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Abstract

Fish face many anthropogenic stressors. Authorities in marine, estuarine, and freshwater
realms often share interdependent fisheries management goals, but address singular stressors
independently. Here, we present a case study suggesting that coordinating stressor relief across
management realms may synergize conservation efforts, especially to actualize restoration
benefits. Significant efforts are underway to restore juvenile salmon habitat across California’s
Central Valley landscape but it is unclear how fisheries and flow management will influence
juvenile salmon occupancy of restored sites. Leveraging monitoring data, we find that for
juvenile salmon (<55mm) to actualize benefits of restored habitats will likely require maintaining
spawner abundances and flows at or above intermediate values, especially in less-connected
portions of the landscape. Furthermore, restoration efforts may prioritize more connected regions
to promote use of restored areas, considering that less connected areas are often uninhabited
when water and spawners are scarcer. This ecosystem-based framework that evaluates
interdependencies of management decisions may be applied to realize natural productivity and

enhance conservation in many systems.
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Introduction

Natural resource managers are often pressed to conserve diadromous fish. Diadromous
species, defined by migrations between rivers and oceans, are culturally, ecologically, and
economically significant worldwide. For example, they are celebrated by many cultures, foster a
sense of place, feed iconic megafauna, fertilize nutrient-poor watersheds, and support hundred
million dollar fisheries (Garman 1992, Close et al. 2002, Montgomery 2003, Chasco et al. 2017,
NOAA 2019a). Despite this, many diadromous populations face extirpation and chronic
depletion of their fisheries. Specifically, 29% of the contiguous U.S.A.’s =1400 historical
populations of Pacific salmon (Oncorhynchus spp.) are extirpated along with 33, 15, and 27% of
their ecological, life history, and genetic diversity (Gustafson et al. 2007) and multiple
populations are listed under the U.S. Endangered Species Act. This is concerning because the
stability, resilience, and availability of diadromous fish to people and other consumers is derived
from these sources of biological diversity (Greene et al. 2010, Schindler et al. 2010, Armstrong
et al. 2016).

Fisheries and water resource managers must navigate challenges to conserve diadromous
fish. Ecologists implicate major drivers of diadromous fish declines that include overharvest,
flow regulation, and habitat loss (Nehlsen et al. 1991, Limburg and Waldman 2009). However,
these stressors are associated with human activities that benefit society (e.g., fishing,
hydropower, agriculture, fundamental water security). Thus, sustainably managing fisheries,
water, and land for multiple human uses requires decision-support tools to assess tradeoffs of
management actions.

To counter fish declines, regulatory (e.g., DFO, NOAA) and research groups are striving

to operationalize ecosystem-based management (Levin et al. 2009). In brief, ecosystem-based
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management is a holistic perspective that appreciates interactions among managed species, their
ecosystems, and people that depend on both to facilitate desirable outcomes across stakeholders
(Link 2010). Historically, fisheries management focused on species in isolation and often
considered individual drivers or stressors independently. This approach was often less than
effective, in particular because species decline when their habitats are degraded and there are
myriad interactions within ecosystems, including many that are influenced by people, that
determine outcomes for a given species (Pikitch et al. 2004). Thus, a broader perspective stands
to enhance management efforts. To enable ecosystem-based approaches, researchers can create
tools that explain linkages among ecosystem components and clarify potential tradeoffs of
management options.

To relieve cumulative stressors across life cycles of diadromous fish, managers may
employ a multifaceted conservation approach. Among practitioners' tools are fisheries
management, flow management, and habitat restoration.

Fisheries management: Fish populations typically exhibit density dependence, whereby
population growth declines as adult abundances approach habitat carrying capacities. These
relationships can quantify adult abundances that maximize juvenile production and sustainable
yield, allowing harvest of surplus adults with minimal impacts on recruitment.

Flow management: The aquatic environments of watersheds are dynamic, determined by
flow pattern and discharge, varying among years and seasons. Complicating matters, some
climates receive little precipitation during summers and managers may store water during wet
seasons for fundamental (e.g., drinking) and economic (e.g., agriculture) human activities during
dry seasons. These decisions impact diadromous fish as annual flow (and associated

temperature) conditions can constrain juvenile timing and growth (Munsch et al. 2019) and low

4
https://mc06.manuscriptcentral.com/cjfas-pubs



Page 5 of 69

87
88
89
90
91
92
93
94
95
96
97
98
99

100

101

102

103

104

105

106

107

108

109

Canadian Journal of Fisheries and Aquatic Sciences

Fisheries, flow, restoration

flows can increase mortality (Michel et al. 2015), suggesting managers in regulated systems may
seek to avoid harmfully low flows.

Habitat restoration: Restoration can improve habitat function (e.g., survival, growth) and
capacity in watersheds impacted by people. Restoration of diadromous fish habitat must consider
accessibility by rehabilitating habitat within well-connected patches (e.g., migratory routes) and
preferable environments (e.g., salinity) (Simenstad and Cordell 2000).

One option to synergize watershed habitat function may therefore be to coordinate
fisheries management, flow management, and restoration to increase juvenile production and
support juveniles in beneficial habitats. Key to this approach is enabling habitats to support a
diversity of life history types by providing appropriate conditions across space (e.g., rivers,
deltas, bays) and time (e.g., seasons), which are constricted by habitat and hydrologic
modifications (Sturrock et al. 2019). Hypothetically, fisheries management, flow management,
and restoration could work in concert: (1) higher spawner abundances could maximize the
number of juveniles entering the next generation, (2) environmental flow regimes could enhance
juvenile survival, cue juvenile dispersal throughout the watershed (Sturrock et al. 2020),
inundate and connect beneficial habitats, and prolong seasonal windows when rearing conditions
are viable (Munsch et al. 2019, Sturrock et al. 2020), and (3) restoration could foster habitats that
are enhanced by flow (e.g., floodplains, wetlands) and increase the capacity of the watershed to
support more juveniles in more places as they disperse in response to flow or to minimize
competition when abundances are high (sensu Falcy 2014). Thus, each management realm
attempts to enable the success of conservation efforts in other realms.

Naturally spawning Chinook salmon (O. tshawytscha) in California’s Central Valley

(USA) may benefit from a coordinated framework. Once a productive, expansive habitat mosaic,
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the Central Valley’s watershed and hydrologic regime have been transformed to reduce flooding,
store and withdraw water, and irrigate agriculture. Juveniles surviving this watershed migrate to
sea and support a valuable fishery. Adult abundances are increasingly supplemented by artificial
propagation that masks declines in natural production (Johnson et al. 2012; Willmes et al. 2018),
the role of natural spawning in producing juveniles that use extant habitats remains incompletely
understood, and its populations are especially vulnerable to climate change (Crozier et al. 2019).
Due to this legacy of stressors, the Central Valley’s populations continue to decline (Yoshiyama
et al. 1998; Johnson and Lindley 2016). Furthermore, decision-makers have recently pressed for
increased water supply to human activities (White House 2018) despite incompletely
understanding the importance of flow to salmon. At present, largely separate groups of
practitioners are tasked with managing fisheries, prescribing flows, and implementing habitat
restoration to conserve the Central Valley’s salmon.

Here we analyze decades of juvenile surveys, spawner counts, and flow measurements to
inform conservation of diadromous fish via three management pathways. These pathways target
enhanced natural productivity through fisheries that allow sufficient abundances of spawners to
reproduce and increase offspring abundances in the watershed, managed flows that promote
favorable rearing and migration conditions, and habitat restoration that considers the influence of
landscape on habitat use to prioritize areas frequented by juveniles. We provide quantitative
information to inform Central Valley managers deciding fisheries escapement goals, water
resource policy, and restoration priorities. More broadly, in California and beyond, the
management authorities that enact fisheries, water regulation, and restoration are charged with
the interdependent goal of sustaining viable fish populations, yet tools that quantify the potential

interdependence of their actions are lacking. Our broader goal was to present a generalizable
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framework that demonstrates how coordination across management authorities may synergize
diadromous fish conservation, and thus provide an important step toward fully implementing

ecosystem based fisheries management (Levin et al. 2009).

Methods
Study system

California’s Sacramento River is the second largest river on the contiguous U.S. west
coast. It meets the San Joaquin River in the Central Valley, forming the Sacramento-San Joaquin
River Delta (hereafter: Delta), which flows into San Francisco Bay (hereafter: Bay) and the
Pacific Ocean beyond. California experiences cool, wet winters and warm, dry summers. Despite
seasonal aridness, dams, reservoirs, and aqueducts supply fresh water to 25.5 million
Californians year round and support a multi-billion dollar agricultural economy (USDA 2012).
California endured a drought from 2012-2016. Drought challenges decision-makers to provide
water for municipal use and agriculture without undermining mandates to protect federally listed
species (Mann and Gleick 2015). This challenge to meet the needs of people and fish will
escalate as the human population grows and climate change increases drought risk (Diffenbaugh
etal. 2015).

Despite their declines, salmon in the Central Valley are remarkably diverse in life history.
Three evolutionarily significant units (i.e., population segments recognized by the U.S.
Endangered Species Act) of Chinook salmon inhabit the Central Valley, named according to the
season that adults re-enter fresh waters: Fall/Late-Fall, Winter, and Spring (NOAA 2019b). The
Endangered Species Act lists the Winter and Spring units as endangered and threatened,

respectively. The National Marine Fisheries Service designates the Fall/Fate-fall unit as a species

https://mc06.manuscri|t7)tcentraI.com/cjfas-pubs
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of concern. As a stock, these salmon have apparently evolved to exploit the vast, spatially and
temporally heterogeneous landscape of the Central Valley. For example, the diversity of return
timings translates to adult Chinook salmon being present in the Central Valley year-round
(Yoshiyama et al. 1988). Thus, a fundamental objective in countering declines may be to
increase across space (habitat landscape) and time (seasonality) the viability of juvenile habitats
that enable and contribute to this diversity (sensu Sturrock et al. 2019).

There are many challenges to conserving Central Valley salmon. Its salmon have
declined since 1850 (Yoshiyama et al. 1998). The major causes are a legacy of cumulative
impacts: overfishing, mining, railroads, logging, water engineering, invasive predators, and
agriculture (Yoshiyama et al. 1998). Chinook salmon are now confined to lower, warmer regions
by impassible dams that impose artificial flow and salinity regimes in the Delta (Cloern and
Jassby 2012). While the life histories of Central Valley salmon have synched juvenile rearing
and outmigration with California’s wettest months, water regulation has shifted flows from the
wetter months to the drier months. Consequently, juveniles experience flows =50% lower than
historic levels and juveniles are largely absent when flows peak (Swart 2016). Furthermore,
floodplains and estuaries are often salmon nurseries because small prey are abundant and their
shallow portions exclude larger, predatory fish (Simenstad et al. 1982, Munsch et al. 2016), and
turbid and vegetated conditions reduce predation risk by piscivorous birds (Gregory and Levings
1998). However, the Central Valley’s wetlands and floodplains have largely been replaced by
deep, armored channels, filled for agricultural or municipal land, and minimized by hydrologic
engineering. Indeed, only 3% of the Delta’s historically vast tidal wetland remains and non-tidal

wetlands and floodplains have largely been diked and drained (Whipple et al. 2012). In addition,
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the fall run is a target of commercial and recreational fisheries that are economically significant
and managed annually by the Pacific Fishery Management Council.

Habitat restoration may counter declines. Large-scale efforts are underway across the
region to restore habitats by re-establishing wetlands and riparian forests, reconnecting
floodplains to their rivers, and breeching or setting back levees (California Eco Restore 2017).
These actions may benefit fish by increasing availability of prey, predator refuge, low-velocity
holding areas, and cooler, shaded waters. While restoration efforts are likely to improve localized
habitat value, we lack a quantitative understanding of how fisheries and water regulation
practices will influence juvenile habitat occupancy across the landscape, including on restoration

sites.

Analyses (described in detail in Appendix A1)

We asked, how do spawner abundances, flow, and landscape context influence juvenile
habitat occupancy? We could then infer how spawning escapement and flow are likely to
determine juvenile occupancy across the landscape of current, planned, and potential restoration
sites.

To address these questions, we assembled data describing spawner abundances, flow, and
juvenile salmon habitat use across the Central Valley (Fig. 1). Spawner abundances were sourced
from stream surveys, and included fall, spring, and winter-run (but not late-fall run, whose
juveniles have migration timing such that we would not count them) spawners in natural areas
throughout the Sacramento basin. Flow was measured on the Sacramento and San Joaquin main
stems. We summarized flow as rolling means across 30-day windows and rolling ranges (i.e.,

maximums - minimums) across 7-day windows to capture effects of long term flow conditions

https://mc06.manuscri%tcentraI.com/cjfas-pubs
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and flow pulses that may trigger fry migrations and enhance survival (Sturrock et al. 2019). We
also used the California Department of Water Resources’ water year hydrologic classification
indexes (http://cdec.water.ca.gov/reportapp/javareports?name=WSIHIST) to describe the total
amount of water available to the Sacramento Valley in relation to flow. Juveniles were
monitored throughout the system by seining shorelines, which targets the fry life stage of salmon
that uses shallow waters. We examined only juveniles <55 mm because we could infer that these
were naturally spawned fish (juveniles released by hatcheries were almost exclusively larger),
which rely on extant habitat. The watershed included three regions: the Sacramento River, Delta
(which includes the lower Sacramento River), and Bay (Fig. 1). We conceptualized the landscape
of the Delta according to two axes: distance downstream and distance off-main stem of the
Sacramento River. We conceptualized the landscape of the Bay according to one axis: distance
away from the Sacramento River mouth. (Metrics defined in Table A1). Then, we used statistical
models to relate fry catches to spawners, flow, and the landscape. These models also accounted
for effects of seasonality in fry presence and non-independence of repeated sampling at sites and
years. We fit separate models for fry presence and catch when present because the data included
many zeros (i.e., zero inflation) and in the Bay we only modeled presence because presence there
was low, leaving few observations of catch when present. To show how fisheries and water
management may influences the use of restoration sites by fry, we used these models to predict
fry presence and catches at restoration sites, which varied in their locations within the landscape,
across flow levels and spawner abundances.

To enhance the communication of our findings to researchers, managers, and
stakeholders, we also analyzed our data by quantifying annual descriptors of spawners, flow, and

fry and relating them using common stock-recruit functions. Annual indexes of fry were

1
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generated using statistical models that quantified the expected catch of fry in the Sacramento
River in a given year after accounting for effects of seasonality in fry presence and non-
independence of repeated sampling at sites. While an annual time scale was less appropriate for
examining habitat occupancy based on real-time flow conditions, it was advantageous because it
allowed us to show, using a simple graphic, the influence of spawners on fry densities while

accounting for flow.

Results

From 1999-2016, there was considerable variation in spawner abundances, water
availability, flow conditions, and fry occupancy across the landscape. In-river spawner counts
ranged from 38,705 — 775,732 adults, with a median of 224,310 adults. As per California
Department of Water Resources classifications, the Sacramento Valley experienced 3, 5, 4, 3,
and 3 years of critical, dry, below normal, above normal, and wet years, respectively. Flow
ranged from 123 to 2,599 m3/s, with a median of 515 m3/s and considerable variation within and
among seasons (Fig. 2). In years when water was scarcer, flow conditions were lower, especially
as winters transitioned to springs (Fig. 2). Combining all observations, fry presence decreased
from 60% (interannual range: 31-84%) in the Sacramento River (n = 3,940), to 38% (interannual
range: 13-66%) in the Delta (n = 8,594), to 4% (interannual range: 0-18%) in the Bay (n = 1,966)
and fry catch decreased from medians of 2 fry (interannual range: 0-4) in the Sacramento River,
to 0 fry in the Delta (interannual range: 0-4), to O fry in the Bay (interannual range: 0-0). Fry
presence and catch peaked in February (Fig. 3).

Spawners, flow, and the landscape influenced fry presence and catch (Fig. 3). Fry catches

increased with spawners until =400,000 adults spawned (Figs. 3, A3). Fry catches also increased
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when flows were high (Figs. 3, A4) and following flow pulses (Figs. 3, AS). Presence in the
Sacramento River and Delta decreased markedly when the mean of 30-day flows fell below =500
m?/s (Figs. 3, A4), a value near median (515 m3/s) conditions during periods of annual juvenile
presence (Dec. — May). Catch given presence in these regions decreased when the mean of 30-
day flows fell below =750 m?3/s and apparently increased with increasing flow throughout the
range of observed flow values (Figs. 3, A4). Importantly, the patterns reported by models and
boxplots at means of 30-day flows over <1500 m?/s were informed by a small sample size of
observations during uncommonly high flows and should be viewed cautiously. The salient effect
of long-term flow in the Sacramento River and Delta, as informed quantitatively by models, was
thus marked decreases in catches below flows of =500-750 m?/s, with catches increasing less
rapidly with flow thereafter. In the Bay, when flows were higher, fry were more likely to be
present and present farther toward sea (Figs. 3, A4). Across critical to wet years, flows exceeded
500 m¥/s (i.e., conditions that largely maximized fry presence) from 19 to 84% of all days Dec -
May (Fig. 2). Examining flow pulses, fry presence increased with ranges of 7 day flows until
they exceeded = 400 m3/s (Figs. 3, A5). Catch increased with ranges of 7 day flows until <950
m?/s and declined thereafter, although 7 day ranges of flow exceeding this amount were
uncommon (Figs. 3, A5). Landscape connectivity also influenced fry catches (Figs. 3, A6).
Catches decreased from the Sacramento River to the Delta to the Bay (i.e., in general, from
spawning grounds to the ocean) (Figs. 3, A6). Catches in the Delta decreased off of the main
stem and downstream (Figs. 3, A6). Similarly, presence in the Bay decreased with increasing
distance toward sea (Figs. 3, A6).

Examining effects of spawners and flow using annual descriptors revealed similar

patterns. Fry catches were best and similarly (using AIC) explained by Ricker and Beverton-Holt
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models that also included flow parameters (Tables A3, A4). Fry catches increased with spawners
and flow (Fig. 4). Notably, (1) years with higher flows also included more variable flows (linear
model comparing annual log sd flow vs. annual log median flow: p = 0.0002; r*> = 0.60);
therefore this annual flow metric likely captured effects of both baseline flow and flow pluses
and (2) because flow was log-transformed to linearize its relationship with fry, these annual
results are consistent with within-season results in that increases in fry occurred most rapidly
when flow increased from its lowest to middling values. Annual indexes of fry catches were
greatest when spawners exceeded ~400,000 individuals. Ratios of fry densities in the Sacramento
River, Delta, and Bay were directly related (Fig. A7). Hence, it appeared that, on an annual scale,
fry density in the Bay was directly related to fry density in the Delta, which was directly related
to fry density in the Sacramento River, which was a function of spawners and flow. Overall, fry
catches increased with increasing spawners and flow, with catches increasing most rapidly when
spawners and flow increased away from lowest observed values.

Spawners and flow influenced predicted presence and catches at current and planned
restoration sites. Examining a subset of restoration sites to understand effects across a range of
landscape contexts, predicted fry presence and catches in the Sacramento River and Delta fell
precipitously when spawner counts and flow levels were low (Fig. 5). In restoration sites in the
Bay, fry presence increased linearly with increasing spawner abundances and flow. Especially at
sites far from the mainstem and downstream (Delta) or away from the Sacramento River mouth
(Bay), fry were unlikely to be present or in large catches unless spawner counts and flows were

high.

Discussion

1
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We investigated effects of density-dependent production, flow, and landscape context on
the lower watershed abundance and occupancy of naturally spawned Chinook salmon fry.
Habitat occupancy increased rapidly with spawners and flow, particularly until =400,000 adults
escaped the fishery and flows exceeded =500-750 m?/s. Flows tended to reach these values in
wetter years, but were often below them in dry or critical years. In addition, fry occupied habitats
more following recent pulses in flow. Across the landscape, habitat occupancy decreased from
the Sacramento River to the Delta to the Bay, was highest in the Delta near mainstem waters and
upriver, and was highest in the Bay closer to the river mouth. In the Bay, flow expanded habitat
occupancy seaward. The distribution of fry across the landscape, including on restoration sites, is
therefore determined by spawner abundances, flow, and landscape context. Especially in less-
connected portions of the landscape, for fry to inhabit and thus realize benefits of restored
habitats will likely require decisions to maintain spawner abundances and flow at or above
intermediate values. Furthermore, restoration efforts may prioritize more connected regions to
promote use of restored areas, considering that less connected areas are often uninhabited when
water and spawners are scarcer.

Fisheries management implications: Fall Run Chinook salmon, which comprised 90% of
2001-2018 natural-area adult spawners in the Sacramento basin, excluding Late-Fall run (PFMC
2019a), are the predominant stock caught commercially and recreationally along California and,
often, most of Oregon (Bellinger et al. 2015, Satterthwaite et al. 2015). They also support a
recreational freshwater fishery. These fisheries are developed annually by the Pacific Fishery
Management Council and California Fish and Game Commission, respectively. The Council
uses preseason abundance forecasts to craft fisheries that are designed to achieve optimal yield,

while limiting mortality on co-occurring weaker stocks. In years when the fishery is not
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constrained by the need to protect weaker, co-occurring stocks, it generally targets adult returns
of 122,000 Sacramento Fall Run Chinook salmon to hatcheries and natural areas combined and
does not distinguish between where these fish return to spawn. Although fisheries managers may
be more concerned with maximizing sustainable yield rather than maximizing production, this
target is substantially below the 400,000 spawners that we found came close to maximizing fry
habitat occupancy in natural areas alone, even when factoring in the presence of spring and
winter runs. Therefore, there may be benefits to considering targets for more spawning in natural
areas to enhance overall in-river productivity and ultimately to recruitment of the next generation
to the fishery. Recommendations to consider revisions to the escapement goal, including
specifying the escapement goal in terms of spawners in natural areas, have been made by other
scientific advisory bodies as well (Lindley et al. 2009, California HSRG 2012, PFMC 2019).
However, pre-fishery abundances (i.e., Sacramento Index, an estimate of potential Sacramento
Fall Run Chinook salmon escapement in the absence of fishing) was below 400,000 in 10 out of
36 years 1983-2018 and 9 out of 18 years 2001-2018 (PFMC 2019b), and this number includes
adults that would enter hatcheries (i.e., not spawn naturally). This indicates that pre-fishery adult
abundance is often low enough that fisheries restrictions alone would likely be insufficient
without habitat restoration, flow increases, or other measures to boost productivity.

Flow management implications: Flow levels are tightly managed via California’s
extensive water storage and delivery infrastructure to meet many objectives, including (1)
meeting fundamental human water needs, (2) diversions for agriculture during the growing
season, and (3) sufficient flow and cold water to protect egg nests of endangered Sacramento
River Winter Run Chinook salmon from dewatering or warming in late summer and fall. Our

results suggest that abundance and distribution of Fall, Spring, and Winter Run fry across the
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landscape is also tied to operational flows in late winter and early spring. Higher flows increased
fry counts overall, and the spatial extent of fry rearing in the Delta (by increasing presence in
areas otherwise unoccupied) and Bay (by extending accessible habitat seaward). Indeed, the
nonlinear effects of flow detected by our models suggest that winter-spring flows above =~500-
700 m3/s, although constrained by annual variation in water availability, would avoid low flow
conditions that appear to be disproportionately deleterious to fry. Our results and those reported
in the Stanislaus River (a tributary of the San Joaquin River; Sturrock et al. 2019) suggest that
flow pulses, in addition to adequate long-term flows, are beneficial to juvenile salmon. Thus, a
flow regime beneficial to fry may be characterized by mid-to-high long-term flows punctuated
by intermediate pulses. We provide visualizations of examples of “good” and “bad” flow years
for fry in Fig. AS.

There are many plausible reasons that flow promoted fry habitat use. Flow may create
and inundate habitat (e.g., Yolo Bypass), deliver cool, oxygen-rich waters, increase turbidity and
thus concealment from predators, and move fresh waters seaward in the estuary. Recent studies
in the Central Valley found flow increased the survival and annual rearing windows of
outmigrating juveniles (Michel et al. 2015, Munsch et al. 2019, Friedman et al. 2019). Notably,
adult returns per juvenile rose abruptly when flow exceeded low levels (Michel 2018), similar to
our observation of a non-linear flow effect. Thus, it is clear in the Central Valley that flow
influences habitat use and that juveniles benefit from higher flows.

Habitat restoration implications: Fry probability of presence was greatest upstream and
on main stem waters. As illustrated by our model projections, restoration efforts may consider
prioritizing these areas to maximize habitat use. Moreover, it appears that the efficacy of

restoration efforts depends on sufficient spawners and flow to promote juvenile abundances and
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distributions that translate to occupied restored habitats. While restoration projects in the river
and Delta (near the mainstem) exhibited probability of presence > 0.5 for a wide range of flow
levels and spawner abundances, juveniles were unlikely to be present near and in Bay restoration
sites except at very high levels of flow and spawners. These results suggest that restoration
projects for Chinook salmon will currently (e.g., while spawner levels are depressed) be most
effective in the river and more connected portions of the Delta. Restoration efforts may thus
prioritize sites in these areas, especially to ensure habitat use in years when water and spawners
are scarcer. Aiming for long-term population resilience, restoration efforts that create large,
functional, and connected habitats across the landscape may enable the watershed to capitalize
on years when natural conditions and managers facilitate high spawner abundances and flows.
Our work should be interpreted within the greater scope of management in this system.
Management would benefit from understanding survival benefits of increased habitat occupancy,
as well as environmental and density-dependent constraints during marine life stages (e.g., life
cycle modeling: Friedman et al. 2019). For example, if restored watershed habitats enable more,
larger juveniles to enter the ocean, it would be important to understand whether density
dependence manifests again as salmon compete for prey at sea. Additionally, reservoir releases
are used to provide cooler temperatures for adult and embryonic stages in this system, especially
during warmer months for endangered Sacramento River Winter Run Chinook salmon (Danner
et al. 2012). Decisions to allocate water to promote flow for juveniles must also consider these
other runs and life stages. For example, higher flows during adult returns are associated with
lower straying rates (i.e., returns to non-natal rivers) (Sturrock et al. 2019). Likewise, other
imperiled species in the system (e.g., delta smelt Hypomesus transpacificus, green sturgeon

Acipenser medirostris) are likely to be influenced by flow, and a greater management scope
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should consider the suite of managed species in the Sacramento-San Joaquin watershed (Zarri et
al. 2019). Also, the feasibility of establishing an escapement goal near 400,000 adults to natural
areas should be evaluated for the near- and long-term sustainability of the fishery, especially
when integrated with flow actions to achieve maximum productivity. Furthermore, restoration is
likely to provide habitat for non-native salmon predators that inhabit the Central Valley
(Demetras et al., 2017) as well as salmon fry. Accordingly, it will likely be important for
restoration efforts to provide protective features, such as shallow areas that attract small, earlier
life stages of fish and exclude many aquatic predators (Munsch et al. 2016) or that increase
vegetation and turbidity and thus concealment from predatory birds (Gregory and Levings 1998)
to more fully actualize benefits of restoration to salmon. Finally, we caution that apparent flow
thresholds below which are harmful to fry should not be interpreted as a target, but rather a
minimum limit, for conservation efforts. Resilience of salmon stocks is derived in part from
populations exploiting variable habitat conditions, plausibly including flooding when flows are
greater than median levels.

Complexities and limitations should be considered in the interpretation of our study.
First, we examined habitat occupancy in the lower Sacramento River, Delta, and Bay, not total
abundances of juveniles in the Central Valley. If, for instance, fry disperse downstream (where
sampling occurred) in response to high upstream (where sampling did not occur) fry densities or
flows, then responses of total juveniles to spawners, flow, and the landscape will differ from
responses of habitat occupancy. Second, our study examined patterns at the scale of the
landscape. Recovery planning should account for additional, localized factors specific to current
or prospective restoration sites when prioritizing sites for restoration or in maintaining fry

presence on them. Third, we examined fry and not later juvenile stages (e.g., smolts). This was a
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practical decision that allowed us to infer we were assessing habitat occupancy in lower portions
of the watershed by naturally spawned fish, although other life stages (e.g., parr, yearlings) also
rely on functional habitats, are important in the legacy of the stock, and may experience different
constraints on habitat use. Fourth, fry spawned in-river may be the offspring of hatchery-origin
fish and/or have significant hatchery-origin ancestry. Hatchery fish in the Central Valley are
increasingly raised to ocean-ready smolts, potentially reducing selective pressures on juvenile
freshwater stages (Huber and Carlson 2015). Lineages retaining greater adaptation to the
freshwater stage may therefore realize greater, more immediate benefits of restoration. Fifth, we
incompletely understand how improving habitat experiences in the juvenile freshwater stage will
ultimately influence survival at later stages. However, viable freshwater habitats may dampen
stress in marine stages, for example by allowing greater growth in the watershed that presumably
reduces predation risk at sea (Woodson et al. 2013, Munsch et al. 2019) or allowing juveniles to
rear longer and enter the ocean after seasonal prey blooms (Satterthwaite et al. 2014).
Additionally, higher flows during adult returns are associated with lower straying rates (i.e.,
returns to non-natal rivers) (Sturrock et al. 2019). Sixth, our conceptualization of the system did
not consider interactions between some factors. For instance, low flows during severe drought
may create competition within the juvenile stage, modifying the influence of spawners on habitat
occupancy. These complexities were beyond the scope of this paper, but offer further research
avenues.

Salmon appear poised to benefit from ecosystem-based approaches. For example,
researchers in the Columbia River Basin studied the life history of a depressed salmon
population and their interactions with regulated flow. They developed a “Fish-Water-

Management-Tool” that minimized egg and juvenile mortality and fisheries managers
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simultaneously increased escapement goals. In the years that followed, returns of naturally-
spawned adults increased considerably (Lichatowich et al. 2018). Similar benefits to more
holistically evaluating potential responses of salmon to management decisions are evident in
other systems (e.g., Scheuerell et al. 2006, Battin et al. 2007). More broadly, integrating work
like ours on ecosystem considerations in the watershed with ecosystem-based fisheries
management efforts in the ocean (Wells et al. 2020) and efforts like integrated ecosystem
assessments (Levin et al. 2009) may facilitate linkages across marine and freshwater stages. For
example, water management may prioritize desirable flow conditions to increase juvenile
survival in the watershed and fisheries management may protect marine species that buffer
subadult salmon from predation at sea. Ecosystem perspectives also stand to facilitate
management of other species: enhancing the natural productivity of salmon may benefit the
many species that prey on salmon or assimilate their nutrients (Quinn 2018). Overall, as
integrative research and management programs are reaching maturity, there is promise in moving
toward coordinated, ecosystem-based decisions that benefit salmon (Hare et al. 2019).
Ecosystem-based approaches may enable managers to address environmental imperatives
within broader management scopes. Human dimensions are fundamental to decision-making and
ecosystem-based approaches incorporate human dimensions by coordinating across multiple
managers and stakeholders (Carwardine et al. 2018, Hare et al. 2019) and appreciating that
perceptions of desirable ecosystem states will vary (Ingeman et al. 2019). Addressing a diversity
of needs is feasible. Actions that benefit fisheries can benefit people directly or at least not
interfere with other human use needs. For example, floodplain restoration can increase fish
habitat and protect property from floods and designed flow regimes can protect native species

without compromising water security (Chen and Olden 2017). Additionally, many ecological
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relationships, including those involving salmon, are governed by nonlinearities and thresholds
(Munsch et al. in Review). As exemplified by our results, nonlinearities (e.g., fry habitat use vs.
flow, fry production vs. escapement) may allow managers to optimize for fish benefits and
human use needs of particular systems to achieve more efficient or effective outcomes. More
broadly, many management decisions require optimizing across competing goals, but can be
made more efficiently by clarifying their underlying cultural, ecological, and economic trade-
offs (Mangel and Dowling 2016, Burgess et al. 2018). Decision support tools that integrate
across management realms may therefore be conducive to improving real-world decisions that
benefit fish and people collectively.

In conclusion, there is potential to realize greater watershed habitat function in the
Central Valley by increasing reproduction, enhancing flow conditions, and restoring habitats,
especially in areas frequented by juveniles. Ideally, this approach would enable many juveniles
to spread across a long juvenile rearing window and a landscape of viable habitats across the
watershed, ultimately supporting a more abundant and stable fish population. Fisheries, water,
and habitat are managed by separate authorities. Coordinating management realms, as informed
quantitatively by our findings, may increase the benefits of their individual efforts. Indeed, many
fisheries experience cumulative stressors, and a more integrated approach to relieve multiple
stressors at key life stages may enhance recovery efforts (Lichatowich et al. 2018). That
spawners and flow appeared to disproportionately increase productivity up to intermediate levels
suggests opportunities for “satisficing” (De Lara et al. 2015) fisheries and water managers
seeking to improve natural productivity of salmon while meeting other human needs. In many
locations, people are struggling to balance conflicting demands (e.g., agriculture, hydropower,

land development, fisheries) as they develop watersheds yet remain dependent on fisheries
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produced by viable watersheds (e.g., Sabo et al. 2017). Research and management in other
systems may consider a multifaceted approach similar to the framework we offer to synergize

conservation of fish in stressed watersheds worldwide.

Acknowledgements

We thank the US Bureau of Reclamation (Interagency Agreement R12PG20200) for
funding this study, the Interagency Ecological Program for funding the fish monitoring, Eric M.
Danner, Sean A. Hayes, Nathan J. Mantua, Brian Mahardja, Bryan G. Matthias, Andrew O.
Shelton, Anna M. Sturrock, and an anonymous reviewer for conversations and critiques that
improved the manuscript, Oleksandr Stefankiv for creating our maps, and the many people that

collected the data that enabled this study.

References

1. Armstrong, J. B., Takimoto, G. T., Schindler, D. E., Hayes, M. M., and Kauffman, M. J.

2016. Resource waves: phenological diversity enhances foraging opportunities for mobile

consumers. Ecology. doi: 10.1890/15-0554
2. Battin, J., Wiley, M. W., Ruckelshaus, M. H., Palmer, R. N., Korb, E., Bartz, K. K., &
Imaki, H. 2007. Projected impacts of climate change on salmon habitat

restoration. Proceedings of the National Academy of Sciences, 104(16), 6720-6725.

3. Bellinger, M. R., Banks, M. A., Bates, S. J., Crandall, E. D., Garza, J. C., Sylvia, G., and

Lawson, P. W. 2015. Geo-referenced, abundance calibrated ocean distribution of

2
https://mc06.manuscr%tcentraI.com/cjfas-pubs

Page 22 of 69



Page 23 of 69 Canadian Journal of Fisheries and Aquatic Sciences

Fisheries, flow, restoration

500 Chinook salmon (Oncorhynchus tshawytscha) stocks across the West Coast of North
501 America. PLoS ONE, 10(7), e0131276. doi: 10.1371/journal.pone.0131276

502

503 4. Burgess, M. G., Clemence, M., McDermott, G. R., Costello, C., & Gaines, S. D. 2018.
504 Five rules for pragmatic blue growth. Marine Policy, 87, 331-339.

505

506 5. California HSRG (Hatchery Scientific Review Group). 2012. California hatchery review
507 report. U.S. Fish and Wildlife Service, Pacific States Marine Fisheries Commission.

508 Available: http://cahatcheryreview.com/reports/

509

510 6. Carwardine, J., Martin, T. G., Firn, J., Reyes, R. P., Nicol, S., Reeson, A., ... & Chadg¢s, I.
511 2019. Priority Threat Management for biodiversity conservation: A handbook. Journal of
512 Applied Ecology, 56(2), 481-490.

513

514 7. Chasco, B. E., Kaplan, I. C., Thomas, A. C., Acevedo-Gutiérrez, A., Noren, D. P., Ford,
515 M. J., ... Shelton, A. O. 2017. Competing tradeoffs between increasing marine mammal
516 predation and fisheries harvest of Chinook salmon. Scientific Reports, 7(1), 15439.

517 doi:10.1038/s41598-017-14984-8

518

519 8. Chen, W., & Olden, J. D. 2017. Designing flows to resolve human and environmental
520 water needs in a dam-regulated river. Nature Communications, 8(1), 1-10.

521

https://mc06.manuscr%%centraI.com/cjfas-pubs


http://cahatcheryreview.com/reports/

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

Canadian Journal of Fisheries and Aquatic Sciences

Fisheries, flow, restoration

9.

10.

1.

12.

13.

Cloern, J. E., and Jassby, A. D. 2012. Drivers of change in estuarine-coastal ecosystems:

Discoveries from four decades of study in San Francisco Bay. Reviews of Geophysics,

50(4). doi: 10.1029/2012RG000397

Close, D. A., Fitzpatrick, M. S., and Li, H. W. 2002. The ecological and cultural
importance of a species at risk of extinction, Pacific lamprey. Fisheries, 27(7), 19-25.

doi: 10.1577/1548-8446(2002)027<0019: TEACIO>2.0.CO;2

Crozier, L. G., McClure, M. M., Beechie, T., Bograd, S. J., Boughton, D. A., Carr, M., ...
and Hazen, E. L. 2019. Climate vulnerability assessment for Pacific salmon and steelhead
in the California Current Large Marine Ecosystem. PLoS ONE, 14(7) €0217711. doi:

10.1371/journal.pone.0217711

Danner, E. M., Melton, F. S., Pike, A., Hashimoto, H., Michaelis, A., Rajagopalan, B., ...
and Nemani, R. R. 2012. River temperature forecasting: A coupled-modeling framework
for management of river habitat. I[EEE Journal of Selected Topics in Applied Earth
Observations and Remote Sensing, 5(6), 1752-1760. doi:

10.1109/JSTARS.2012.2229968

De Lara, M., Martinet, V., & Doyen, L. 2015. Satisficing versus optimality: criteria for

sustainability. Bulletin of Mathematical Biology 77:281-297.

4
https://mc06.manuscr%tcentraI.com/cjfas-pubs

Page 24 of 69



Page 25 of 69 Canadian Journal of Fisheries and Aquatic Sciences

Fisheries, flow, restoration

545 14. Demetras, N.J., Huff, D.D., Michel, C.J., Smith, .M., Cutter, G.R., Hayes, S.A. and

546 Lindley, S.T. 2017. Development of underwater recorders to quantify predation of

547 juvenile Chinook salmon (Oncorhynchus tshawytscha) in a river environment. Fishery
548 Bulletin 114:179-185.

549

550 15. Diffenbaugh, N. S., Swain, D. L., and Touma, D. 2015. Anthropogenic warming has

551 increased drought risk in California. Proceedings of the National Academy of Sciences,
552 112(13), 3931-3936. doi: 10.1973/pnas.1422385112

553

554 16. Esri. "World Imagery" [basemap]. Scale Not Given.

555 "World Imagery Map". 2019. https://www.arcgis.com/home/item.html?id=10d2279{968
556 4e4a9t6a7f08febac2a9. (October 1, 2019).

557

558 17. Falcy, M. R. (2015). Density-dependent habitat selection of spawning Chinook salmon:
559 broad-scale evidence and implications. Journal of Animal Ecology, 84(2), 545-553.

560

561 18. Friedman, W. R., Martin, B. T., Wells, B. K., Warzybok, P., Michel, C. J., Danner, E. M.,
562 and Lindley, S. T. 2019. Modeling composite effects of marine and freshwater processes
563 on migratory species. Ecosphere, 10(7), €02743.

564

565 19. Garman, G. C. 1992. Fate and potential significance of postspawning anadromous fish
566 carcasses in an Atlantic coastal river. Transactions of the American Fisheries Society,
567 121(3), 390-394. doi: 10.1577/1548-8659(1992)121<0390:FAPSOP>2.3.CO;2

568

https://mc06.manuscr%?centraI.com/cjfas-pubs


https://www.arcgis.com/home/item.html?id=10df2279f9684e4a9f6a7f08febac2a9
https://www.arcgis.com/home/item.html?id=10df2279f9684e4a9f6a7f08febac2a9

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

Canadian Journal of Fisheries and Aquatic Sciences Page 26 of 69

Fisheries, flow, restoration

20.

21.

22.

23.

24.

25.

Greene, C. M., Hall, J. E., Guilbault, K. R., and Quinn, T. P. 2009. Improved viability of
populations with diverse life-history portfolios. Biology Letters, 6(3), 382-386. doi:

10.1098/rsbl.2009.0780

Gregory, R. S., & Levings, C. D. 1998. Turbidity reduces predation on migrating juvenile

Pacific salmon. Transactions of the American Fisheries Society, 127(2), 275-285.

Gustafson, R. G., Waples, R. S., Myers, J. M., Weitkamp, L. A., Bryant, G. J., Johnson,
O. W., and Hard, J. J. 2007. Pacific salmon extinctions: quantifying lost and remaining
diversity. Conservation Biology, 21(4), 1009-1020. doi: 10.1111/5.1523-

1739.2007.00693.x

Hare, J. A., Kocik, J. F., & Link, J. S. 2019. Atlantic Salmon Recovery Informing and

Informed by Ecosystem-Based Fisheries Management. Fisheries, 44(9), 403-411.

Ingeman, K. E., Samhouri, J. F., & Stier, A. C. 2019. Ocean recoveries for tomorrow’s

Earth: Hitting a moving target. Science, 363(6425), eaav1004.

Johnson, R. C., Weber, P. K., Wikert, J. D., Workman, M. L., MacFarlane, R. B., Grove,
M. J., and Schmitt, A. K. 2012. Managed metapopulations: do salmon hatchery ‘sources’
lead to in-river ‘sinks’ in conservation? PLoS ONE, 7(2), ¢28880.

10.1371/journal.pone.0028880

https://mc06.manuscr%t6centraI.com/cjfas-pubs



Page 27 of 69 Canadian Journal of Fisheries and Aquatic Sciences

Fisheries, flow, restoration

592 26. Johnson, R. C. and Lindley, S. T. 2016. Central Valley recovery domain. Viability

593 assessment for Pacific salmon and steelhead listed under the Endangered Species Act:
594 Southwest. US Department of Commerce, NOAA Technical Memorandum NMFS-
595 SWFSC-564. p, 83-108. doi: 10.7289/V5/TM-SWFSC-564

596

597 27. Levin, P. S., Fogarty, M. J., Murawski, S. A., & Fluharty, D. 2009. Integrated ecosystem
598 assessments: developing the scientific basis for ecosystem-based management of the
599 ocean. PLoS Biology, 7(1).

600

601 28. Lichatowich, J., R. Williams, B. Bakke, J Myron, D. Bella, B. McMillan, J. Stanford, D.
602 Montgomery, K. Beardslee and N. Gayeski. 2018. Wild Pacific Salmon: A Threatened
603 Legacy. Bemis Printing, St. Helens, OR

604

605 29. Limburg, K. E., and Waldman, J. R. 2009. Dramatic declines in North Atlantic

606 diadromous fishes. BioScience, 59(11), 955-965. doi: 10.1525/b10.2009.59.11.7

607

608 30. Lindley, S.T., Grimes, C.B., Mohr, M.S., Peterson, W., Stein, J., Anderson, J.T.,

609 Botsford, L.W., Bottom, D.L., Busack, C.A., Collier, T.K., Ferguson, J., Garza, J.C.,
610 Grover, A.M., Hankin, D.G., Kope, R.G., Lawson, P.W., Low, A., MacFarlane, R.B.,
611 Moore, K., Palmer-Zwahlen, M., Schwing, F.B., Smith, J., Tracy, C., Webb, R., Wells,
612 B.K., and Williams, T.H. 2009. What caused the Sacramento River fall Chinook stock
613 collapse? NOAA Tech. Memo. NOAA-TM-NMFS-SWFSC-447. Available:

614 https://repository.library.noaa.gov/view/noaa/3664/noaa_3664_DS1.pdf

https://mc06.manuscr%t7centraI.com/cjfas-pubs


https://repository.library.noaa.gov/view/noaa/3664/noaa_3664_DS1.pdf

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

Canadian Journal of Fisheries and Aquatic Sciences Page 28 of 69

Fisheries, flow, restoration

31.

32.

33.

34.

35.

Link, J. 2010. Ecosystem-based fisheries management: confronting tradeoffs. Cambridge

University Press, United Kingdom.

Mangel, M., and Dowling, N. A. 2016. Reference points for optimal yield: a framework
for assessing economic, conservation, and sociocultural tradeoffs in ecosystem-based

fishery management. Coastal Management, 44(5), 517-528.

Mann, M. E., and Gleick, P. H. 2015. Climate change and California drought in the 21st
century. Proceedings of the National Academy of Sciences, 112(13), 3858-3859. doi:

10.1073/pnas.1503667112

Michel, C. J., Ammann, A. J., Lindley, S. T., Sandstrom, P. T., Chapman, E. D., Thomas,
M. J., ... and MacFarlane, R. B. 2015. Chinook salmon outmigration survival in wet and
dry years in California’s Sacramento River. Canadian Journal of Fisheries and Aquatic

Sciences, 72(11), 1749-1759. doi: 10.1139/cjfas-2014-0528

Michel, C. J. 2018. Decoupling outmigration from marine survival indicates outsized
influence of streamflow on cohort success for California’s Chinook salmon populations.
Canadian Journal of Fisheries and Aquatic Sciences, (999), 1-13. doi: 10.1139/cjfas-

2018-0140

https://mc06.manuscr%?centraI.com/cjfas-pubs



Page 29 of 69 Canadian Journal of Fisheries and Aquatic Sciences

Fisheries, flow, restoration

637 36. Montgomery, D. R. 2003. King of fish: the thousand-year run of salmon. Westview

638 Press. Boulder, CO, USA.

639

640 37. Munsch, S. H., Cordell, J. R., and Toft, J. D. 2016. Fine-scale habitat use and behavior of
641 a nearshore fish community: nursery functions, predation avoidance, and spatiotemporal
642 habitat partitioning. Marine Ecology Progress Series, 557, 1-15. doi: 10.3354/meps11862
643

644 38. Munsch, S. H., Greene, C. M., Johnson, R. C., Satterthwaite, W. H., Imaki, H., and

645 Brandes, P. L. 2019. Warm, dry winters truncate timing and size distribution of

646 seaward-migrating salmon across a large, regulated watershed. Ecological Applications,
647 29(4), e01880. doi: 10.1002/eap.1880

648

649 39. Nehlsen, W., Williams, J. E., and Lichatowich, J. A. 1991. Pacific salmon at the

650 crossroads: stocks at risk from California, Oregon, Idaho, and Washington. Fisheries,
651 16(2), 4-21. doi: 10.1577/1548-8446(1991)016<0004:PSATCS>2.0.CO;2

652

653 40. NOAA. 2019a. https://www.fisheries.noaa.gov/feature-story/fisheries-economics-united-
654 states-2015

655

656 41. NOAA. 2019b.

657 https://www.westcoast.fisheries.noaa.gov/maps_data/Species Maps_Data.html

658

https://mc06.manuscr%t9centraI.com/cjfas-pubs


https://www.fisheries.noaa.gov/feature-story/fisheries-economics-united-states-2015
https://www.fisheries.noaa.gov/feature-story/fisheries-economics-united-states-2015
https://www.westcoast.fisheries.noaa.gov/maps_data/Species_Maps_Data.html

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

Canadian Journal of Fisheries and Aquatic Sciences Page 30 of 69

Fisheries, flow, restoration

42.

43.

44,

45.

46.

Pacific Fishery Management Council (PFMC). 2019a. Review of 2018 Ocean Salmon
Fisheries: Stock Assessment and Fishery Evaluation Document for the Pacific Coast
Salmon Fishery Management Plan. Pacific Fishery Management Council, 7700 NE

Ambassador Place, Suite 101, Portland, Oregon 97220

Pacific Fishery Management Council (PFMC). 2019b. Preseason Report I: Stock
Abundance Analysis and Environmental Assessment Part 1 for 2019 Ocean Salmon
Fishery Regulations. (Document prepared for the Council and its advisory entities.)
Pacific Fishery Management Council, 7700 NE Ambassador Place, Suite 101, Portland,

Oregon 97220-1384

Pacific Fishery Management Council (PFMC). 2019c. Salmon Rebuilding Plan for
Sacramento River Fall Chinook. Pacific Fishery Management Council, 7700 NE
Ambassador Place, Suite 101, Portland, Oregon 97220-1384. Available:

https://www.pcouncil.org/documents/2019/07/sacramento-river-fall-chinook-salmon-

rebuilding-plan-regulatory-identifier-number-0648-bi04-july-2019.pdf/

Pikitch, E. K., Santora, C., Babcock, E. A., Bakun, A., Bonfil, R., Conover, D. O., ... &

Houde, E. D. 2004. Ecosystem-based fishery management. Science 305 (5682), 346-347

Quinn, T. P. 2018. The behavior and ecology of Pacific salmon and trout. University of

Washington Press, Seattle, Washington, USA.

https://mc06.manuscri%(t)centraI.com/cjfas-pubs


https://www.pcouncil.org/documents/2019/07/sacramento-river-fall-chinook-salmon-rebuilding-plan-regulatory-identifier-number-0648-bi04-july-2019.pdf/
https://www.pcouncil.org/documents/2019/07/sacramento-river-fall-chinook-salmon-rebuilding-plan-regulatory-identifier-number-0648-bi04-july-2019.pdf/

Page 31 of 69

682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703

704

Canadian Journal of Fisheries and Aquatic Sciences

Fisheries, flow, restoration

47.

48.

49.

50.

51.

Sabo, J. L., Ruhi, A., Holtgrieve, G. W., Elliott, V., Arias, M. E., Ngor, P. B, ... and
Nam, S. 2017. Designing river flows to improve food security futures in the Lower

Mekong Basin. Science, 358(6368), eaaol053.

Satterthwaite, W. H., Carlson, S. M., Allen-Moran, S. D., Vincenzi, S., Bograd, S. J., &
Wells, B. K. (2014). Match-mismatch dynamics and the relationship between ocean-entry
timing and relative ocean recoveries of Central Valley fall run Chinook salmon. Marine

Ecology Progress Series, 511, 237-248.

Satterthwaite, W. H., Ciancio, J., Crandall, E., Palmer-Zwahlen, M. L., Grover, A. M.,
O’Farrell, M. R., ... and Garza, J. C. 2015. Stock composition and ocean spatial
distribution inference from California recreational Chinook salmon fisheries using
genetic stock identification. Fisheries Research, 170, 166-178. doi:

10.1016/;.fishres.2015.06.001

Scheuerell, M. D., Hilborn, R., Ruckelshaus, M. H., Bartz, K. K., Lagueux, K. M., Haas,
A. D., & Rawson, K. 2006. The Shiraz model: a tool for incorporating anthropogenic
effects and fish—habitat relationships in conservation planning. Canadian Journal of

Fisheries and Aquatic Sciences, 63(7), 1596-1607.
Schindler, D. E., Hilborn, R., Chasco, B., Boatright, C. P., Quinn, T. P., Rogers, L. A.,

and Webster, M. S. 2010. Population diversity and the portfolio effect in an exploited

species. Nature, 465(7298), 609. doi: 10.1038/nature09060

1
https://mc06.manuscri%tcentraI.com/cjfas-pubs



705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724
725

726

727

728

Canadian Journal of Fisheries and Aquatic Sciences Page 32 of 69

Fisheries, flow, restoration

52.

53.

54.

55.

56.

57.

Simenstad, C. A., Fresh, K. L., and Salo, E. O. 1982. The role of Puget Sound and
Washington coastal estuaries in the life history of Pacific salmon: an unappreciated

function. In Estuarine Comparisons (pp. 343-364). Academic Press.

Simenstad, C. A., and Cordell, J. R. 2000. Ecological assessment criteria for restoring
anadromous salmonid habitat in Pacific Northwest estuaries. Ecological Engineering,

15(3-4), 283-302. doi: 10.1016/S0925-8574(00)00082-3

Sturrock, A.M., Carlson, S.M., Wikert, J.D., Heyne, T. Nussl¢, S., Merz, J.E., Sturrock,
H.J.W., Johnson. R.C. 2019. Unnatural selection of salmon life histories in a modified

riverscape. Global Change Biology DOI: 10.1111/gcb.14896

Swart, B. 2016. Shasta Operations Temperature Compliance Memo. Pages 1-16 in

National Marine Fisheries Service, editor.

USDA. 2012.

https://www.nass.usda.gov/Publications/AgCensus/2012/Full Report/Volume 1., Chapte

r 2 US State Level/st99 2 001 001.pdf

U.S. Geological Survey. 2019. National Hydrography Dataset

(1:100,000). https://www.usgs.gov/core-science-systems/ngp/national-

hydrography/access-national-hydrography-products. (October 1, 2019)

2
https://mc06.manuscri%tcentraI.com/cjfas-pubs


https://www.nass.usda.gov/Publications/AgCensus/2012/Full_Report/Volume_1,_Chapter_2_US_State_Level/st99_2_001_001.pdf
https://www.nass.usda.gov/Publications/AgCensus/2012/Full_Report/Volume_1,_Chapter_2_US_State_Level/st99_2_001_001.pdf
https://www.usgs.gov/core-science-systems/ngp/national-hydrography/access-national-hydrography-products
https://www.usgs.gov/core-science-systems/ngp/national-hydrography/access-national-hydrography-products

Page 33 of 69

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

Canadian Journal of Fisheries and Aquatic Sciences

Fisheries, flow, restoration

58.

59.

60.

61

62.

Wells, B., Huff, D. D., Burke, B. J., Brodeur, R. D., Santora, J. A., Field, J. C., ... &
Lindley, S. T. Implementing ecosystem-based management principles in the design of a

salmon ocean ecology program. Frontiers in Marine Science, 7, 342.

Whipple, A.A., Grossinger, R.M., Rankin, D., Stanford, B., Askevold, R.A. 2012.
Sacramento San Joaquin delta historical ecology investigation: exploring pattern and
process. Prepared for the California Department of Fish and Game and Ecosystem
Restoration Program. A Report of SFEI-ASC’s Historical Ecology Program, Publication

#672, San Francisco Estuary Institute-Aquatic Science Center, Richmond, CA.

White House. 2018. https://www.whitehouse.gov/presidential-actions/presidential-

memorandum-promoting-reliable-supply-delivery-water-west/

. Willmes, M., Hobbs, J. A., Sturrock, A. M., Bess, Z., Lewis, L. S., Glessner, J. J., ... and

Kindopp, J. 2018. Fishery collapse, recovery, and the cryptic decline of wild salmon on a
major California river. Canadian Journal of Fisheries and Aquatic Sciences, 75(11),

1836-1848. doi: 10.1139/cjtas-2017-0273

Woodson, L. E., Wells, B. K., Weber, P. K., MacFarlane, R. B., Whitman, G. E., &
Johnson, R. C. 2013. Size, growth, and origin-dependent mortality of juvenile Chinook
salmon Oncorhynchus tshawytscha during early ocean residence. Marine Ecology

Progress Series, 487, 163-175.

https://mc06.manuscri%%centraI.com/cjfas-pubs


https://www.whitehouse.gov/presidential-actions/presidential-memorandum-promoting-reliable-supply-delivery-water-west/
https://www.whitehouse.gov/presidential-actions/presidential-memorandum-promoting-reliable-supply-delivery-water-west/

752

753

754

755

756

757

758

759

760

761

Canadian Journal of Fisheries and Aquatic Sciences

Fisheries, flow, restoration

63. Yoshiyama, R. M., Fisher, F. W., and Moyle, P. B. 1998. Historical abundance and
decline of Chinook salmon in the Central Valley region of California. North American

Journal of Fisheries Management, 18(3), 487-521. doi: 10.1577/1548-

8675(1998)018<0487:HAADOC>2.0.CO;2

64. Zarri, L. J., Danner, E. M., Daniels, M. E., and Palkovacs, E. P. 2019. Managing
hydropower dam releases for water users and imperiled fishes with contrasting thermal

habitat requirements. Journal of Applied Ecology, 56, 2423-2430. doi: 10.1111/1365-

2664.13478

4
https://mc06.manuscri%tcentraI.com/cjfas-pubs

Page 34 of 69



Page 35 of 69

762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783

784

Canadian Journal of Fisheries and Aquatic Sciences

Fisheries, flow, restoration

Figure Legends

Figure 1. Locations of fry sampling and USGS flow gages (Sacramento: 11447650 and San
Joaquin: 11303500). Symbols of fry sampling sites reflect delineations into Sacramento River,
Delta, and San Francisco Bay regions. The Sacramento River runs along the blue line. Distances
downstream in the Bay are measured relative to Middle Ground Island. Map was created using
ArcGIS® software by Esri. ArcGIS® and ArcMap™ are the intellectual property of Esri and are
used herein under license. Copyright © Esri. All rights reserved. Base Map Sources: Esri,
DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP,

swisstopo, and the GIS User Community. Hydrography Sources: USGS.

Figure 2. Flow conditions in the Sacramento River Dec. — May, 1999 — 2016. Colors indicate
water availability classification. Dashed line indicates median. Left: Conditions across individual
years. Center: Smoothed histogram of all flow values for each water availability classification.
Right: Percentage of days among water availability classifications when flows exceeded 500

m/s3, a value below which fry presence fell rapidly.

Figure 3. Model output describing presence (top, blue) and catch when present (bottom, purple)

of Chinook salmon fry in the Central Valley. Shading indicates 95% credible intervals.
Figure 4. Annual fry density index compared to spawner abundances and flow overlaid with

predictions from model describing relationship among these variables. These models are

parameterized by a Beverton-Holt and Ricker stock-recruitment relationships and a linear effect

https://mc06.manuscri%?centraI.com/cjfas-pubs



785

786

787

788

789

790

791

792

793

794

795

796

797

798

Canadian Journal of Fisheries and Aquatic Sciences Page 36 of 69

Fisheries, flow, restoration

of log-transformed flow. The thick, solid line indicates the median value of median log-
transformed flow across all years. We show predictions from these top two models because AICs

indicated they fit the data similarly well.

Figure 5. Probability of fry presence (top two rows) and catches (bottom rows) predicted across
different levels of spawners and 30 day flow means in select current and planned restoration
sites. We selected these sites to show variation in influence of landscape on fry presence. Models
predicted fish responses according to one variable (i.e., spawners, 30 day flow mean, range, or
landscape) while holding the other variables at their means, and for January 10, a day of year that
corresponded to typical seasonal fish presence (Fig. 3). Map was created using ArcGIS®
software by Esri. ArcGIS® and ArcMap™ are the intellectual property of Esri and are used
herein under license. Copyright © Esri. All rights reserved. Base Map Sources: Esri,
DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP,

swisstopo, and the GIS User Community. Hydrography Sources: USGS.
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Appendix Al
Assembling data and summarizing metrics

We assembled data describing the abundance and distribution of juvenile salmon, adult
salmon, and water quality in the Central Valley. Juvenile salmon abundances and distributions
were described by the U.S. Fish and Wildlife Service’s (USFWS) Juvenile Fish Monitoring
Program (Mahardja et al. 2019). USFWS monitors waters throughout the Central Valley by
beach seining for fish. Beach seining involves researchers deploying a net to capture fish in
shallows adjacent to shore, and it targets the fry life stage of salmon, which occurs shortly after
salmon hatch and emerge from gravel. USFWS conducts several hundred beach seine hauls per
year. Abundances of adult salmon were described by the California Department of Fish and

Wildlife’s GrandTab dataset (https://www.wildlife.ca.gov/Conservation/Fishes/Chinook-

Salmon/Anadromous-Assessment). This program estimates annual abundances of spawning fish

by compiling abundance estimates and counts from stream surveys. We used in-river population
estimates from the Sacramento River system, and excluded fish used in hatchery broodstocks.
Finally, water flow was described by U.S. Geological Survey stream gages on the Sacramento
and San Joaquin River main stems (gages 11447650 and 11303500, respectively:

https://waterdata.usgs.gov/usa/nwis/uv?site no=11447650;

https://waterdata.usgs.gov/nwis/uv?site_no=11303500). Given the Delta’s complex network,

there are many ways to measure its flow into the Bay. We elected to use a relatively simple
measure summing flows from gages on the Sacramento and San Joaquin River main stems
because (1) other measures such as the Net Delta Outflow Index

(https://water.ca.gov/Programs/Environmental-Services/Compliance-Monitoring-And-

Assessment/Dayflow-Data) are highly correlated (r>= 0.92 during our study’s time window) with

1
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the gage measurements we presented in the main text, meaning that this choice did not
substantially affect our statistical findings or their interpretations and (2) this allowed us to
maintain a consistent approach of using direct gage measurements among the three regions
(Sacramento River, Delta, Bay). Thus, we could use these data to understand how flow, spawner
abundances, and landscape setting govern the presence and abundance of juveniles throughout
the Sacramento River, Delta, and Bay.

To prepare data for analyses related to habitat connectivity, we described the locations of
observations relative to the landscape. We delineated the watershed into three regions: the
Sacramento River (i.e., the river upstream of the Delta), the Delta (which includes a lower
portion of the Sacramento River), and Bay (Fig. 1), and analyzed landscape effects in the Delta
and Bay. We conceptualized the networked, channelized landscape of the Delta according to two
axes: distance downstream and distance off-main stem of the Sacramento River. Distance off the
main stem was described by in-water distances from a site to the Sacramento River main stem
using the shortest path. This uses the Sacramento River main stem as a landmark of minimum
distance off the main stem. Distance downstream was calculated by the shortest path from the
Sacramento River mouth to a site (i.e., a measure of distance upstream). Its z score was then
multiplied by -1 to calculate a measure of distance downstream so that is was a metric describing
distances going toward the river mouth. This allowed its representation to be consistent with
other landscape metrics that described sites in terms of increasing distances from the upper river
reaches of accessible habitat toward the ocean. This effectively uses the Delta site closest to the
Bay as a landmark of maximum distance downstream. In reality, the Delta’s network of channels
and directional flows connecting various shorelines present fish with a more complex route from

the upper Sacramento to the Bay at the local scale. However, at our study’s focal scale of the

2
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landscape, our landscape measurement approach resulted in clear gradients across the Delta
consistent with our conceptualization of measuring distance relative to the ocean and off the
main stem (Fig. A1), and we refer to “downstream” and “off main stem” in the main text for
simplicity. The Delta is also fed by the San Joaquin River, but our preliminary analyses indicated
that gradients of fish abundances in the Delta were predominantly driven by the Sacramento
River. That is, the juvenile salmon entering the Delta are primarily spawned in the Sacramento
River (consistent with current understanding of the system: Carlson and Satterthwaite, 2011), so
our conceptualization of the Delta’s landscape was georeferenced relative to the Sacramento
River. This required us to remove observations from a small number of sites within the Delta
along the San Joaquin River main stem because, due to the influence of the San Joaquin River on
fish presence, observations at these sites were inconsistent with our conceptual landscape
georeferenced by the Sacramento River. In the Bay, which is much less channelized than the
Delta, we conceptualized the landscape according to one axis: distance away from the
Sacramento River mouth (defined at Middle Ground Island) and toward the ocean, also using in-
water distances. Thus, we describe the landscape in the Delta as downstream and off of the
Sacramento River main stem and the landscape in the Bay as away from the Sacramento River
mouth.

We pre-processed the data before analyses so that our comparisons more directly
matched our hypotheses about the ecology of the system. First we limited analyses to the period
between December and May when juveniles were present (Munsch et al., 2019). Second, we
examined only those fish we defined as fry (< 55 mm). This was advantageous because (1)
juvenile salmon use nearshore habitats differently as they develop (e.g., Munsch et al., 2016) and

examining only the fry life history stage may reduce variations in habitat use not attributable to

https://mc06.manuscrigtcentral.com/cjfas-pubs



Page 45 of 69

70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90

91

Canadian Journal of Fisheries and Aquatic Sciences

our focal hypotheses and (2) hatcheries release a substantial number of unmarked juvenile
salmon. However, beginning in 1999, hatcheries almost ceased releasing salmon under 55 mm
(Fig. A2), allowing us to infer that fish observed beginning in 1999 and less than 55 mm long
were naturally spawned. We could then examine relationships between naturally spawning fish
and juveniles <55 mm from 1999 - present with confidence that juvenile hatchery production
was not substantially confounding our findings. Third, we described annual abundances of adult
spawners excluding the Late Fall life history. This was appropriate because Late Fall juveniles
rear upstream longer than other life histories and were therefore unlikely to be among our focal
fish that were less than 55 mm long (Williams, 2006). We note that because spawner abundances
are dominated by the Fall Run, this adjustment was unlikely to drastically affect our statistical
findings. Fourth, to describe dynamic flow conditions within seasons, we summarized flow using
30 day running averages to capture long term effects of flow and, following Sturrock et al.
(2019), 7 day ranges to capture short term effects of flow pulses. Fifth, we rounded (z-scored)
flow variables to the nearest single decimal place so that its nonlinear effect on fry could be
described by random walks (that often operate on discrete data), INLA’s approach to
parameterizing nonlinear functions (R-INLA.org). Parameters input into models are defined in

Table Al.

Analysis
Our general approach was to use statistical models to quantify the influence of spawners,
flow, and landscape on fry catches. Then, using the location of potential restoration sites within

the landscape, we estimated fry catches at restoration sites depending on spawner and flow

4
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levels. We define metrics and their representations as variables in models in Tables A1 and A2,
respectively.

We modeled the random variable fry catch Y and its realization y; ¢y,mw from
observations i on date 7 (with dates for each water year indexed beginning on December 1 and
ending May 31) in years with spawner counts s, 30 day flow mean in the Sacramento River v (for
sites in the Sacramento River and Delta regions), 7 day flow range in the Sacramento River z, at
site m in water year w (water years begin on October 1, which allows the term water year to
describe continuous periods of annual fry presence from December to May) using a negative
binomial hurdle model with probability of observing at least one fry z, the expected fry counts

conditional on seeing at least one fry p, and a parameter defining overdispersion in variance k as

Pr(yitspzmw = x)[l(;.ni,t,s,v,z,nSW( ' ) 11;x =0
itsv,zmw) I\ YVitsvzmw ifx>0
where
IWitswzmw) = Prltitspzmmwk] = ZeroTruncNegBinom(tssv,zmw k)
Elitsvzmwl = Titsv,zmn Kt svzmw
Var(yiesvzmwl = Tt svzmw Bitsvamw(l + Rigsvzmw(l — Titsvzmw + K))
and

Logit[misvmw] = Yo+ Y1X1+Y2Xo +V3X3 4+ YV4Xy + VX5 + YeXg + V7X5Xo + f1(2) + f2(5) + f3(0) + f4(2) + ma + w,,
loglpitspmwl = Bo+ BiX1+ B2X3 + BaXa+ BaXs + f5(8) + fo(s) + f7(v) + fa(2) +m. +wy

me~ N(O, 05); wp~ N(O, 0%); me~ N(O, 0?); wg~ N(O, 05)

where X; and X, are binary variables describing whether an observation occurred in the Delta or
Bay, respectively (i.e., accounting for the effect of region by contrasting with the global

intercepts By and y, such that, when ; and B, equaled zero, the global intercept represented the
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effect of occurring in the Sacramento River region), Xj is the distance off of the main stem
(Delta sites only), X4 is the distance in downstream (Delta sites only), X5 is the distance away
from the Sacramento River mouth (Bay sites only), X¢ is flow (Bay sites only), and f(.) are
nonlinear functions parameterized in INLA as a second order random walk. That is, following
preliminary explorations examining for relationships between flow and fry, we parameterized
our model to quantify nonlinear effects of flow in the Sacramento River and Delta (f3 and f¢)
whereas our model quantified a linear effect of flow in the Bay (Yj) that interacted (Y7) with
distance from the Sacramento River mouth (Y’s). The linear interaction of flow and distance
away from the Sacramento River mouth in the Bay represented an effect of flow extending fresh
water (that fry appeared to prefer over saltwater) further seaward. The other nonlinear functions
represented seasonal rise and fall in fry presence (f; and fs) and potential density-dependent
effects of spawners on fry production (f, and fs). We used values of zero (i.e., means because
variables were z-scored) to describe landscape and flow variables that were not applicable to an
observation because they occurred in a region not described by that parameter. We modeled
catch when present only for the Sacramento River and Delta because presence in the Bay was
much lower than other regions, resulting in much fewer data points describing catch when
present to analyze.

Supplemental to these analyses, we showed the effects of spawners and flow on fry using
annual descriptors of spawners, flow, and fry that we related using commonly used stock-
recruitment functions. While this approach was not conducive to projecting habitat occupancy at
restored sites, it allowed us to encapsulate effects of spawners and flow on juvenile salmon
abundances in one visual, thus improving communication of our results to a diverse audience of

researchers, mangers, and stakeholders. Our general approach was to collapse many observations

https://mc06.manuscrip6tcentral.com/cjfas-pubs



138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

Canadian Journal of Fisheries and Aquatic Sciences Page 48 of 69

per year into annual indexes of fry densities, which we could then compare to spawner
abundances and flow. Fry density indexes were generated by fitting models that described
abundances in the Sacramento River and the Delta and measures of presence in the Bay among
years, while accounting for region-specific landscape variables and phenology associated with
individual sampling events. That is, density indexes were the expected number (count data) or
probability of presence of fry (presence/absence data) on a typical day of the year and in a
typical location within the landscape (Delta and Bay only). For fry in the Bay, we analyzed data
only in February to March, when the overwhelming majority of fry were observed, and did not
generate density indexes from 2007 or 2015 because, in these years the Bay’s shorelines were
sampled less than 30 times.

In the Sacramento River, we modeled the random variable fry counts Y and its realization
Yi,m from observations i on date # (with dates for each water year indexed beginning on
December 1 and ending May 31) at sites m with probability of observing at least one fry =, the
expected fry counts conditional on seeing at least one fry p, and a parameter defining

overdispersion in variance k as

1—1itm ifx=0
Pr(yiem = x){( T[i,t,rr;)‘g Wiem) ifx>0
where
9iem) = Prluicmk] = ZeroTruncNegBinom(u; ¢ m, k)
Elyitml = T m Hitm
Var[yitml = ;¢ m Biem(1 + Higm(1 — Tiem + k)
and

logit[ﬂi,t,m] =YXy + fl(t) +mg
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161 log [piem] = BuwXw+ f2(t) + my

162 mg~ N(0, 62); my~ N(0, o)

163 where X,, is a vector describing the water year w as a categorical variable, parameters V', and
164  p,, describe the presence/absence and abundance when present components, respectively, of
165  annual density indexes of juveniles in water year w, and f(.) are nonlinear functions

166  parameterized in INLA as a second order random walk (these effects accounting for the day of
167  the year were nearly identical to those of the previous models, shown in panels “day of year” of
168  Fig. 3). That is, a negative binomial hurdle model that quantifies (1) probability of fry presence
169  and (2) abundance when fry are present. Parameter estimates for Y, and f3,, were used to

170  calculate annual fry density index D as

171 D = logit ' (v,,) ¥,

172 which described the expected fry catch in one sample in a given year w after accounting for
173 seasonality and site specific factors. There were no global intercepts included in the models so
174  that differences among years were entirely captured by annual index parameters.

175 In the Delta, we used the same approach, except we accounted for distances off the main
176  stem X; and downstream X, so that annual indexes in the Delta also corresponded to catches in

177  typical locations within the Delta’s landscape:

178 logit[mi;ml = YwXw + Y1 X1 +YoXo + f1(0) + My

179 loglpitm] = BuXw + B1X1+ B2X2 + fo(t) +my

180 mg~ N(0, 62); my~ N(0, o)

181 In the Bay, we modeled fry presence but not abundance when present (because there

182  were fewer observations of abundance when present), did not specify a phenology parameter

183  (because we examined only the peak of presence from February to March), and modeled
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presence as varying in relation to distance away from the Sacramento River mouth Xj so that
annual indexes in the Bay corresponded to catches in typical locations within the Bay’s
landscape:
logitlmcsal = YuXy +Y1X1+m,
mg~ N (O, aﬁ).

Using these annual density indexes, we quantified the influence of spawner abundances
and flow on fry densities (i.e., a stock-recruitment relationship) and examined patterns in fry
densities among regions within years. Detailed below, we considered a range of potential models
that did or did not include effects of spawners and flow and did or did not allow for diminishing
returns in fry per spawner. To define the stock-recruitment relationship, we used data collected in
the Sacramento River because this region was closest to spawning grounds and presumably
offered the strongest signal relating juveniles to adults. We examined many candidate models
that compared densities of fry to spawner abundances and flow, with flow quantified as the
annual median flow values of the Sacramento River between December and May. Median values
of flow were log-transformed to reflect diminishing returns of additional flow on increasing fry
presence (which we found in the primary analyses described in the Results). Flow values were
then standardized as follows. For models with only an effect of flow, we standardized flow to
have minimum values of 0.01 by subtracting from each flow value the minimum flow value and
adding 0.01. This allowed minimum flow values to correspond to an effect of zero added fish
presence, and models using these values therefore did not require an intercept. For models
adding a flow parameter to the stock recruitment relationship, we standardized flow by
converting it to a z-score. This meant that an average value of flow would correspond to zero

effect of flow, allowing model parameters to describe productivity and density-dependent effects

https://mc06.manuscrip9tcentral.com/cjfas-pubs
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207  under average conditions. Standardizing flow differently did not affect models’ AIC values,
208  which we used to evaluate support among models. The models and associated hypotheses

209  relating spawners S to fry density R are as follows, with the parameter v describing effects of
210  flow F, with intrinsic population growth rate (i.e., the density independent component of

211  recruitment) described by parameter a, and limitations to population growth rates as spawner
212 abundances increase described by density-dependent parameter b. We followed protocol by
213 Quinn II and Deriso (1999) and log-transformed both sides of equations to impose a

214 multiplicative error structure to the model. This structure was likely to fit the data better because,
215  in stock-recruit models, variance in errors tends to increase with prediction estimates.

216 The hypotheses relating fry to flow and spawners (and normally distributed error €) and
217  their associated equations are as follows:

218

219  Fry density is a linear function of spawner abundance:

220 log (R) = log (a) +log (S) +¢

221  Fry density is a linear function of spawner abundance and flow:

222 log (R) =log (a) +log (S) +vF+¢

223 Fry abundance is a linear function of flow:

224 log (R) = vF+¢

225  Fry density is a function of adult abundances, with diminishing returns of juveniles per spawner
226  as spawner abundances increase (i.e., a Beverton-Holt relationship):

227 log (R) =log (a) +log (S) —log (1 +bS) +¢

228  Fry densities follow the same Beverton-Holt relationship with spawners, but are also influenced

229 by flow:

1
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log (R) = log (a) +log (S) —log (1 + bS) + vF+ ¢

Fry densities are a function of adult abundances, with diminishing returns and overcompensation

of juveniles per spawner as spawner abundances increase (i.e., a Ricker relationship):

log (R) = log(a) +log (S) —bS+¢

Fry densities follow the same Ricker relationship with spawners, but are also influenced by flow:

log(R) = log(a) + log(S) —bS + vF+¢

We implemented analyses in R (R Core Team, 2019) using the packages INLA (Rue et
al., 2009) and FSA (Ogle et al., 2018). We used the Bayesian R package INLA for the within-
year analyses because it analyzed large datasets efficiently and provided requisite parameter
options. We used vague priors so that posteriors were informed predominantly by the data. The
exception to this was on random walk parameters defined as a value p along a function at step t
equaling the value in a previous step t-1 plus noise v that is normally distributed with a standard
deviation o,, which we constrained by penalized complexity priors stating that the probability a
of this standard deviation exceeding a value U of 1 (for nonlinear effects of day of year and
spawners) and 0.1 (for nonlinear effects of flow) was 0.1:

MHe= HPe—1t+ V¢
where

UtNN(OrO—lZJ)

1
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and

Prob(o,>U) = a.
This constrained the random walks to smoother relationships that were less likely to overfit
nonlinear trends to the data (Zuur et al., 2018), a step analogous to limiting the number of knots
in generalized additive models. Interannual analyses examining stock-recruit models used the
conventional frequentist approach (Ogle et al., 2018) because these datasets were much smaller

and their model parameterizations simpler.

1
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260  Appendix Figures

1
https://mc06.manuscriptcentral.com/cjfas-pubs



Page 55 of 69 Canadian Journal of Fisheries and Aquatic Sciences

treami{m) g ) n stemjiim) x D om'Sacrame Fmauthimi)

0
40000
20000
0

261

262  Figure Al. Maps of the Delta and Bay showing realizations of landscape metrics. Map was

263  created using ArcGIS® software by Esri. ArcGIS® and ArcMap™ are the intellectual property
264  of Esri and are used herein under license. Copyright © Esri. All rights reserved. Base Map

265  Sources: Esri, DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS, AEX, Getmapping, Aerogrid,

266  IGN, IGP, swisstopo, and the GIS User Community. Hydrography Sources: USGS.
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Figure A2. Abundances of hatchery fry released into the Sacramento River. Our stock-recruit
analyses examined fry <55 mm in the Sacramento River beginning in 1999 to examine a time

period with minimal hatchery influence on the abundance of these smaller fish.
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Figure A3. Influence of spawners on fry catches. Top: Raw data of fry catches compared to

counts of spawners contributing to annual cohorts. For this and subsequent figures, the

independent variable (spawners here) is binned to allow for boxplots that show distribution of fry

catches. Blue vertical lines indicate individual annual spawner counts. Middle: Model

predictions and 95% credible intervals of the probability of presence and catch when present of

fry as a function of spawner counts. Bottom: Expected catch, estimated by the product of the

probability of presence and catch when present (i.e., the two middle rows). For this and

subsequent figures, models predicted fish responses according to one variable (i.e., spawners, 30

day flow mean, 7 day flow range, or landscape) while holding the other variables at their means,

and for January 10, a day of year that corresponded to typical seasonal fish presence (Fig. 3).

1
https://mc06.manuscriptcentral.com/cjfas-pubs



283
284

285

286

287

288

289

290

291

Canadian Journal of Fisheries and Aquatic Sciences

Sacramento River

——
~ 1000 -
)
< 100
S
] d
& 10
11 : L : i
500 1000 1500 2000
1.00 1
o 075
Q
c
& 050
o
@ 0.251
0.00 1 i , , ,
500 1000 1500 2000
=
® 501
()
5 401
§ 301
o
2 201
S 101
m T T T T
© 500 1000 1500 2000
o 201
S
[
O 10
O.

500 1000 1500 2000
Sac. River 30 day flow mean (m?/s)

Delta San Francisco Bay
-—— -——
~ 1000 401
+ £ :
= 100 8
S S 20
8 10 10 4
1 : - ! , 04 . - ,
500 1000 1500 2000 1000 2000 3000
0.6 0.75 close to river mouth
== far toward sea
0.4 1 0.50 1
021 0.25 s
00 - . 000 -—'——|_

1000 2000 3000

500 1000 1500 2000 >
SR+SJR 30 day flow mean (m®/s)

\

500 1000 1500 2000

o =2 N w U
P S T T T

500 1000 1500 2000
Sac. River 30 day flow mean (m?/s)

Figure A4. Influence of 30 day flow means on fry catches. Top: Raw data of fry catches

compared to 30 day flow means. Blue horizontal lines indicate the middle 90 (thick) and 95

(thin) percent of flow observations. Blue vertical line indicates median flow. Middle: Model

predictions and 95% credible intervals of the probability of presence and catch when present of

fry as a function of flow. In the Bay, predictions are shown for the sites least and most away

from the Sacramento River mouth to illustrate the interactive effect of the landscape with flow.

SR: Sacramento River. SJIR: San

Joaquin River. Bottom: Expected catch, estimated by the

product of the probability of presence and catch when present (i.e., the two middle rows).
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292
293  Figure AS. Influence of 7 day flow range on fry catches. Top: Raw data of fry catches compared

294  to 7-day flow ranges. Blue horizontal lines indicate the middle 90 (thick) and 95 (thin) percent of
295  flow observations. Blue vertical line indicates median flow. Middle: Model predictions and 95%
296  credible intervals of the probability of presence and catch when present of fry as a function of
297  flow. Bottom: Expected catch, estimated by the product of the probability of presence and catch

298  when present (i.e., the two middle rows).
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Figure A6. Influence of the landscape on fry catches. Top: Raw data of fry catches compared to
locations with the landscape. Locations within the landscape are binned to allow for boxplots to
show the distribution of fry catches. Middle: Model predictions and 95% credible intervals of
the probability of presence and catch when present of fry as a function of landscape metrics. In
the Bay, predictions are shown for the highest and lowest flows observed to illustrate the
interactive effect of flow with the landscape. Bottom row: expected catch, estimated by the

product of the probability of presence and catch when present (i.e., the two middle rows).
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309  Figure A7. Annual indexes of fry density compared to flow, spawner abundances, and across
310  regions. Points are colored in all panels by flow.
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Figure A8. Flow and fry catches compared between two select years of “good” (2004) and “bad”
(2015) flow conditions. A “good” flow regime maintains flow above =500 m?3/s and is
punctuated by pulses. Fry catches are shown for December — May (i.e., the time window
examined in this study) and flows during the same time period are shown in black rather than

grey.
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320 Table Al. Definitions of metrics used in models describing the distribution and density of

321  salmon fry.

Region

Metric

Definition

All

Sacramento River

Sacramento River

and Delta

Bay

All

Delta

Delta

Bay

All

Spawners

Annual median flow

30 day flow mean

30 day flow mean

7 day flow range

Dist down

Dist off

Dist away

Density index

Abundance of spawning adults in the Sacramento River during the most recent

reproductive season, excluding the Late Fall life history type (source: GrandTab)

Median flow on Sacramento River main stem between December and May (source:

USGS gage 11447650)

30 day moving average (i.e., previous 30 days) of flow on Sacramento River main stem

(source: USGS gage 11447650)

30 day moving average (i.e., previous 30 days) of the sum of flow on Sacramento and

San Joaquin River main stems (sources: USGS gages 11447650 and 11303500)

7 day moving range (i.e., previous 7 days) of the difference between the highest and

lowest flow values

Distance downstream, georeferenced by the most seaward Delta site

Distance off of the Sacramento River main stem

Distance away from the Sacramento River mouth, as moving toward the Pacific Ocean,

georeferenced by Middle Ground Island

Annual index of fry density. This is the expected number (Sacramento River and Delta)
or presence (Bay) of fry per net after controlling for seasonality and landscape (Delta and

Bay) effects.

322

323
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Table A2. Definitions of variables used in analyses.

Variable Definition

Y Fry count

T Fry presence

n Fry counts conditional on presence

i Observation

t Date (Beginning Dec. 1 and running continuously to May 31)

s Spawner count

v 30 day flow mean

z 7 day flow range

m Site

W Water year (Period of Oct. 1 - Sep. 31 indexed by calendar year on which the period ends)
Annual fry density index (Expected counts of fry after removing effects of phenology, repeated

R measures at sites, and the landscape)

S Spawner count

F Flow (median from Dec — May for each water year)

a Density independent population growth parameter

b Density dependent population growth parameter
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326  Table A3. Candidate models examining effects of spawners and flow on fry densities in the

327  Sacramento River. Models are ranked by AAIC.

Model AIC  AAIC
Beverton-Holt and flow 2683 0
Ricker and flow 2725 042
Flow 36.71 9.88

Linear spawners and flow 37.5 10.67

Beverton-Holt 3796 11.13
Ricker 3829 11.46
Linear spawners 40.74 1391

328
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329  Table A4. Summary statistics of the top ranked models predicting fry density as a product of
330 spawner abundances and flow. The a parameter describes productivity, the b parameter describes

331  density dependence, and the F parameter describes flow.

model parameter estimate se p
Beverton Holt and flow a 4.16 1.49 0.01389
b 0.608 0.379 0.129
0.00114
F 0.446 0.111 7
0.00009
Ricker and flow a 3.13 0.592 16
b 0.222 0.0581 0.00166
F 0.451 0.113 0.00117
332
333
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