were
not available. Standard deviation in temperature and discharge
during development (hatch to capture) of larval green sturgeon was
not a significant predictor in our model and therefore we included
only mean development temperature and discharge. The winter-run
model identified the probability of egg temperature-based mortality
(Martin et al., 2017). This is an additive model across the egg incuba-

tion period, given by:

M, = 1_ﬁexp (= (by max (T;—T,;,0)))

where M, is predicted temperature dependent mortality between egg
fertilization and completion of the alevin stage T

cri

+ is the temperature
threshold above which mortality begins to increase and T; is the daily
temperature for day i until alevins emerge at day d. by is the slope of
mortality rate above T_;,
et al. (2017) as 0.024 and 12°C, respectively. n is number of days to
maturation, modelled using relative developmental state which is O at
fertilization and increases at rate 0.001044(°C™'d™")*T, + 0.00056(d ™)

until completion of the alevin stage at 1 (Zeug, Bergman, Cavallo, &

and these parameters are estimated in Martin

Jones, 2012). Due to lack of supporting data, we assumed no impact of
discharge on egg survival. Low discharge can cause redd desiccation,
but this is rare with high summertime water demands downstream. We
developed the green sturgeon submodel (See Supporting Information)
to predict body condition over the ~14 days until they pass RBDD:

K=b;-T;+bp-D;+x

where K is predicted body condition, b; is the coefficient for the
effect of mean temperature T, until individuals pass RBDD, by, is
the coefficient for the effect of discharge D, until individuals pass
RBDD and x is the intercept (estimated in Supporting Information).

We combined both statistical submodels in a multi-object opti-
mization model to calculate optimal dam release temperature and
discharge when early life stages of both species are present. No
weighting was applied to either objective, and data came from 2012
to 2016. Each management strategy was plotted with x as the re-
sponse of objective 1 and y as the response of objective 2. A Pareto
frontier indicated optimal solutions (Deb, 2014). A Pareto frontier
containing a corner on a high value for both objectives highlights
the optimal strategy, whereas a straight or curved line indicates
trade-offs. The optimal dam release scenario was calculated by scal-
ing each response from zero to one, then multiplying the scaled re-
sponse for each species against one another for each scenario. The

highest score indicated the optimal scenario. Dam release discharge

is limited by requirements of downstream water users, whereas
temperature is limited by the available volume of cold water in the
reservoir hypolimnion and warm water in the epilimnion. Therefore,
we constrained monthly discharge to the 25th-75th percentile and
temperature to the 10th-90th percentile of 1996-2016 (Figure 2a).

To evaluate the probability of achieving the optimal dam release
scenario through the season, we used a mechanistic reservoir water
temperature model of Shasta Reservoir that has been calibrated to the
system (Daniels et. al., 2018). We ran each year independently with
inputs of observed hydrological and meteorological conditions from
2000 to 2015. Rather than using actual dam release discharge and
temperature, discharge was set to the optimized monthly value and
a selective withdrawal algorithm was used to select the TCD gate to
open on a given day such that reservoir discharge temperature not

exceed the optimal temperature target (Figure S4).

3 | RESULTS

Body condition of larval green sturgeon was positively correlated
with temperature (linear regression: p < .001, R? = 0.07, F-statis-
tic = 19.21, 95% confidence interval of slope = 0.13-0.24), and nega-
tively correlated with discharge (linear regression: p < .001, R?=0.13,
F-statistic = 39.63, 95% confidence interval of slope = -0.002 to
-0.0009) (See Supporting Information). The cold, high discharge
years of 2012-2013 had high winter-run egg survival and poor green
sturgeon condition (Figure 3). The warm, low flow drought years of
2014-2015 had low winter-run egg survival and higher green stur-
geon condition. In 2016 both winter-run and green sturgeon biologi-

cal metrics were higher than average.Figure 3 Average environment
and biological response across the 5 years of this study. (a) The mean
temperature (solid line) and discharge (dashed line) at Keswick Dam
from April to November across the 5 years of this study. (b) Green
sturgeon body condition (dotted and dashed line) and Sacramento

River winter-run Chinook egg-to-fry survival (dotted line)

Combining the two statistical submodels in a multi-object opti-
mization model indicated that there is an optimal management strat-
egy. The submodels predict how a range of dam releases observed
through the season (10°C-13°C, 150-450 cms) alter green sturgeon
body condition and winter-run egg-to-fry survival (Figure 4a). The
multi-object optimization model combined submodels for each spe-
cies across their development periods (x-axis and y-axis, respectively,
Figure 4b). The Pareto frontier identified an optimal release corner
for both species that was also constrained by thresholds of water
user discharge, located at the dam release of 150cms discharge with
11.5°C Keswick temperature (Figure 4b).

The optimal management scenarios with the reservoir tempera-
ture model indicated which objectives were achievable based on data
from 2000 to 2015 (See Figure S4). The water user objective was
minimum dam release discharge (25th quartile, Figure 2a) and spe-
cies objectives are listed in Table 1. The minimum discharge objective
for water users was achievable in all years except for the critically dry

2014. The temperature objective of below 11.5°C at Keswick from
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June to December for winter-run was achievable in 75% of years.
The temperature objective of warm temperatures from March to May
for larval green sturgeon was achievable in 56% of years, and warm
temperatures were usually only reached at the end of the larval green
sturgeon season. However, the low discharge objective from March
to May for larval green sturgeon was achievable in 94% of years. All
three objectives are met in 69% of years if the larval green sturgeon
discharge threshold is used, whereas the three objectives are met in
only 50% of years if the larval green sturgeon temperature threshold
is used. These probabilities can be projected into the future, assuming

that the past 20 years are reflective of the future.

4 | DISCUSSION

California's Sacramento River supports the largest agricultural econ-
omy in the United States and is home to unique and imperiled cold- and
warm-water fish species (Grantham et al., 2017). Here we show that
flow regimes can be designed to balance the needs of warm- and cold-
water fishes while simultaneously meeting downstream water user
requirements. The current management approach for the Sacramento
River uses water releases from Shasta Dam to maintain cold tempera-
tures for developing ESA-endangered winter-run eggs while delivering
adequate discharge for downstream water users. These two objectives
are of primary importance for Shasta Dam releases but likely harm
ESA-threatened green sturgeon, which depend on warm low flow con-
ditions to support larval growth. High discharge has a strong impact on
developing green sturgeon larvae swimming ability and is associated
with decreased prey richness and diet count (Verhille et al., 2014; Zarri
& Palkovacs, 2018). By introducing larval green sturgeon condition to a
winter-run egg survival model in multi-object optimization, we identify

a Pareto frontier with a corner that is optimal for both species. Our
study corroborates others which found that indices of health in larval
green sturgeon are enhanced at higher temperatures (Hamda et al.,
2019; Mayfield & Cech, 2004; Poletto et al., 2018; Zarri & Palkovacs,
2018), but body condition appears to be more sensitive to changes
in discharge at the range of environmental variables experienced in
our study region (Figure 4a). Furthermore, the positive correlation of
green sturgeon body condition with temperature may be moderated
by food availability, as fish exposed to warm temperatures with low
food availability show very low body condition (Poletto et al., 2018).
The optimal dam release, which is only necessary during the time that
both species are present in the managed portion of the river, is 11.5°C
and 150cms (Figure 4b).

Optimal temperature management for both species is possible
given the natural warming of water as it flows downstream from
winter-run redd sites to green sturgeon spawning sites. The low
discharge requirements of green sturgeon conflict with high dis-
charge requirements of water users, but larval green sturgeon are
mostly present in May, whereas peak agricultural water demand
is June-July. Given the temporal variation in species presence and
water user requirements, we proposed environmental flows to
balance winter-run egg survival and larval green sturgeon body
condition while meeting requirements of downstream water users
(Table 1). Releasing warm water earlier in the season for larval
green sturgeon may preserve cold water for winter-run later in the
season (Hanna, 1999; Nickel, Brett, & Jassby, 2004). In most years
this strategy would improve conditions for larval green sturgeon
without harming winter-run or water users. However, conflict is
unavoidable under severe drought conditions, as occurred in 2015.

The reservoir water temperature model indicated that dis-
charge and temperature optimums were achievable in 69% of



6 | Journal of Applied Ecology ZARRI ET AL.
(a)
Q 13.01 13.04
Green 0 Winter-run
sturgeon 3 1251 1251 Chinook
condition o survival
3 1.00
0.1 £ 120+ 1201 )
00 3 0.75
I~0.1 ﬁ 1154 1154 0.50
-02 % I 025
& 1107 110
150 250 350 450 150 250 350 450
(b) Keswick discharge (cms) Keswick discharge (cms)
Optimal
c ™ — release
cms
S 01 ¥
E=
5
o . Dam release
& 001 250 cms " temperature (C)
o
g 13.0
5 125
& 011 S 120
2 350 cms ' 115
@ LT
=
]
o -027 -
o . 450 cms
|
0.00 025 050 075 1.00

Winter-run chinook survival probability

FIGURE 4 (a) Impact of Keswick Dam temperature and discharge on relative body condition of larval green sturgeon and egg-to-fry
survival of Sacramento River winter-run Chinook. (b) Multi-object optimization model generated by modelled response of Sacramento

River winter-run Chinook and green sturgeon to Keswick dam release temperature and discharge. The optimal solution can be visually
identified as there are just two objectives. The coloured lines indicate the minimum discharge Pareto frontiers. For example “150 cms” is the
Pareto frontier for discharge of 450-150 cms and “250 cms” is the Pareto frontier for discharge of 250-450 cms. Each line is coloured by

temperature. The black box represents the optimal strategy

TABLE 1 Management recommendations to balance Sacramento River winter-run Chinook and green sturgeon. Management

recommendation temperature and discharge is based on release from

Management
Species present Months recommendation
Green sturgeon April-May As warm as possible,

low discharge

Green sturgeon June-early July 11.5°C, low discharge
Winter-run chinook

Winter-run chinook Early 11.5°C or below, high
July-November discharge

years from 2000 to 2015. Winter-run temperatures were possible
to release in 75% of years, water user discharge was possible in
94% of years and larval green sturgeon releases were possible in
94% of years if discharge is the only criteria used. Cool water for
winter-run was the most challenging objective because drought
conditions resulted in low reservoir storage and high air tempera-
tures. Global warming will continue to alter air temperature and
precipitation patterns (Alexander et al., 2006), which may de-
crease the probability that the cold-water winter-run objective is

met. While difficult to manage, these factors help set reasonable

Keswick Dam

Impact Reference
Improve sturgeon body condition, pre- Statistical submodel in
serve cold water for winter-run

Optimize metrics for both species Multi-objective optimization
model

Winter-run egg survival and meet water Martin et al. (2017)
transfers

targets for water users, cold-water and warm-water species in this
temperate river.

Our results show that changes in management could benefit
green sturgeon while maintaining conditions for winter-run and
water users, yet there are several challenges that remain. Green stur-
geon display ‘sweepstakes’ reproduction (Hedgecock & Pudovkin,
2011) and experience massive early life stage mortality, which is
likely impacted by more environmental factors than the tempera-
ture and discharge parameters we analysed. Other important factors

not considered in this analysis include food availability and predation
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(Poletto et al., 2018, S. Baird personal communication), which could
be indirectly impacted by other environmental variables such as
water quality and substrate type. The optimal solution is to man-
age water temperatures up to the threshold for winter-run, so er-
rors in the threshold model could lead to errors in this optimization.
The reservoir model algorithm assumed that TCD gates could be
adjusted daily, which rarely occurs. The reservoir simulations were
also run independently from year to year and did not account for
the propagating effects associated with the proposed discharge and
temperature management scenarios across years. Nonetheless, our
results show that it is possible to design dam releases to simultane-
ously support warm- and cold-water species and water users in all
but the most extreme drought years.

Our approach to developing an optimal dam release scenario can
be extended to other ecosystems where the environment can be
manipulated to provide anthropogenic resources while making hab-
itat for multiple species. Potential applications beyond environmen-
tal flows include the management of ESA-listed species in timber
harvest regions (Nalle, Montgomery, Arthur, Polasky, & Schumaker,
2004), and seagrass ecosystem restoration amidst oyster bed aqua-
culture (Dumbauld, Ruesink, & Rumrill, 2009). However, few systems
exist where the environment can be engineered as completely as
a dam controls river temperature and discharge. There are many
methods for controlling dam release temperature (Sherman, 2000),
and the challenge for managers thus becomes identifying species-
specific (or even population-specific) thermal and discharge require-
ments (Olden & Naiman, 2010; Poff et al., 1997). By analysing three
objectives, our model suggests that the main water management
conflict in this system is between low discharge, required by larval
green sturgeon and high discharge, demanded by downstream water
users. The dilemma of managing for multiple imperiled species is
likely to become more common in the future, as the number of spe-
cies at risk of extinction continues to increase (Chapin et al., 2000).
In these circumstances, optimization models are an effective tool to
evaluate trade-offs in management (Horne et al., 2017; Polasky et
al., 2005). Our results show that balancing the needs of multiple spe-
cies and water users in this highly altered ecosystem can be achieved

in most years.

ACKNOWLEDGEMENTS

We thank J.C. Garza and B. Poytress for providing field-collected
larval green sturgeon samples. B. Martin and S. Munch provided ad-
vice on the multi-object optimization model. P. Raimondi, M. Sabal,
B. Wasserman, S. Des Roches, C. Symons, P. Mcintyre, A. Weiss, K.
MacNeill, S. Sethi, B. Martin and E. Larson provided comments on
previous drafts. Funding was provided by the NOAA Cooperative
Institute for Marine Ecosystems and Climate and the US Bureau of
Reclamation. We are grateful for constructive comments from the
editor and two anonymous reviewers. The paper is dedicated to the
memory of Dr. Ethan Mora, whose commitment to green sturgeon
research will have long-lasting impacts.

AUTHORS’ CONTRIBUTIONS

L.J.Z. and M.E.D contributed ideas, data generation, data analysis
and manuscript preparation. E.M.D and E.P.P contributed ideas,
manuscript preparation and funding.

DATA AVAILABILITY STATEMENT

Data available via the Dryad Digital Repository. https://doi.
org/10.5061/dryad.898ks73 (Zarri, Danner, Daniels, & Palkovacs,
2019).

ORCID

Liam J. Zarri https://orcid.org/0000-0001-8782-6048

Miles E. Daniels https://orcid.org/0000-0002-7126-9168

Eric P. Palkovacs https://orcid.org/0000-0002-5496-7263

REFERENCES

Alexander, L. V., Zhang, X., Peterson, T. C., Caesar, J., Gleason, B., Klein
Tank, A. M. G, ... Vazquez-Aguirre, J. L. (2006). Global observed
changes in daily climate extremes of temperature and precipitation.
Journal of Geophysical Research: Atmospheres, 111(D5), 1-22. https://
doi.org/10.1029/2005JD006290

Astles, K. L., Winstanley, R. K., Harris, J. H., & Gehrke, P. C. (2003).
Regulated rivers and fisheries restoration project-experimental
study of the effects of cold water pollution on native fish. NSW
Fisheries Final Report Series, 44, 1440-3544.

Chapin lll, F. S., Zavaleta, E. S., Eviner, V. T., Naylor, R. L., Vitousek, P. M.,
Reynolds, H. L., ... Diaz, S. (2000). Consequences of changing biodi-
versity. Nature, 405(6783), 234. https://doi.org/10.1038/35012241

Chen, W., & Olden, J. D. (2017). Designing flows to resolve human
and environmental water needs in a dam-regulated river.
Nature Communications, 8(1), 2158. https://doi.org/10.1038/
s41467-017-02226-4

Daniels, M. E., Sridharan, V. K., John, S. N., & Danner, E. M.2018.
Calibration and Validation of Linked Water Temperature Models for
the Shasta Reservoir and the Sacramento River from 2000 to 2015.

Deb, K. (2014). Multi-objective optimization. In E. K. Burke, & G. Kendall
(Eds.), Search methodologies (pp. 403-449). Boston, MA: Springer.
https://doi.org/10.1007/978-1-4614-6940-7_15

Dumbauld, B. R., Ruesink, J. L., & Rumrill, S. S. (2009). The ecological
role of bivalve shellfish aquaculture in the estuarine environment:
A review with application to oyster and clam culture in West Coast
(USA) estuaries. Aquaculture, 290(3-4), 196-223. https://doi.
org/10.1016/j.aquaculture.2009.02.033

ESSA. (2017). Ecological Flows Tool. Retrieved from https://essa.com/
explore-essa/tools/ecological-flows-tool/

Fisher, F. W. (1994). Past and present status of Central Valley chinook
salmon. Conservation Biology, 8(3), 870-873. https://doi.org/10.104
6/j.1523-1739.1994.08030863-5.x

Froese, R. (2006). Cube law, condition factor and weight-length
relationships:  History, meta-analysis and recommendations.
Journal of Applied Ichthyology, 22(4), 241-253. https://doi.
org/10.1111/j.1439-0426.2006.00805.x

Grantham, T. E., Fesenmyer, K. A., Peek, R., Holmes, E., Quifiones, R. M.,
Bell, A., ... Moyle, P. B. (2017). Missing the boat on freshwater fish
conservation in California. Conservation Letters, 10(1), 77-85. https://
doi.org/10.1111/conl.12249


https://doi.org/10.5061/dryad.898ks73
https://doi.org/10.5061/dryad.898ks73
https://orcid.org/0000-0001-8782-6048
https://orcid.org/0000-0001-8782-6048
https://orcid.org/0000-0002-7126-9168
https://orcid.org/0000-0002-7126-9168
https://orcid.org/0000-0002-5496-7263
https://orcid.org/0000-0002-5496-7263
https://doi.org/10.1029/2005JD006290
https://doi.org/10.1029/2005JD006290
https://doi.org/10.1038/35012241
https://doi.org/10.1038/s41467-017-02226-4
https://doi.org/10.1038/s41467-017-02226-4
https://doi.org/10.1007/978-1-4614-6940-7_15
https://doi.org/10.1016/j.aquaculture.2009.02.033
https://doi.org/10.1016/j.aquaculture.2009.02.033
https://essa.com/explore-essa/tools/ecological-flows-tool/
https://essa.com/explore-essa/tools/ecological-flows-tool/
https://doi.org/10.1046/j.1523-1739.1994.08030863-5.x
https://doi.org/10.1046/j.1523-1739.1994.08030863-5.x
https://doi.org/10.1111/j.1439-0426.2006.00805.x
https://doi.org/10.1111/j.1439-0426.2006.00805.x
https://doi.org/10.1111/conl.12249
https://doi.org/10.1111/conl.12249

8 Journal of Applied Ecology

ZARRI ET AL.

Hamda, N. T., Martin, B., Poletto, J. B., Cocherell, D. E., Fangue, N. A,,
Van Eenennaam, J., ... Danner, E. (2019). Applying a simplified en-
ergy-budget model to explore the effects of temperature and food
availability on the life history of green sturgeon (Acipenser mediros-
tris). Ecological Modelling, 395, 1-10. https://doi.org/10.1016/j.ecolm
0del.2019.01.005

Hanna, R. B. (1999). Model-derived guidelines for “effective” TCD oper-
ations for target temperatures below Shasta Dam and the resulting
changes in the coolwater pool in Shasta Lake, final report. United
States Bureau of Reclamation.

Hedgecock, D., & Pudovkin, A. I. (2011). Sweepstakes reproductive suc-
cess in highly fecund marine fish and shellfish: A review and com-
mentary. Bulletin of Marine Science, 87(4), 971-1002. https://doi.
org/10.5343/bms.2010.1051

Hermoso, V. (2017). Freshwater ecosystems could become the biggest
losers of the Paris agreement. Global Change Biology, 23(9), 3433-
3436. https://doi.org/10.1111/gcb.13655

Horne, A., Kaur, S., Szemis, J., Costa, A., Webb, J. A., Nathan, R., ... Boland,
N. (2017). Using optimization to develop a “designer” environmental
flow regime. Environmental Modelling & Software, 88, 188-199. https
://doi.org/10.1016/j.envsoft.2016.11.020

Kappenman, K. M., Fraser, W. C., Toner, M., Dean, J., & Webb, M. A.
(2009). Effect of temperature on growth, condition, and survival of
juvenile shovelnose sturgeon. Transactions of the American Fisheries
Society, 138(4), 927-937. https://doi.org/10.1577/T07-265.1

Kiernan, J. D., Moyle, P. B., & Crain, P. K. (2012). Restoring native fish
assemblages to a regulated California stream using the natural flow
regime concept. Ecological Applications, 22(5), 1472-1482. https://
doi.org/10.1890/11-0480.1

Martin, B. T., Pike, A., John, S. N., Hamda, N., Roberts, J., Lindley, S. T,
& Danner, E. M. (2017). Phenomenological vs. biophysical models of
thermal stress in aquatic eggs. Ecology Letters, 20(1), 50-59. https://
doi.org/10.1111/ele.12705

Mayfield, R. B., & Cech, J. J. (2004). Temperature effects on green stur-
geon bioenergetics. Transactions of the American Fisheries Society,
133(4), 961-970. https://doi.org/10.1577/T02-144.1

Mora, E. A, Lindley, S. T., Erickson, D. L., & Klimley, A. P. (2009).
Do impassable dams and flow regulation constrain the distri-
bution of green sturgeon in the Sacramento River, California?
Journal of Applied Ichthyology, 25(s2), 39-47. https://doi.
org/10.1111/j.1439-0426.2009.01297.x

Nalle, D. J., Montgomery, C. A., Arthur, J. L., Polasky, S., & Schumaker, N.
H.(2004). Modeling joint production of wildlife and timber. Journal of
Environmental Economics and Management, 48(3), 997-1017. https://
doi.org/10.1016/j.jeem.2004.01.001

National Marine Fisheries Service. 2013-2017. Winter-run Juvenile
Production Estimate (JPE). http://www.westcoast.fisheries.noaa.
gov/protected_species/green_sturgeon/green_sturgeon_pg.html

Nickel, D. K., Brett, M. T., & Jassby, A. D. (2004). Factors regulating
Shasta Lake (California) cold water accumulation, a resource for
endangered salmon conservation. Water Resources Research, 40(5),
https://doi.org/10.1029/2003WR002669

Olden, J. D., & Naiman, R. J. (2010). Incorporating thermal regimes into
environmental flows assessments: Modifying dam operations to re-
store freshwater ecosystem integrity. Freshwater Biology, 55(1), 86-
107. https://doi.org/10.1111/j.1365-2427.2009.02179.x

Pike, A., Danner, E., Boughton, D., Melton, F., Nemani, R., Rajagopalan, B.,
& Lindley, S. (2013). Forecasting river temperatures in real time using
a stochastic dynamics approach. Water Resources Research, 49(9),
5168-5182. https://doi.org/10.1002/wrcr.20389

Poff, N. L. R., Allan, J. D., Bain, M. B, Karr, J. R., Prestegaard, K. L., Richter,
B. D, ... Stromberg, J. C. (1997). The natural flow regime. BioScience,
47(11), 769-784. https://doi.org/10.2307/1313099; Retrieved from
https://www.jstor.org/stable/1313099

Poff, N. L., Olden, J. D., Merritt, D. M., & Pepin, D. M. (2007).
Homogenization of regional river dynamics by dams and global bio-
diversity implications. Proceedings of the National Academy of Sciences
of the United States of America, 104(14), 5732-5737. https://doi.
org/10.1073/pnas.0609812104

Poff, N. L., Richter, B. D., Arthington, A. H., Bunn, S. E., Naiman, R. J,,
Kendy, E., ... Warner, A. (2010). The ecological limits of hydrologic
alteration (ELOHA): A new framework for developing regional envi-
ronmental flow standards. Freshwater Biology, 55(1), 147-170. https
://doi.org/10.1111/j.1365-2427.2009.02204.x

Polasky, S., Nelson, E., Lonsdorf, E., Fackler, P., & Starfield, A. (2005).
Conserving species in a working landscape: Land use with biological
and economic objectives. Ecological Applications, 15(4), 1387-1401.
https://doi.org/10.1890/03-5423

Poletto, J. B., Martin, B., Danner, E., Baird, S. E., Cocherell, D. E., Hamda,
N., ... Fangue, N. A. (2018). Assessment of multiple stressors on the
growth of larval green sturgeon Acipenser medirostris: Implications
for recruitment of early life-history stages. Journal of Fish Biology, 93,
952-960. https://doi.org/10.1111/jfb.13805

Richter, B. D., & Thomas, G. A. (2007). Restoring environmental flows
by modifying dam operations. Ecology and Society, 12(1). https://doi.
org/10.5751/ES-02014-120112; Retrieved from http://www.ecolo
gyandsociety.org/vol12/iss1/art12/

Sherman, B. (2000). Scoping options for mitigating cold water discharges
from dams. Canberra, Australia: CSIRO Land and Water.

Stanford, J. A., & Ward, J. V. (2001). Revisiting the serial discontinuity
concept. Regulated Rivers: Research & Management: An International
Journal Devoted to River Research and Management, 17(4-5), 303-310.
https://doi.org/10.1002/rrr.659

UNFCCC. (2015). The Paris Agreement (FCCC/CP/2015/L.9/Rev.1).
Retrieved from http://unfccc.int/resource/docs/2015/cop21/eng/
109r01.pdf

United States Fish and Wildlife Service. (1999). Effects of temperature
on early-life survival of Sacramento River fall-run and winter-run
Chinook salmon. Final Report.

Verhille, C. E., Poletto, J. B., Cocherell, D. E., DeCourten, B., Baird, S.,
Cech, J. J. Jr., & Fangue, N. A. (2014). Larval green and white stur-
geon swimming performance in relation to water-diversion flows.
Conservation Physiology, 2(1), cou031. https://doi.org/10.1093/
conphys/cou031

Wootton, J. T., Parker, M. S., & Power, M. E. (1996). Effects of distur-
bance on river food webs. Science, 273(5281), 1558-1561. https://
doi.org/10.1126/science.273.5281.1558 https://doi.org/

Wyman, M. T,, Thomas, M. J., McDonald, R. R., Hearn, A. R., Battleson,
R. D., Chapman, E. D,, ... Pagel, M. D. (2017). Fine-scale habitat
selection of green sturgeon (Acipenser medirostris) within three
spawning locations in the Sacramento River, California. Canadian
Journal of Fisheries and Aquatic Sciences, 75(5), 779-791. https://doi.
org/10.1139/cjfas-2017-0072

Yarnell, S. M., Petts, G. E., Schmidt, J. C., Whipple, A. A., Beller, E. E.,
Dahm, C. N, ... Viers, J. H. (2015). Functional flows in modified river-
scapes: Hydrographs, habitats and opportunities. BioScience, 65(10),
963-972. https://doi.org/10.1093/biosci/biv102

Zarfl, C., Lumsdon, A. E., Berlekamp, J., Tydecks, L., & Tockner, K. (2015).
A global boom in hydropower dam construction. Aquatic Sciences,
77(1), 161-170. https://doi.org/10.1007/s00027-014-0377-0

Zarri, L., Danner, E. M., Daniels, M. E., & Palkocacs, E. P. (2019). Data
from: Managing hydropower dam releases for water users and im-
periled fishes with contrasting thermal habitat requirements. Dryad
Digital Repository, https://doi.org/10.5061/dryad.898ks73

Zarri, L. J., & Palkovacs, E. P. (2018). Temperature, discharge and develop-
ment shape the larval diets of threatened green sturgeon in a highly
managed section of the Sacramento River. Ecology of Freshwater Fish,
28(2), 257-265. https://doi.org/10.1111/eff.12450


https://doi.org/10.1016/j.ecolmodel.2019.01.005
https://doi.org/10.1016/j.ecolmodel.2019.01.005
https://doi.org/10.5343/bms.2010.1051
https://doi.org/10.5343/bms.2010.1051
https://doi.org/10.1111/gcb.13655
https://doi.org/10.1016/j.envsoft.2016.11.020
https://doi.org/10.1016/j.envsoft.2016.11.020
https://doi.org/10.1577/T07-265.1
https://doi.org/10.1890/11-0480.1
https://doi.org/10.1890/11-0480.1
https://doi.org/10.1111/ele.12705
https://doi.org/10.1111/ele.12705
https://doi.org/10.1577/T02-144.1
https://doi.org/10.1111/j.1439-0426.2009.01297.x
https://doi.org/10.1111/j.1439-0426.2009.01297.x
https://doi.org/10.1016/j.jeem.2004.01.001
https://doi.org/10.1016/j.jeem.2004.01.001
http://www.westcoast.fisheries.noaa.gov/protected_species/green_sturgeon/green_sturgeon_pg.html
http://www.westcoast.fisheries.noaa.gov/protected_species/green_sturgeon/green_sturgeon_pg.html
https://doi.org/10.1029/2003WR002669
https://doi.org/10.1111/j.1365-2427.2009.02179.x
https://doi.org/10.1002/wrcr.20389
https://doi.org/10.2307/1313099
https://www.jstor.org/stable/1313099
https://doi.org/10.1073/pnas.0609812104
https://doi.org/10.1073/pnas.0609812104
https://doi.org/10.1111/j.1365-2427.2009.02204.x
https://doi.org/10.1111/j.1365-2427.2009.02204.x
https://doi.org/10.1890/03-5423
https://doi.org/10.1111/jfb.13805
https://doi.org/10.5751/ES-02014-120112
https://doi.org/10.5751/ES-02014-120112
http://www.ecologyandsociety.org/vol12/iss1/art12/
http://www.ecologyandsociety.org/vol12/iss1/art12/
https://doi.org/10.1002/rrr.659
http://unfccc.int/resource/docs/2015/cop21/eng/l09r01.pdf
http://unfccc.int/resource/docs/2015/cop21/eng/l09r01.pdf
https://doi.org/10.1093/conphys/cou031
https://doi.org/10.1093/conphys/cou031
https://doi.org/10.1126/science.273.5281.1558
https://doi.org/10.1126/science.273.5281.1558
https://doi.org/
https://doi.org/10.1139/cjfas-2017-0072
https://doi.org/10.1139/cjfas-2017-0072
https://doi.org/10.1093/biosci/biv102
https://doi.org/10.1007/s00027-014-0377-0
https://doi.org/10.5061/dryad.898ks73
https://doi.org/10.1111/eff.12450

ZARRI ET AL.

Journal of Applied Ecology

9

Zeug, S. C.,Bergman, P.S., Cavallo, B. J., & Jones, K. S. (2012). Application
of a life cycle simulation model to evaluate impacts of water man-
agement and conservation actions on an endangered population of
Chinook Salmon. Environmental Modeling & Assessment, 17(5), 455-
467. https://doi.org/10.1007/s10666-012-9306-6

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Zarri LJ, Danner EM, Daniels ME,
Palkovacs EP. Managing hydropower dam releases for water
users and imperiled fishes with contrasting thermal habitat
requirements. J Appl Ecol. 2019;00:1-9. https://doi.
org/10.1111/1365-2664.13478



https://doi.org/10.1007/s10666-012-9306-6
https://doi.org/10.1111/1365-2664.13478
https://doi.org/10.1111/1365-2664.13478

