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ABSTRACT

Successful upstream adult migration of Pacific salmon (Oncorhynchus spp.) from estuary to spawning grounds is critical to popu-
lation recovery, especially during increasingly extreme droughts that degrade migratory habitat. In regulated systems, river con-
fluences can pose significant navigation impediments given complex operational flow release criteria and other cumulative effects.
Differing discharge magnitudes and ratios between tributaries may cause divergent confluence hydraulics and hydraulic microhab-
itat selectivity, influencing migratory routing. This study asks with respect to confluences: (1) Do magnitudes of discharge in each
confluence tributary (and resulting combined discharge) influence availability of preferred hydraulic microhabitats in one river
versus the other? (2) Does the ratio of discharge magnitudes influence availability of preferred hydraulic microhabitats in one river
versus the other? We used data collected from California Central Valley fall-run Chinook salmon (Oncorhynchus tshawytscha) at the
confluence of the Feather and Yuba Rivers as a model system to investigate. We combined observations of migratory behavioural
responses to hydraulic microhabitats from dual-frequency identification sonars, spatially explicit, meter-resolution hydrodynamic
modelling, and machine learning to generate a hydraulic microhabitat selectivity index and simulate upstream migratory pathways
for nine pertinent discharge scenarios with four discharge ratios. Statistically significant (p <0.01) differences in preferred hydrau-
lic habitat were found among both discharge scenarios and ratios, with the Feather River selected in five out of nine scenarios.
Discharge magnitude and ratio act as controls on distribution of preferred hydraulic microhabitats, and under certain conditions
relevant to drought operations in this system, they can influence migratory routing and propensity of straying.

1 | Introduction In particular, increased duration and magnitude of drought
conditions has changed the ecology of many landscapes across
the world (Trenberth 2011). As noted by Cook, Mankin, and

Anchukaitis (2018), drought signals manifest as a complex, in-

1.1 | Background

1.1.1 | Climate Change and Drought

Climate change poses significant threats to aquatic ecosys-
tems due to extensively modified natural flow and thermal re-
gimes to which organisms have adapted in recent millennia.

terconnected web of environmental variation; linking climatic
forcing to droughts can be a complicated task where landscape
attributes of specific geographic regions must be accounted for
(e.g., topography, snowpack, groundwater residence time and
aquifer capacity, vegetation, biological communities, human
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land uses and human demands on surface and subsurface water
resources). Pacific salmon species occupy latitudes ranging
from Central California (37°N) to coastal streams in northern
Alaska and Russia (70°N), all of which are subject to some de-
gree of drought-related impacts in the 21st century, according to
widely accepted statistical projections (Caretta et al. 2022; Dai,
Zhao, and Chen 2018; Xu et al. 2019). Climatic projections for
California suggest that hydrologic droughts will be exacerbated
through increased air temperatures from October-March and
increased freezing elevations throughout winter periods leading
to less snowpack and a continued shift toward rain-driven an-
nual streamflow regimes throughout the state (Dai, Zhao, and
Chen 2018; He et al. 2021; Ishida et al. 2018). Sun et al. (2019)
estimate a 47-89% loss of overall snowpack in the Sierra Nevada
in the month of March by the end of the 21st century.

Today, many Pacific salmon populations also inhabit catch-
ments that have experienced varying degrees of fragmentation
and hydrologic alteration due to water storage and conveyance
infrastructure with the added complication that water resources
are managed for a variety of human uses (Acreman et al. 2009;
Magilligan and Nislow 2005). Management criteria for reser-
voir operations typically include provisions for drought events
that attempt to sustain systems and processes that depend on
certain minimum flows, including fish species that may also
receive additional regulatory protection under the U.S. federal
Endangered Species Act, Canadian Species At Risk Act, the
Japanese River Act of 1964, or other state or local conserva-
tion laws (Di Baldassarre et al. 2017; Good et al. 2007; Irvine
et al. 2005; Suzuki 2006). Minimum baseflows and drought op-
eration criteria are often established for a regulated river on an
individual-river basis based on its historical hydrograph and an-
ticipated seasonal needs for water diversion.

1.1.2 | Emergence of Eflows and Ecohydraulic Methods

Development of species- and even life stage-specific environ-
mental flow (i.e., eflow) criteria can be highly contentious. Many
regulatory actions to secure allocations of stored water for such
prescribed flows have been met with stakeholder resistance and
legal action (Fisher, Michael Hanemann, and Keeler 1991; Horne
et al. 2017; Lackey 2017; Tharme 2003). Despite such external
pressures, in a growing number of countries, fishery manag-
ers must generate environmental flow schedules using the best
available science to achieve habitat conditions most beneficial
for the target species or life stage in question. Targets for habitat
quality and function must then fit into a broader constellation of
conservation goals such as enhancing population productivity
or abundance metrics, conserving population structure, or ad-
dressing bottlenecks for mortality at vulnerable lifecycle stages.

Accessibility to two-dimensional (2D) hydrodynamic modelling
software and recent advancements in the field of ecohydraulics
(Pasternack 2019a, 2019b) have enhanced the potential for de-
veloping salmon habitat models that aid in drought planning
and development of environmental flow criteria by making
predictions about a variety of important individual ecological
functions. For example, Benjankar et al. (2018) developed an
integrated ecohydraulic modelling framework combining mod-
els of catchment hydrology, existing salmonid habitat models

and an analysis of channel hydraulics to assess whether stra-
tegic dam operations might be able to mitigate climate change
impacts to riverine fishes in the South Fork Boise River (Idaho,
USA). Schwindt et al. (2019) developed River Architect, an
ecohydraulics-based modelling framework that includes fish
stranding risk analysis, cottonwood seedling recruitment poten-
tial prediction, microhabitat mapping and seasonal abundance
quantification, lifespan prediction for several river restoration
techniques and river project financial cost estimation. This
framework did not include a migratory routing component.

1.1.3 | Importance of Confluences

Confluences are locations where a tributary channel meets a
mainstem channel, forming a junction. They represent com-
plex hydraulic and geomorphic features within fluvial channel
networks. Significant improvements have been made in under-
standing the physical and biological implications of these features
since the mid-20th century (Gualtieri et al. 2017; Miller 1958;
Richards 1980). As key features of migratory habitat for river-
ine fishes, the physical processes at play ultimately drive habitat
functionality in space and time. For example, discharge ratio,
upstream bed slopes and channel junction angle are important
drivers of bed morphology in the immediate up and downstream
areas of confluences (Best 1986, 1988; Boyer, Roy, and Best 2006;
Penna et al. 2018). Bed morphology at confluences then directly
affects mixing processes with implications for fish migration
cuing (Constantinescu et al. 2016; Gaudet and Roy 1995). A re-
cent review by Yuan et al. (2022) highlights that confluences also
represent longitudinal hotspots for ecological change in a river
network with adjoining rivers potentially diverging in thermal
regime, suspended sediment load, bed load, nutrient concentra-
tions, water chemistry and organic matter content.

Major rivers are managed for competing interests under com-
plex legal statutes that often have layered local, state and federal
regulatory oversight (Bernazzani, Bradley, and Opperman 2012;
Hillman 2009; Lorenz, Cofino, and Gilbert 2001; Moore, Maclin,
and Kershner 2001; Zhang, Jin, and Yu 2018). As a result, a conflu-
ence of two major rivers may experience very different discharges
from each river during low flow periods. A Chinook salmon
(Oncorhynchus tshawytscha) escapement statistical analysis indi-
cated that discharge magnitude and ratio between two major riv-
ers can have a strong influence on migratory routing and can lead
to instances of high straying rates (such as the 6:1 discharge mag-
nitude ratio reported by YARMT 2013). In such cases, it is import-
ant to recognize that while discharge magnitude has been used to
correlate reach- and catchment-scale patterns of adult salmon mi-
gration (Dahl et al. 2004; Hasler et al. 2014; Jager and Rose 2003),
it cannot be used on its own to explain the abiotic-biotic mecha-
nism linking complex migratory responses to confluence physico-
chemical conditions, because it is a system input, not a mechanism
in and of itself; how that input drives the system (alone and com-
bined with other drivers) requires detailed investigation.

1.1.4 | Prediction of Upstream Migration

The few habitat suitability curves for migrating adult salmon
have varying survey methods, inconsistent results, and are
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decades old (Table 1). Radio telemetry surveys were done
on the Kenai River in Alaska for late summer-run Chinook
salmon (Burger et al. 1983). Snorkel surveys for spring-run
Chinook salmon were used in the Wind River, a tributary to
the Columbia River in Washington State (Wampler 1986) and
for fall-run Chinook salmon in the Stanislaus River, California
(Aceituno 1990). These studies indicate that non-random
hydraulic microhabitat selection occurs in migrating adult
salmon. Thus, micro-scale hydraulic conditions at a conflu-
ence may partially influence migratory navigational choices.
However, the added habitat complexity at a confluence along
with differences in peak velocity and depth among existing
HSCs for migrating adult Chinook salmon preclude their use
in our study.

1.1.5 | Central Valley, California Context

Migratory habitat for Chinook salmon in California's Central
Valley is now largely confined to low-lying rivers, most of
which experience regulated flow regimes to accommodate
agricultural, municipal, and industrial water use throughout
the year (Brown and Ford 2002; Marchetti and Moyle 2001).
The upstream migratory corridor for spawning adult Chinook
salmon typically includes the San Francisco Bay-Delta estu-
ary, mainstem Sacramento or San Joaquin River, and one large
tributary such as the Yuba River, Feather River, Mokelumne
River, American River, and others (Santos et al. 2014).
Extensive channelization has occurred throughout the migra-
tory corridor as part of flood control infrastructure and pre-
vailing land use. These, damming, and other practices have
inhibited natural flood regimes and floodplain connectivity in
larger Central Valley rivers (Mount 1995). This has led to sim-
plification of migratory habitat and losses of riparian canopy
cover and instream wood (Gorman and Karr 1978; Simon and
Rinaldi 2006). Additional stresses imposed on adult salmon
migrating upstream in this region include recreational fishing,
poaching, hydroacoustic impacts from in-water construction,
and elevated water temperatures (Campbell and Moyle 1992;
Stadler and Woodbury 2009; Strange 2010).

Central Valley rivers are highly managed through controlled
releases of water from reservoirs on most major tributaries in
the Sacramento and San Joaquin basins. Rivers typically experi-
ence steady and consistent hydrologic regimes that are highly al-
tered relative to more episodic historical conditions (Brown and
Bauer 2009). Although the system functions in an altered state
compared to historical conditions, efforts have been underway
in recent decades to integrate environmental flow management
into release schedules (Jager and Rose 2003; Moyle et al. 1998).

1.2 | Study Purpose and Scientific Questions

This study investigated the influence of micro-scale hydraulic
conditions at a regulated river confluence on routing pathways
of Chinook salmon migrating to spawning grounds or a natal
hatchery facility. Baldes and Vincent (1969) define microhabitat
scale as “the physical conditions immediately surrounding an
animal at a given time and place”. Herein, we focus on the effects
of hydrologic conditions that may be encountered by California
Central Valley fall-run Chinook salmon during a drought year
where minimum base flows are maintained in large, regulated
rivers that provide water for a variety of agricultural, munici-
pal, and industrial stakeholders (Herbold et al. 2018). This study
addressed two questions: (1) Do magnitudes of discharge in
each river at a confluence (and resulting combined discharge)
influence availability of preferred hydraulic microhabitats in
one river versus the other? (2) Does the ratio of discharge magni-
tudes influence availability of preferred hydraulic microhabitats
in one river versus the other? The experimental design concept
is discussed further below and graphically depicted in Figure 1.

2 | Methods
2.1 | Study Area
This study investigated the immediate confluence of the lower

Feather River (LFR) and lower Yuba River (LYR), located in
northeastern California in the northeastern portion of the

TABLE 1 | Summary of habitat suitability criteria found in previous assessments for migrating adult Chinook salmon. Curve type refers to the
method of reporting habitat suitability. “% utilization” refers to numbers of fish detections corresponding to binned microhabitat conditions for depth
or velocity. “Preference” is computed using % utilization and corrects for the amount of each habitat bin class available in the survey area.

Burger et al. (1983)

Wampler (1986) Aceituno (1990)

Location

Kenai River, AK

Wind River, WA Stanislaus River, CA

Chinook salmon phenotype Summer-run Spring-run Fall-run
Water temperature range during 4.4-13.9 10.0-17.8 not reported
sampling (°C)

Survey method Radio telemetry Snorkel Snorkel
Peak velocity (m/s) 0.8 1.1 0.4
Velocity range sampled (m/s) 0-1.7 0-1.7 0-1.5
Peak depth (m) 2.3 4.5 0.6-1.1
Depth range sampled (m) 0-3.9 0.3-4.6 0-1.5
Curve type (% Utilization vs. Preference) % Utilization Preference Preference
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FIGURE1 | Conceptual flow chart describing our study design and methods.

California Central Valley (Figure 2). Specifically, the study
area as well as the modelling domain includes ~1.42km of the
LFR and 0.85km of the LYR upstream of the confluence and
1.13km of the LFR downstream of the confluence (Figure 3).
Upstream of the LFR and LYR, the Feather River drainage
area is 10,885km?. The LFR begins at the base of Oroville
Dam, extending 117km to its confluence with the Sacramento
River. The CA Department of Water Resources filed a request
with the Federal Energy Regulatory Commission to renew the
dam's operational licence in 2005. This resulted in a request for
a biological consultation under the federal Endangered Species
Act with the National Marine Fisheries Service, which issued
a Biological Opinion for the dam relicensing in 2016 (National
Marine Fisheries Service 2016). Following a spillway collapse in
2017 that resulted in mobilization and downstream aggradation
of approximately 1 million tons of debris from Lake Oroville,
licence renewal is still pending (Nalin and Kotulla 2018, Federal
Energy Regulatory Commission 2022). The 2016 Biological
Opinion set forth operational criteria that would minimize take
of Endangered Species Act-listed species, including minimum
baseflow criteria. Because this study focuses on the Central
Valley fall-run Chinook phenotype, we selected LFR baseflow
criteria for October through February where the bulk of migra-
tory activity for this population occurs. During this period, in
years where the LFR receives >55% of unimpaired runoff from
the Feather catchment, the minimum baseflow for the river is
48.13m3/s. In years where the LFR receives <55% of unimpaired
runoff, the minimum baseflow is 33.97 m?3/s.

The Yuba drainage area is 3480km?2. The LYR begins at the base
of Englebright Dam, extending 37.1km to its confluence with
the LFR. In 2008, the California State Water Resources Control

Board approved a comprehensive interagency program that
would protect and enhance LYR aquatic and riparian habitat. The
program is called the Lower Yuba River Accord and is managed
by the Yuba Accord River Management Team (YARMT 2013).
Minimum baseflow criteria set forth for Yuba Water Agency op-
erations to support native fish habitat is based on upstream res-
ervoir storage volume in Englebright Lake. For the purposes of
our study, we focus on criteria during October where minimum
baseflows range from 14.16m3/s in a very wet “schedule 1” year
(annual reservoir storage of 7.08 X 108 m3) to 9.91m>/s in a criti-
cally dry “schedule 6” year (annual reservoir storage of 2.86x 108
m?). After findings by YARMT indicated rates of non-natal adult
Chinook salmon straying into the LYR were likely influenced by
flow conditions (72% of population escapement variation in the
LYR were attributed to discharge magnitude and temperature),
the National Marine Fisheries Service's California Central Valley
salmonid recovery plan included a recovery action to “evaluate
whether salmonid straying between the Feather and Yuba rivers
can be minimized through flow management” (YARMT 2013;
National Marine Fisheries Service 2014).

2.2 | Experimental Design

Previously, Luis and Pasternack (2023) observed and character-
ized microhabitat preference and micro-scale migratory swim-
ming behaviour responses to the following hydraulic variables:
depth, velocity, conveyance, and Froude number. In this study, we
use a combination of 2D hydrodynamic models, a random forest
machine learning algorithm, and a nearest neighbour cost path
movement algorithm to simulate migratory movements past a
confluence in response to these four hydraulic variables under a
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FIGURE2 | Location of the study area. The state of California is shaded in blue in the main panel with an inset describing the location within the
continental United States. The inset identifies the lower Feather River, lower Yuba River, and the dams that create total fish passage barriers upstream
of the study area. Blue arrows indicate flow direction. Base map image sources: ESRI, HERE, Garmin, FAO, NOAA, USGS, © OpenStreetMap

contributors, and the GIS user community.

suite of drought-focused discharge scenarios (Figure 1). The nine
discharge scenarios are shown in Table 2, including individual dis-
charge magnitudes and citing the regulatory context from which
they are derived. Scenarios 1-4 explore minimum baseflow con-
ditions in the LFR and LYR under both wet and dry water year
types. These first four scenarios result in three different ratios of
discharge magnitude, shown in Table 2. Scenarios five and six
use a 1:1 discharge ratio, using both wet and dry minimum base-
flow criteria for the LFR (minimum LYR baseflows cannot legally
occur in the LFR). Scenarios 7-9 use the same three discharge
ratios found in scenarios 1-4, but instead use the dry-type LFR
baseflow as the lower value (33.97m?/s).

2D hydrodynamic models were run for these nine scenarios and
output rasters for depth and velocity magnitude were produced;
rasters for conveyance and Froude number were derived from
these. Using cell values in the four hydraulic rasters for each
scenario, a random forest model was used to generate spatially
explicit predictions of detection rate; trained using the detec-
tion data from our previous study (Luis and Pasternack 2023).
Random forest models have been shown to out-perform other
multivariate statistical approaches using large data sets and
have been applied in other 2D hydraulic modelling contexts
(Fox et al. 2017; Hengl et al. 2018; Hosseiny et al. 2020). We then
scaled the range of all detection rate values predicted among
modelled scenarios to create a hydraulic microhabitat selectivity
index (HMSI) between zero (least preferred) to one (most pre-
ferred). HMSI is representative of migratory habitat quality as
a function of preferred hydraulic conditions. A cost path anal-
ysis was then performed to generate optimal upstream paths
(seeking out the highest HMSI values along each path) from 10

laterally distributed starting positions across the downstream
flow boundary, proceeding through the study area. This re-
sulted in 10 cost paths for each of the nine scenarios.

Our study was designed to test two hypotheses. H;: the magni-
tudes of discharge in each river at the confluence (and resulting
combined discharge) influence median HMSI values encoun-
tered among the 10 optimal migratory pathways per discharge
scenario. H,: the ratio of discharge magnitudes influences me-
dian HMSI values encountered among the 10 optimal migratory
pathways per discharge scenario. Null hypotheses state that
there is no difference in median HMSI values encountered in
cost paths among discharge scenarios or discharge ratios, re-
spectively. The term “optimal” refers to the pathway derived by
the cost path algorithm, seeking out the highest HMSI value in
a nearest neighbour cell search. A Kruskal-Wallis test by ranks
was used to test for statistically significant differences in me-
dian HMSI values among (1) nine discharge scenarios, and (2)
ratios of discharge magnitude. Dunn's test for multiple compari-
sons was used to test for significant pairwise differences among
the nine discharge scenarios and ratios of discharge magnitude
to determine which scenario and ratio had the greatest effect
among all examined. Not only were we interested in migratory
routing at the confluence but also strength of influence of hy-
draulic microhabitats, indicated by the HMSI variable.

2.3 | Habitat Selection Data

In 2019, surveys of migratory habitat selection for adult fall-
run Chinook salmon were conducted in the study area using
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FIGURE 3 | Map of the study area including the extent of the model domain, start and end points for the cost path analysis, and the centre point

used to establish starting and end point positions.

dual-frequency identification sonars (DIDSON; see Luis and
Pasternack 2023). The DIDSON is a multibeam imaging sonar
that can be used to render acoustic returns in a video format,
allowing for underwater observation of fish behaviour (Belcher,
Matsuyama, and Trimble 2001; Belcher, Hanot, and Burch 2002;
Moursund, Carlson, and Peters 2003). The 2019 surveys oc-
curred during two, 4-day periods in September and October,
capturing two different discharge ratios between the LFR and
LYR (8.66 and 4.02, respectively), resulting in different spatial
distributions of depths and velocities throughout the study area.
These sampling periods were selected based on their corre-
spondence with the California Central Valley fall-run Chinook

salmon spawning migration as well as known operational cri-
teria at upstream dams. In 2019, the Feather River Hatchery
accounted for 43.6% of hatchery-origin Chinook collected in
the Sacramento and San Joaquin basins during the fall-run mi-
gration window. The hatchery is located ~ 61.9 RKM upstream
of the LFR-LYR confluence. That year, 27,103 Chinook salmon
returned to the hatchery with 51,967 in-river returns, totalling
79,070 fish (California Department of Fish and Wildlife [CDFW]
2022). Naturally spawning populations of spring- and fall-run
Chinook persist in the LYR with no hatchery production in
that river. In 2019, the LYR experienced 3446 in-river returns
(CDFW 2022).
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TABLE 2 | Discharge magnitudes and ratios for the nine modelled discharge scenarios used in this study. Regulatory context is cited for LFR and

LYR baseflow criteria.

LFR
<55% unimpaired >55% unimpaired
runoff (National Marine runoff (National Marine
Fisheries Service 2016) Fisheries Service 2016)
33.98m3/s 48.14m3/s
LYR  Schedule 6 (YARMT 2013) 9.91m3/s Scenario 1 (3.4:1) Scenario 2 (4.9:1)
Schedule 1 (YARMT 2013) 14.16 m3/s Scenario 3 (2.4:1) Scenario 4 (3.4:1)
1:1 Ratio 33.98m3/s Scenario 5 (1:1)
48.14m3/s Scenario 6 (1:1)

Inverse Ratios 81.55m?3/s Scenario 7 (1:2.4)
115.53m3/s Scenario 8 (1:3.4)
166.50m3/s Scenario 9 (1:4.9)

Sampling occurred among 12 DIDSON deployment sites, cap-
turing a representative range of depth and velocity occurring
throughout the site, both above and below the confluence. A
multiple regression analysis investigated potential predictive
variables with detection rate (# individuals/m3/s) as a response
variable. Four hydraulic variables are included as attributes
of detection rate (depth, velocity magnitude, conveyance, and
Froude number). Depths for each DIDSON deployment were
derived from the 2019 bathy-topographic surveys described
below. Velocity magnitudes were computed from acoustic dop-
pler current profiler surveys conducted in conjunction with the
DIDSON surveys. Conveyance is defined as follows:

C=uxd @

where u is mean velocity magnitude in m/s and d is mean depth
in m. C results in units of m?/s and can be interpreted as the
discharge per unit width of the wetted channel. It represents the
local volumetric flow, which a fish inhabits at a given point in
the wetted channel, and has been used in similar applications
for assessing habitat suitability (Kammel et al. 2016; Moniz
et al. 2019). Froude number is dimensionless and describes the
ratio of inertial forces to gravitational forces in flow. It has also
been used in other investigations into salmonid habitat suitabil-
ity (Ayllén et al. 2009; Lamouroux and Souchon 2002; Persinger,
Orth, and Averett 2011):

\/gTE @)

where u is the mean velocity magnitude at each site in m/s, g
is the gravitational acceleration constant in m/s?, and d is the
mean depth at each site in m.

This study utilizes detection rate data and corresponding
hydraulic predictors found by Luis and Pasternack (2023)
to address the new, difference scientific questions posed
herein.

2.4 | Topo-Bathymetric Surveying and DEM
Construction

A digital elevation model (DEM) was created for the study
area using several sources of topo-bathymetric point data
(Figure S1 in supplementary materials). In 2019, bathymet-
ric surveys were conducted using a boat mounted Hydrolite
single beam echosounder (minimum depth of 0.3m; depth
accuracy of 1cm; sampling frequency of 200Hz; Seafloor
Systems, Inc.) in sync with a Trimble R8 real-time kinematic
GPS (horizontal and vertical accuracies of ~1-2 and 2-4cm,
respectively) receiving ground-based corrections on the fly at
1Hz. Cross-sectional transects were mapped approximately
one channel width apart. At the locations of DIDSON data
collection, multiple cross-sections were performed with very
close longitudinal spacing to ensure the most detail where the
most data were collected. In addition, 8-12 longitudinal tran-
sects were surveyed down the length of the study area, be-
cause the primary topographic variability on the riverbed was
longitudinal, not cross-sectional. Taken together, longitudinal
and lateral surveys produced good coverage relative to the
relatively gentle morphological structure present in this size
of channel. The large island at the centre of the confluence
contained some complex topography, and in January 2020,
bare-earth topography was collected there using a Trimble
R8 RTK GPS. To map riverbanks and islands just beyond
the wetted area and water surface elevations needed in this
study, a very small clip of pre-existing near-infrared and green
LiDAR data was used, accounting for 8.7% of largest wetted
area among hydraulic model outputs. It had been collected in
2017 by Yuba Water Agency and processed by our group to
obtain a 0.9144m (i.e., 3-ft) raster (Silva and Pasternack 2018).
Processed LiDAR points within the clip were incorporated
into the DEM. Counting all points in the largest wetted area
domain, the overall DEM point density was 4.55/3 m?.

All topo-bathymetric point data were processed to generate
a DEM using ESRI ArcGIS software and the four iterative
stages described by French and Clifford (2000): interpolation,
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visualization, editing, and augmentation. Erroneous bathy-
topographic data points were identified and manually re-
moved. Augmented points were also added manually to
conserve known contours in the DEM and avoid any artefacts
in the DEM that might occur from surface interpolation. A tri-
angulated irregular network was generated from the final set
of bed elevation points, and this was converted to a 3-m reso-
lution raster based on overall point density and computational
efficiency in the subsequent hydrodynamic modelling step. A
smoothing algorithm using nearest neighbour cell averaging
was applied to areas in the final DEM expected to be wetted
in our discharge scenarios (bed elevations < 13.4m) to further
minimize surface interpolation artefacts.

2.5 | 2D Hydrodynamic Models and Model
Validation

The 2D hydrodynamic model TUFLOW HPC®© (Build 2018-03-
AE; BMT Commercial Australia Pty Ltd) was used to simulate
steady flow through the study area under the nine discharge
scenarios shown in Table 2. TUFLOW HPC generates time- and
depth-averaged gridded solutions of open channel hydraulics by
solving the 2D shallow water fluid dynamics equations (mass
and momentum consideration) that include fixed initial condi-
tions such as discharge and water surface elevation, as well as
fixed parameters of the model domain such as eddy viscosity
coefficients and roughness coefficients (n). A gridded Cartesian
computational mesh also provides better computational effi-
ciency compared to an unstructured mesh, and is well-suited for
this application due to the relatively simple channel geometry in
our study area (Kim et al. 2014; Liu 2014). Data outputs of the
model include rasters of depth, water surface elevation (WSE),
velocity magnitude, and bed shear stress. All output rasters were
created at a 3-m? cell resolution; given baseflow river widths of ~
70-280m this size yields ~ 23-90 cells across, which is plenty to
resolve lateral changes in hydraulics.

The Smagorinsky formulation for eddy viscosity was used to
account for momentum diffusion via turbulence in the mod-
el's momentum equations (BMT Commercial Australia Pty
Ltd 2018). This equation requires parameters for both a con-
stant coefficient and an initial Smagorinsky coefficient that
is then updated on a cell-by-cell basis; we used 0.4 and 0.5,
respectively.

TUFLOW HPC also requires several geospatial data layers as
inputs to define boundary conditions for the model. The first
is a topographic layer in which we used the final DEM raster
described above. The second is a polygon shapefile that de-
fines the Manning's n coefficient(s) being used for roughness.
Because our study area is dominated by sand-sized substrate
with gentle bedforms and intermittent bank vegetation, we used
a uniform Manning's n value of 0.03 in all model runs in this
study (Arcement and Schneider 1989; Limerinos 1970). Finally,
cross-sectional polygons defining the upstream flow bound-
ary (or boundaries in our case) with a corresponding discharge
magnitude, as well as the downstream boundary with corre-
sponding cross-sectional WSE. Figure S2 in supplementary
materials shows the second order polynomial stage-discharge
rating curve that was generated for our study area. WSEs were

measured using a Trimble R8 RTK GPS near the downstream
boundary of the study area under various discharge conditions
from 2017 to 2019 to develop this curve (Figure 3). The curve
was then used to interpolate WSEs that correspond to our mod-
elled discharge scenarios. Discharge data was obtained from
the California Department of Water Resources’ Data Exchange
Centre (CDWR 2023).

This study used the 2D model water velocity validation method
of Barker et al. (2018). This approach is a variation of large-scale
particle image velocimetry (e.g., Dramais et al. 2011). While this
approach yields less accurate individual point velocity values
than point-scale velocity instruments (e.g., acoustic doppler,
electromagnetic, and propeller velocimeters), Barker et al. (2018)
found it significantly outperformed model validation with those
traditional tools for four reasons: (i) ability to observe velocity
in locations that cannot be waded (i.e., too fast and/or too deep)
and locations where a boat cannot hold position; (ii) better repre-
sentation of the full range of velocities present, (iii) ability to col-
lect velocity direction data, and (iv) collection of so much more
data that model performance metrics have far higher accuracy
and statistical significance.

Onawindless day, a kayaker kept their boat moving exactly at the
speed and direction of the water around it using floating debris
as avisual aid. A Trimble R8 RTK GPS tracked kayak position at
1Hz. Distance travelled per second was computed as a surface
velocity and this value was assigned to the midpoint position of
each measurement. Based on visual site reconnaissance, it was
possible to map what appeared to be the full range of velocity for
enough area to test model performance thoroughly. In addition
to obtaining observed surface velocities, the method of Barker
et al. (2018) was used to find a depth-average velocity constant of
0.63 and apply this to the observed data to obtain field-estimated
depth-average velocities. Both the observed surface values and
the estimated depth-averaged values were compared to depth-
average model velocities at the same coordinates for the same
steady flow regime that occurred during the day of the kayak
survey (Figure 4).

2.6 | Random Forest Model

We utilized a random forest model to produce spatially explic-
itly estimates of detection rate throughout the wetted portion
of the study area. A random forest model is a commonly used
non-parametric machine learning algorithm that uses a classifi-
cation and regression tree technique combined with a bootstrap-
ping component to make robust predictions on a test data set
using a training data set. Randomly selected values for a predic-
tor variable (a fixed value for continuous data or a single class
for categorical data) form nodes along a decision tree to make
a prediction of a response variable value. Homogeneity is max-
imized within nodes and heterogeneity is maximized between
nodes (Breiman 2001; Cutler et al. 2007).

In a random forest process, a user-defined number of trees are
grown using random samples of the training data, with predic-
tor values forming nodes along each tree. These trees are used
to make predictions for out-of-bag (OOB) data (not included in
the bootstrapped data set in each iteration). This feature of the
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FIGURE4 | Results of the kayak velocity validation survey. This plot compares the observed surface velocities multiplied by the depth-averaged
velocity constant (DAVC) to the modelled depth-averaged velocity magnitude values from the TUFLOW model outputs to assess model accuracy and

performance.

random forest process eliminates the need for an additional
cross-validation step to evaluate model performance (Cutler
et al. 2007; Segal 2004). Errors and accuracies of modelled
predictions are averaged across the forest using these repeated
OOB predictions. As a result, additional cross-validation
to evaluate model performance is not necessary as this is a
built-in feature of the random forest process (Cutler et al. 2007,
Segal 2004). The bootstrapping component is also useful in
that it avoids issues of model overfitting, which can be a con-
cern in other statistical modelling approaches (Williams 2011).

The R package randomForest (Breiman 2001; Liaw and
Wiener 2002; R Core Team 2023) was used to produce
spatially-explicit predictions of detection rate. Modelling was
performed with this package for each of the nine discharge
scenarios using the four hydraulic variables from the 2019
DIDSON sampling campaign (depth, velocity magnitude, con-
veyance, and Froude number) to train the model. We utilized
an approach for model calibration similar to van Poorten,
Cox, and Cooper (2013). Parameters for node size (nodesize)
and number of variables tested per node (mtry) were system-
atically tuned in preliminary trials to achieve the lowest value
for residual mean squared error and holding the number of
trees (ntree) at 250. To ensure stable predictions and stability
of mean error values across the forest, the final model was run
with 1000 trees. Final model parameters were: nodesize =4,
mtry=1, ntree=1000. Spatially explicit predictions of detec-
tion rate within the model domain were made using spatially
explicit values for the four hydraulic variables, derived from
the 2D hydraulic model outputs for depth and velocity magni-
tude for each of the nine discharge scenarios.

2.7 | Cost Path Analysis

The cost path algorithm in ESRI's ArcGIS Pro was used to sim-
ulate upstream migratory movement of adult Chinook salmon
through the model domain. We created the HMSI variable to
describe degree of preference for a given cell in the domain. The
HMSI is scaled from zero to one, using the highest (equal to 1)
and lowest (equal to 0) predicted values of detection rate among
the nine discharge scenarios via the random forest's predictive
output maps. Spatially explicit detection rates were converted to
HMSI values and HMSI maps were generated by creating tri-
angulated irregular networks from TUFLOW grid points and
converting those to 3x3 m? rasters. Because HMSI maps were
derived from TUFLOW outputs, HMSI maps span the wetted
area for each discharge scenario.

The cost path algorithm uses an iterative nearest neighbour search
process given a user-specified starting location to progress through
a raster by identifying the “lowest cost” adjacent cell repeatedly
until the path reaches a user-defined end point. In this study, the
expected path is defined as following the maximum HMSI value
available. Because the ArcGIS tool seeks minimum values, we cre-
ated a “lowest cost” variable by simply computing 1-HMSI.

In this study of upstream migration, the starting point is at the
downstream end of the confluence domain. To avoid bias resulting
from specifying a single starting point, we generated 10 starting
positions spaced evenly, extending laterally across the downstream
boundary of the model domain (similar to the evenly-spaced start-
ing positions in an agent-based model of juvenile eel migration by
Benson et al. 2021; see Figure 3). Meanwhile, at the upstream end
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of the study area, a fair cost basis was needed to compare the two
rivers even though they were mapped to different upstream lim-
its. A fair cost basis requires having equivalent channel lengths in
each river upstream of the confluence. To obtain equal upstream
channel lengths, a centre point at the confluence was approxi-
mated and used to generate equidistant upstream endpoints in
LFR and LYR. Final distances for upstream and downstream of
the confluence were 1080.2 and 1005.7 m, respectively.

Cost path parameters were set to produce single paths. Each of
the nine discharge scenarios included 10 paths, with each path
starting from a separate lateral position in the river, yielding 90
cost paths total. The 90 final cost paths were each stationed in
10-m intervals and the HMSI values at each point were added to
the attribute table of the station point file for analysis. Given that
paths had different lengths, number of points per path among all
paths varied between 698 and 742 points.

2.8 | Data Analysis

HMSI values along the 10 cost paths in each discharge scenario
were analysed to answer the two scientific questions (Section 1.2)
by testing stated hypotheses (Section 2.3). To investigate
whether discharge magnitude in each river drives the availabil-
ity of high-value hydraulic microhabitats in one river versus the
other, Kruskal-Wallis (KW) rank sum tests were used to test for
differences in median HMSI values encountered in the 10 cost
paths in each discharge scenario at 95% confidence (Kruskal
and Wallis 1952; Ostertagova, Ostertag, and Kovac¢ 2014). KW
tests were also used to test median differences in HMSI values
encountered in all cost paths associated with the four discharge
ratios examined in this study (each of which included cost paths
from two different discharge scenarios, or three different sce-
narios in the case of the 3.4:1 ratio, see Table 2). A Kolmogerov-
Smirnov (KS) test for goodness of fit revealed that our data
do not meet normality requirements for ANOVA, so the non-
parametric KW test was used (Massey 1951). KW and KS tests
were performed in R using the base library (R Core Team 2023).

A statistically significant KW test only indicates that one me-
dian value among samples is different from the others. To iden-
tify which discharge scenario and discharge magnitude ratio
resulted in the greatest difference in median HMSI value from
one or more of the others, Dunn'’s test for multiple comparisons
using ranked sums was used to compute pairwise comparisons

among all possible paired combinations of discharge scenarios
and ratios of discharge magnitude (Dunn 1964). Dunn's test
allows for examination of differenced in ranked median HMSI
values among discharge scenarios and ratios to determine which
is most different (i.e., results in the highest value habitat along
simulated migratory pathways). Because the Dunn's test in-
cludes all possible pairwise comparisons among the nine dis-
charge scenarios, there were 36 comparisons in all (i.e. reverse
summation, 8+7+...4+1). The R package rstatix was used to
perform the Dunn's tests and because the test involves multiple
pairwise comparisons, adjusted p values were computed using
the Bonferroni method (Dunn 1961; Kassambara 2022).

3 | Results
3.1 | Hydraulic Model Performance

Model performance test metrics included coefficient of determi-
nation, bias (i.e., y-intercept distance from the origin), and mean
signed and unsigned percent error (—4.11% and 28.27%, respec-
tively; see Table S1 in supplementary materials for additional
performance metrics). The coefficient of determination (r?) be-
tween observed surface and modelled depth-averaged velocities
was 0.76, which is above the typical level of model performance
in the published literature.

3.2 | Random Forest Model Performance

The random forest model identified the relative importance of
the predictors, but only explained 17.43% of variance (and mean
sum of squared residuals equal to 0.0024). Reasons for this are
discussed below. The variable importance plot in Figure 5 shows
that conveyance was the most important variable in the random
forest process while depth was the least important.

3.3 | Cost Path Results

Migratory routing at the LFR/LYR confluence, driven by hy-
draulic selectivity, resulted in different rivers being chosen
upstream of the confluence among the nine discharge scenar-
ios (Figures 6-8). Remarkably, river selection was completely
independent of where across the river a fish starts the journey
through the study area. In scenarios 1-6, all migratory paths

Froude Number

Conveyance

Velocity Magnitude

Depth

0 0.01

0.02 0.03 0.04
Node Purity

FIGURES5 | Variableimportance plot produced by the random forest model ranking the relative strength of each hydraulic predictor in predicting

Chinook salmon detection rate.
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FIGURE 6 | HMSI raster maps and cost paths simulated for discharge scenarios 1-3. Raster layers have a 3m cell resolution. Scenarios are

numbered in the upper right corner of each panel.

converge quickly (within 0.25km of the starting point). In sce-
narios 7-9, path convergence still occurs well before the conflu-
ence, but after a longer travel distance (0.6km). This is due to
the greater availability of high HMSI values distributed later-
ally, downstream of the confluence near the starting positions
in those scenarios. The LFR is chosen in scenarios 1-5 which
had mean HMSI values along pathways ranging from 0.25-0.37.
In scenarios 6-9 where the LYR was chosen, mean HMSI values
along pathways ranged from 0.41 to 0.51. This is a direct result
of the spatial distribution of HMSI values throughout the model
domain under each condition, but further testing was needed to
determine the relative effects of discharge versus discharge ratio.

3.4 | Question 1: Discharge Effect

The KW test for differences in median HMSI values encountered
in cost paths per discharge scenario was statistically significant
at 95% confidence (p <0.01), indicating at least one of the nine
discharge scenarios resulted in greater value habitat overall
compared to the others (Table 3 and Figure 9). Of the 36 pair-
wise tests, 31 (86%) had differences in ranked sums that were
statistically significant. Table 4 includes paired differences in
order of the sizes of difference between ranked sums. The great-
est difference in median HMSI values was between scenario 1
(0.16) and scenario 9 (0.48; see Table 2 for scenario definitions).
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FIGURE 7 | HMSI raster maps and cost paths simulated for discharge scenarios 4-6. Raster layers have a 3m cell resolution. Scenarios are

numbered in the upper right corner of each panel.

Following this first pair of discharge scenarios are comparisons
between scenario 1 and Scenarios 7 and 8; the second and third
highest combined discharges that we examined.

3.5 | Question 2: Discharge Ratio Effect

As with the KW test for Question 1 regarding differences among
discharge scenarios, the KW test for differences in median

HMSI values encountered in cost paths per discharge ratio was
statistically significant at 95% confidence (p<0.01), indicat-
ing at least one of the four discharge ratios resulted in greater
value habitat overall (Table 3 and Figure 10). The results of the
Dunn's test shown in Table 5 (again, ordered in the table by the
size of difference between ranked sums for each ratio) showed
the highest difference in median HMSI values encountered be-
tween discharge ratios of 1:1 and 4.9:1. The relationship between
HMSI and discharge ratio appears to be more complicated than
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FIGURE 8 | HMSI raster maps and cost paths simulated for discharge scenarios 7-9. Raster layers have a 3m cell resolution. Scenarios are

numbered in the upper right corner of each panel.

TABLE 3 | Results of Kruskal-Wallis rank sum tests for differences
in median HMSI values encountered among the nine discharge
scenarios and four discharge ratios that occurred among the nine

scenarios.
DF X2KW 4]
Scenarios 8 15834.0 <0.001
Ratios 3 1648.7 <0.001

between HMSI and discharge magnitude, as the second great-
est paired difference between ratios was 3.4:1 and 4.9:1. This is
likely due to the 3.4:1 ratio appearing in three different discharge
scenarios (as opposed to two, like the other three ratios exam-
ined), and so a greater sample of HMSI values represented by the
3.4:1 ratio. We did not find a directly proportional relationship
between ratio and HMSI, indicating confluence discharges and
combined discharge magnitude are more important predictors
of habitat value within the confluence.
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FIGUREY9 | Boxandwhisker plotindicating the median, quartiles, minima and maxima, and outliers (hollow circles) for HMSI values encountered

along all cost paths in each scenario.

4 | Discussion
4.1 | High Uncertainty Found

Most physical habitat studies seek to predict usage of station-
ary ecological functions, such as holding, avoiding predators,
prey capture, and spawning (Aceituno 1990; Bentley et al. 2014;
Kammel et al. 2016; Magnhagen 1988; Nestler et al. 2019). In
such stationary cases, studies have found a very tight coupling
between physical habitat conditions and biological function
(Moir et al. 2006; Moniz et al. 2019; Naman et al. 2019). In con-
trast, this study addressed the ecological function of fish migra-
tion in a sizeable river with dynamic swimming behaviour and
instantaneous decision making at the microhabitat scale. The
approach involved assessing typical hydraulic variables used in
many aquatic physical micro-habitat studies, but these are only a
small subset of many possible contributing factors. Specifically,
fish migration is not only influenced by hydraulics around the
fish, but also by other physico-chemical cues and behaviours
such as olfactory homing and density-dependent behaviours
(Berdahl et al. 2016; Berdahl, Westley, and Quinn 2017; null
Dittman and Quinn 1996; Keefer and Caudill 2014; Unwin and
Quinn 1993). Temperature is also known to influence migratory
behaviour in adult salmonids (Goniea et al. 2006; Middleton
et al. 2018; Salinger and Anderson 2006; Strange 2010). In this
system, Luis and Pasternack (2023) found temperature to be
an important variable along with conveyance in driving reach-
scale habitat selection at the confluence of the LFR and LYR.
However, we lacked the micro-scale spatial resolution in tem-
perature data to incorporate it into this HMSI model and the
random forest model predicting habitat selectivity contained sig-
nificant uncertainty. This could potentially be done in the future
using a forward-looking infrared raster data layer correspond-
ing to modelled hydraulic scenarios.

Despite the high uncertainty, the results are meaningful and
indicate predictive capability of the model because conveyance,
velocity magnitude, and Froude number all have a velocity
component, and ranked higher than depth in predictive power.
For any given habitat cell in the model domain, the velocity

magnitude value relative to the depth value provides key infor-
mation for predicting HMSI. Thus, physical habitat is something
that should be considered in assessing migration, but it is far
from the only factor. By quantifying the degree of predictability
of depth and velocity in migratory behaviour, this study adds
important new understanding, even if that understanding is that
these variables play a limited role.

4.2 | Migratory Routing in the LFR and LYR

The reason why depth and velocity should still be factored
into river science and management, even if they only explain
~20% of behaviour, is that our results suggest migratory routing
at the LFR/LYR confluence is partially driven by micro-scale
hydraulic cues, as hydraulic selectivity is driven by discharge
conditions. The simulations presented here are intended to
complement the findings of Luis and Pasternack (2023) which
showed hydraulic variables to be important factors in migratory
microhabitat selection and rheotactic swimming behaviour.
Based on DIDSON surveys conducted in 2019, it appears con-
veyance is the strongest hydraulic component of microhabitat
selectivity.

Discharge magnitude was found to be an important driver of the
amount and distribution of high-value hydraulic habitat. Results
of the present study support previous patterns of adult Chinook
escapement in this system, as the LYR has experienced elevated
rates of strays in conditions where LYR discharge magnitude
greatly outweighs that of LFR (observed as high as 6.5:1, see
YARMT 2013). The conveyance variable has a velocity compo-
nent, and thus is strongly driven by discharge magnitude as can
be seen in scenarios 6-9 which had relatively high HMSI values
compared to scenarios 1-5.

Discharge ratio was also found to be a statistically significant
driver of hydraulic habitat distribution, though we expected to
find a clearer relationship between discharge ratio and avail-
ability of high-value habitat at the confluence. Our investigation
into this effect suggests discharge ratio may be an important
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TABLE 4 |

Results of Dunn's test for multiple comparisons among discharge scenarios. The pairwise comparisons of discharge scenarios are

ordered by the absolute value of the difference in ranked sums between HMSI values along all cost paths per scenario, in each of the two scenarios

analysed. Adjusted p values are shown using the Bonferroni method.

Scenario a Scenario b N, N, ranka rank b |diff] b4 4 Pogj

1 9 7017 7216 19161.38 44164.65 25003.27 79.72 <0.01 <0.01
1 8 7017 7244 19161.38 43803.82 24642.44 78.64 <0.01 <0.01
1 7 7017 7320 19161.38 43694.13 24532.75 78.49 <0.01 <0.01
3 9 7027 7216 22516.59 44164.65 21648.06 69.04 <0.01 <0.01
3 8 7027 7244 22516.59 43803.82 21287.23 67.96 <0.01 <0.01
5 9 7084 7216 22916.16 44164.65 21248.49 67.91 <0.01 <0.01
3 7 7027 7320 22516.59 43694.13 21177.54 67.78 <0.01 <0.01
5 8 7084 7244 22916.16 43803.82 20887.66 66.82 <0.01 <0.01
5 7 7084 7320 22916.16 43694.13 20777.97 66.64 <0.01 <0.01
1 6 7017 7339 19161.38 34378.43 15217.06 48.72 <0.01 <0.01
4 9 7275 7216 29735.39 44164.65 14429.26 46.42 <0.01 <0.01
4 8 7275 7244 29735.39 43803.82 14068.43 45.31 <0.01 <0.01
4 7 7275 7320 29735.39 43694.13 13958.74 45.07 <0.01 <0.01
2 9 7283 7216 30259.86 44164.65 13904.79 44.75 <0.01 <0.01
2 8 7283 7244 30259.86 43803.82 13543.95 43.63 <0.01 <0.01
2 7 7283 7320 30259.86 43694.13 13434.27 43.39 <0.01 <0.01
3 6 7027 7339 22516.59 34378.43 11861.85 37.99 <0.01 <0.01
5 6 7084 7339 22916.16 34378.43 11462.27 36.79 <0.01 <0.01
1 2 7017 7283 19161.38 30259.86 11098.48 35.47 <0.01 <0.01
1 4 7017 7275 19161.38 29735.39 10574.01 33.78 <0.01 <0.01
6 9 7339 7216 34378.43 44164.65 9786.22 31.55 <0.01 <0.01
6 8 7339 7244 34378.43 43803.82 9425.38 30.42 <0.01 <0.01
6 7 7339 7320 34378.43 43694.13 9315.70 30.15 <0.01 <0.01
2 3 7283 7027 30259.86 22516.59 7743.28 —24.75 <0.01 <0.01
2 5 7283 7084 30259.86 22916.16 7343.70 —23.52 <0.01 <0.01
3 4 7027 7275 22516.59 29735.39 7218.80 23.07 <0.01 <0.01
4 5 7275 7084 29735.39 22916.16 6819.23 —21.84 <0.01 <0.01
4 6 7275 7339 29735.39 34378.43 4643.04 15.00 <0.01 <0.01
2 6 7283 7339 30259.86 34378.43 4118.57 13.31 <0.01 <0.01
1 5 7017 7084 19161.38 22916.16 3754.78 11.92 <0.01 <0.01
1 3 7017 7027 19161.38 22516.59 3355.21 10.63 <0.01 <0.01
2 4 7283 7275 30259.86 29735.39 524.47 -1.69 0.09 1.00

7 9 7320 7216 43694.13 44164.65 470.52 1.52 0.13 1.00

3 5 7027 7084 22516.59 22916.16 399.57 1.27 0.20 1.00

8 9 7244 7216 43803.82 44164.65 360.84 1.16 0.25 1.00

7 8 7320 7244 43694.13 43803.82 109.68 0.35 0.72 1.00

N, and N, are the number of HMSI values along the cost path in each scenario, ranks a and b are the ranked sums per Dunn (1964),|difflis the absolute value of
difference in ranked sum between scenarios, z is the z statistic for testing significance at 95% confidence. p,,; is the adjusted p value using the Bonferroni method.

Bolded p values are statistically significant.
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FIGURE 10 | Box and whisker plot indicating the median, quartiles, minima and maxima for HMSI values encountered along all cost paths

corresponding to the four discharge ratios that occurred among the nine discharge scenarios.

TABLE 5 | Results of Dunn's test for multiple comparisons among flow ratios. The pairwise comparisons of discharge ratios are ordered by
the absolute value of the difference in ranked sums between HMSI values along all cost paths per scenario, in each of the two scenarios analysed.

Adjusted p values are shown using the Bonferroni method.

Ratio a Ratiob N, N, rank a rank b |diff] b4 14 Pogj

1:1 4.9:1 14,423 14,499 28748.62 37180.13 8431.51 38.32 <0.001 <0.001
3.4:1 4.9:1 21,536 14,499 31022.25 37180.13 6157.88 30.64 <0.001 <0.001
1:1 2.4:1 14,423 14,347 28748.62 33321.61 4572.98 20.73 <0.001 <0.001
2.4:1 4.9:1 14,347 14,499 33321.61 37180.13 3858.52 17.51 <0.001 <0.001
2.4:1 3.4:1 14,347 21,536 33321.61 31022.25 2299.36 -11.41 <0.001 <0.001
1:1 3.4:1 14,423 21,536 28748.62 31022.25 2273.63 11.30 <0.001 <0.001

N, and N, are the number of HMSI values along the cost path corresponding to each discharge ratio, ranks a and b are the ranked sums per Dunn (1964),|difflis the
absolute value of difference in ranked sum between discharge ratios, z is the z statistic for testing significance at 95% confidence. Pugj is the adjusted p value using the

Bonferroni method. Bolded p values are statistically significant.

predictor of migratory routing within a certain range of dis-
charge magnitude values. At a confluence, depending on the
size of discharge ratios, a backwater effect may also occur in the
river with a lower discharge, lowering velocities in that river up-
stream of the confluence and yielding lower HMSI values that
might be attractive to migrating salmon.

An example of discharge ratio influencing migratory routing
can be seen in Table 4 where scenarios 7-9 are highly influ-
ential, having the three greatest combined discharge magni-
tudes among our simulations when compared to scenario 1.
The differences in ranked HMSI sums among scenarios 7-9
were markedly different, with the comparison between sce-
narios 9 and 1 having almost twice the difference compared
to the comparison between scenarios 7 and 1. This can be seen
graphically in Figure 8 where the LYR in scenario 9 has higher
overall HMSI values along the cost paths when compared to
scenario 7. Therefore, in the context of potential drought con-
ditions at the LFR/LYR confluence, a situation with a high
combined discharge occurring simultaneously with a high
discharge ratio has the potential to greatly determine migra-
tory routing via hydraulic habitat selectivity. Again, this is the

situation that was observed in 2010 in this system that resulted
in an acute pulse of LFR-origin fall-run Chinook salmon stray-
ing into LYR.

4.3 | Information Gaps and Future Modelling
Applications

Even though adult salmon migration has been studied for decades
in many different systems and species, researchers, managers, and
policy makers still lack a cohesive, holistic quantitative model of
the navigational cues for homing and upstream travel. To date, re-
search has shown that this process is extremely complex, involving
many different sensory inputs as well as endocrine responses in
an individual fish. Our hope is that this modelling study provides
some compelling evidence that micro-scale hydraulic cues also
play a limited but important role, necessitating further research.
For example, there should be observational and modelling efforts
to unify olfactory responses, density-dependent behaviour, micro-
scale hydraulic selectivity, innate exploratory behaviour, and
responses to other habitat characteristics such as temperature, tur-
bidity, pathogens, substrate, and channel complexity.
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A good starting point would be a study that tracks both hy-
draulic habitat selectivity and fidelity to olfactory cues so that
degree of influence of micro-scale habitat characteristics could
be disentangled from olfactory homing mechanisms for a given
species, population, and location. It is well understood that ol-
faction is a primary driver of homing and is likely the dom-
inant driver of an individual's navigational choices (Cooper
et al. 1976; A. H. Dittman, Quinn, and Nevitt 1996; A. D. Hasler
and Scholz 1983; Ueda 2011), but there have also been multiple
cases in which olfaction was shown to be compromised, such
as hatchery-origin fish released away from their natal facility
and denied the sequence of olfactory imprinting associated
with outmigration (Huber et al. 2015; Jonsson, Jonsson, and
Hansen 2003; Keefer and Caudill 2014; Murdoch, Tonseth, and
Miller 2009; Sturrock et al. 2019). Exposure to waterborne pes-
ticide compounds that are toxic to olfactory organs is another
reason in which olfactory physiology may be compromised in
adult salmon (Tierney et al. 2008, 2010). In these cases, hy-
draulic navigation cues may play a critical role in navigation
in lieu of olfactory cues. The degree to which this occurs may
also vary among species and migratory phenotypes. Bett and
Hinch (2016) proposed a hierarchical navigation hypothesis
based on existing empirical evidence that habitat selection in
upstream migration occurs using a hierarchy of navigational
cues with imprinted odours being the primary cue, conspecific
odours being a secondary cue, and non-olfactory environmen-
tal factors as tertiary cues. Our intent was to provide some
novel insight into how such non-olfactory cues may be incor-
porated in upstream navigation.

4.4 | Implications for Environmental Flow
Management Strategies

Our findings highlight a broad need for future research and
development of modelling tools that account for environ-
mental navigational cues on homing and migration in adult
salmon. With the exception of pulse attraction flows, research
supporting flow regulation and watershed management strat-
egies for salmon habitat functionality focuses on spawning,
incubation, and juvenile rearing and outmigration (Harnish
et al. 2014; Matella and Merenlender 2015; Schaller, Petrosky,
and Tinus 2014; Zeug et al. 2014). Supporting these life stages
is important for maintaining and improving population pro-
ductivity and abundance for broader ecosystem support as
well as fishery management. However, population attributes
such as genetic structure, migration phenology, and spatial
structure are conserved through successful adult migration
and homing to natal streams (Narum et al. 2008; Powell and
Campbell 2020; Vidhi et al. 2007). In some cases, maintaining
these attributes may be critically important for conservation
efforts. For imperilled populations that experience high rates
of straying, it may be prudent for water managers to consider
developing and incorporating operational criteria into flow
schedules that support successful homing by avoiding hy-
draulic conditions at key points along the migratory route that
may encourage straying. Such criteria would take into con-
sideration the escapement and spawn timing of an imperilled
species, as well as an understanding of confluence hydrody-
namics along their migratory pathway under ecologically, and
operationally relevant discharge scenarios.
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