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Local hydraulics influence habitat selection and swimming behavior in 
adult California Central Valley Chinook salmon at a large river confluence 

Sean M. Luis *, Gregory B. Pasternack 
Department of Land, Air, and Water Resources, University of California at Davis, One Shields Avenue, Davis, CA 95616–8626, USA   

A R T I C L E  I N F O   
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A B S T R A C T   

Migratory habitat selection in adult anadromous salmonids occurs in response to a combination of physical, 
chemical, and biological cues. Migratory behavioral responses to localized hydraulics are not well understood 
and hydraulic flow features can be particularly complex at confluence junctions. In some cases, hydraulics may 
play a partial role in migratory routing, with implications for population structure where wild- and hatchery- 
origin fish hybridize. This study investigated two questions about such confluences: (1) Can patterns in migra-
tory microhabitat selection or migratory swimming behavior in adult Chinook salmon be attributed to micro- 
scale hydraulic conditions driven by discharge magnitude and ratio at a confluence? (2) What is the relative 
influence of selectivity for hydraulic conditions compared to temperature and/or turbidity in micro-scale habitat 
selection or migratory swimming behavior at a confluence? The fall 2019 migration of California Central Valley 
Chinook salmon (Oncorhynchus tshawytscha) at the confluence of the Feather and Yuba Rivers in northeastern 
California served as a testbed. Using two dual-frequency identification sonars, 12 monitoring sites representing 
distinct physical microhabitats upstream of, within, and downstream of the confluence were repeatedly sampled 
during two four-day flow periods (mean flow ratios between the Feather and Yuba Rivers were 8.66 and 4.02, 
respectively). Temperature magnitudes and ratios flipped between these sampling periods. We used a multiple 
regression analysis using the F test for significance and a corrected Akaike information criteria (AICc) analysis to 
identify predictors of both detection rate (# individuals/m3/min) and percent occurrence of directed, milling, 
and backtracking swimming behaviors. A combination of conveyance (m2/s), temperature, and turbidity was 
found to perform best in predicting detection rate (p < 0.001). No suitable model was found to predict directed 
behavior. Milling was best predicted by a combination of all hydraulic variables (p < 0.001) and although 
temperature alone was found to best predict backtracking (p < 0.01), we identified a candidate model including 
conveyance and temperature as predictors (ΔAICc = 3.66, p = 0.02) which aided in the interpretation of our 
results. This study provides evidence that channel hydraulics play an active role in the sum of navigation cues 
that are utilized by migrating adult salmon en route to spawning grounds and should be considered in future 
investigations of homing and straying patterns in anadromous salmonids.   

1. Introduction 

Salmon have long been a major focal point in aquatic resource 
management in the western United States, Canada, and worldwide 
where such anadromous fish occur, with the goal of maintaining healthy 
populations for sustainable harvest (Larkin, 1979). The nature of their 
migration has been studied extensively, as it is a critical facet of their life 
history strategy (Dittman and Quinn, 1996; Keefer and Caudill, 2014; 
Putman et al., 2013). In many cases, anadromous fish habitat in regu-
lated rivers experiences altered flow regimes to accommodate 

agricultural, municipal, and industrial water use throughout the year 
(Brown and Ford, 2002; Buddendorf et al., 2017; Marchetti and Moyle, 
2001; Tsuboi et al., 2010) as well as riverscape narrowing and simpli-
fication to accommodate adjacent land use (Jacobson and Galat, 2006). 

River confluences can be hydraulically and geomorphologically 
complex features of regulated fluvial channel networks and represent 
critical points for successful homing. Understanding of their dynamics 
(including hydraulic flow features, sediment flux, and channel geome-
tries) has become increasingly more sophisticated since the mid-20th 
century (Best, 1986; Gualtieri et al., 2017; Miller, 1958; Richards, 
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1980). For salmon migrating upstream, each confluence that is 
encountered represents a critical navigational step in a sequence of 
decisions that must be made between entering the estuary and reaching 
spawning grounds. In many rivers, the physical, chemical, and biolog-
ical attributes of migratory habitat at a confluence are dictated by 
environmental drivers that occur in a spatial hierarchy, from 
landscape-scale processes down to micro-scale processes. 

1.1. Study purpose and scientific questions 

This study investigated microhabitat-scale drivers of migratory 
habitat selection at a regulated river confluence by addressing the 
following questions: (1) Can patterns in migratory microhabitat selec-
tion or migratory swimming behavior in adult Chinook salmon be 
attributed to micro-scale hydraulic conditions driven by discharge 
magnitude and ratio at a confluence? (2) What is the relative influence 
of selectivity for hydraulic conditions compared to temperature and/or 
turbidity in micro-scale habitat selection or migratory swimming 
behavior at a confluence? Our study design does not explicitly account 
for microhabitat selection based on homing fidelity to natal water based 
on odor cues. It is impossible to disentangle micro-scale preference for 
temperature and/or turbidity purely based on those physical charac-
teristics from selectivity of natal source water based on chemosensory 
attraction via olfactory imprinting, or preferences resulting from the 
water’s thermal/optical characteristics at the time of our observation. In 
our study, we consider the degree to which temperature and turbidity 
play a role in micro-scale habitat preference as a potential sign of 
homing fidelity and our results are discussed in that context. The 
experimental design concept and tested hypotheses are included below 
in Section 2.2 and summarized in Table 1. 

1.2. Conceptual model background 

Fig. 1 presents a conceptual model of migratory habitat attributes for 
adult Pacific salmon that occur within a spatial hierarchy of physical, 
chemical, and biological processes which directly or indirectly drive 
habitat selection at river confluences. An expanded literature review and 
synthesis supporting the conceptual model is included in Section 1 of the 
appendix. It is important to consider the potential roles of landscape-, 
reach-, and micro-scale phenomena that affect fish migratory decision- 
making and/or behavior instincts when a fish arrives at a confluence. 

1.2.1. Landscape-scale habitat attributes 
Landscape-scale hydrologic and sediment supply regimes act as top- 

down controls on local flow magnitude, frequency, duration, timing, 
and rate of change, including interannual variation of these attributes 
(Edwards et al., 2015). River discharge at a catchment or reach scale has 
been used to partially explain the timing of population-level adult 
salmon migratory movements with implications for flow management in 
the context of accommodating or facilitating migration (Anderson and 
Beer, 2009; Dahl et al., 2004; Peterson et al., 2017). In catchments with 
regulated rivers, many dam operation schedules are partially planned to 
control downstream discharges (Acreman et al., 2009; Bradford et al., 
2011; Gendaszek et al., 2018; Saltveit et al., 2019), as well as temper-
atures (Ahmad and Hossain, 2020; Nichols et al., 2014; Rheinheimer 
et al., 2015) to accommodate specific salmonid lifecycle stages and their 
habitat requirements. Along with climate and precipitation patterns, 
regional orogeny, epeirogeny, and lithology act as major drivers of 
sediment transport dynamics, drainage pattern, and spatial distribution 
of channel types (Dietrich et al., 2003; Howard et al., 1994; Massong and 
Montgomery, 2000; Sklar and Dietrich, 2001). These landscape-scale 
processes ultimately determine the amount and type of habitat avail-
able to a salmon population by dictating the spatial extent and distri-
bution of alluvial channel forms (Church, 2006). 

Hatchery production facilities can induce population-level effects 
when juveniles are reared to the parr/smolt stage and released off site to 
avoid mortality associated with downstream migration (Huber and 
Carlson, 2015; Murdoch et al., 2009). This is thought to result in 
increased rates of straying in adults due to the interruption of olfactory 
imprinting at earlier life stages (Jonsson et al., 2003; Keefer and Caudill, 
2014; Sturrock et al., 2019). In addition to hatchery release practices, 
some pollutants are known to disrupt olfaction via toxicity to the ol-
factory physiology of salmonids by multiple biochemical pathways 
(Tierney et al., 2010). Many salmon populations occur in regions that 
experience extensive agricultural land use and large-scale application of 
pesticide compounds that enter waterways via agricultural runoff. 

1.2.2. Reach-scale habitat attributes 
Except for some Alaskan chum salmon (O. keta) runs (known to oc-

casionally spawn in intertidal areas of river mouths, see Johnson et al., 
1997), most adult Pacific salmon undergo some degree of upstream 
migration into a catchment, encountering a sequence of tributary con-
fluences. The distance travelled along a migration route can vary within 
and among species (Quinn, 2018). The types of riverine habitats occu-
pied by Pacific salmon species throughout their range are highly vari-
able as well. As they progress through their upstream migration, salmon 
experience variation in both channel discharge, geometry, and local 
features, such as deposited wood, boulders, bank outcrops, man-made 
structures, etc. This dynamic combination of flow and channel shape 
dictates the hydraulic conditions that each individual experiences. Hy-
draulic connectivity and passage capability at knickpoints are major 
factors that determine how far into a channel network an individual fish 
can swim. Confluences within a catchment can be important drivers of 
reach-scale geomorphic features and resultant physical migratory 
habitat structure (Blettler and Amsler, 2016; Penna et al., 2018). In a 
review of “confluence effects” in drainage networks, Benda et al. (2004) 
found a correlation between the ratio of tributary and mainstem 
drainage area and the probability of confluence effects occurring 
(meaning the formation of fluvial landforms associated with confluences 
such as fans, bars, and terraces). In certain cases, sediment aggradation 
at channel confluences may interrupt downstream sediment supply, 
disrupting alluvial processes that facilitate physical habitat heteroge-
neity downstream of the confluence. The extent to which this occurs 
within a basin is largely driven by drainage area and stream network 
length (Rice, 2017). 

Because acute injury to olfactory organs has been demonstrated in 
the presence of certain pesticide compounds (Tierney et al., 2008), it is 
possible that non-point source contamination may have some influence 
in migratory routing at confluences above a concentration threshold for 
acute toxicity. Point source contamination may also have reach-scale 

Table 1 
Hypotheses and test methods used in this study. Predictor variables a-g are each 
tested as a separate hypothesis in the analysis. Directed, milling, and back-
tracking behaviors are defined in Section 2.3.3.  

Hypothesis 

H1: Detection rate* correlates with… a Velocity magnitude 
b Depth 
c Conveyance 
d Froude number 
e Temperature 
f Turbidity 
g Multiple Predictors 

Percent of _________ swimming behavior correlates with… 
H2: Directed* * 
H3: Milling* * 

H4: Backtracking* * 

a Velocity magnitude 
b Depth 
c Conveyance 
d Froude number 
e Temperature 
f Turbidity 
g Multiple Predictors  

* Nonlinear (exponential) regression * *Linear regression. Hypothesis testing 
utilizes the F test for multiple regression coefficients being non-zero (95% 
confidence). 
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impacts to adult salmon migratory habitat via contaminant spills, poor 
pesticide management practices, or concentrated discharge of agricul-
tural runoff during dry periods (Holvoet et al., 2007; McKnight et al., 
2015). 

It is also important to note that some amount of straying occurs 
naturally across Pacific salmon species. Exploratory dispersal as an 
innate behavior appears to be an expression of the portfolio effect in 
their life history strategy and in some cases may be related to thermo-
regulation (Goniea et al., 2006, High et al., 2006, Peterson et al., 2016, 
Schindler et al., 2010, Keefer et al., 2018). Beyond biological cues at the 
individual level, recent evidence has demonstrated density-dependent 
movement of spawning cohorts (Berdahl et al., 2017, 2016). Further 
investigation is needed before a density threshold for aggregated group 
movement can be identified across salmonid taxa. Finally, little is known 
about predator avoidance dynamics in migrating adult salmon, though it 
is thought to be most important on or near spawning grounds (Quinn, 
2018; Quinn et al., 2001). 

1.2.3. Micro-scale habitat attributes 
Channel discharge, geometry, and sediment composition act 

together to produce micro-scale physical habitat conditions commonly 
referred to as “microhabitats”. The microhabitat spatial scale is defined 
by Baldes and Vincent (1969) as “the physical conditions immediately 
surrounding an animal at a given time and place”. This spatial scale has 
been utilized in investigations into life stage-specific habitat re-
quirements (Carnie et al., 2016; Moir and Pasternack, 2010; Nielsen, 
1992; Shirvell, 1994), restoration design and planning applications 

(Brown and Pasternack, 2009; Fangue et al., 2021; Favrot et al., 2018), 
and evaluation of passage infrastructure (Li et al., 2021; Nestler et al., 
2008; Weber et al., 2006). To date, the influence of confluence hy-
draulics on species-specific microhabitat distribution in space and time 
has not yet been studied. 

2. Materials and methods 

2.1. Study area and management context 

The Feather and Yuba River catchments lie adjacent in the north-
eastern area of the California Central Valley (Fig. 2). Both experienced 
intensive hydraulic gold mining activity during the 19th century. Dif-
ferences in early river engineering approaches resulted in contrasting 
channel evolution processes, particularly with regard to levee width 
(James et al., 2009). The Yuba drainage area is 3480 km2 and the lower 
Yuba River (LYR) is a 37.1 km segment between Englebright Dam to the 
confluence with the lower Feather River (LFR). It is dominated by 
gravel/cobble substrate, transitioning to a sand-dominant channel at the 
confluence. The Feather drainage area is 16,050 km2 and the LFR ex-
tends 117 km from Oroville Dam to its confluence with the Sacramento 
River. The LFR is dominated by finer sediment and has experienced 
significant channel avulsion. The Oroville spillway collapse in 2017 
resulted in the rapid mobilization of approximately 1 million metric tons 
of debris that was deposited in adjacent floodplain areas (Nalin and 
Kotulla, 2018). The LFR is also heavily influenced by Thermalito 
Afterbay, a series of hydraulically connected shallow reservoirs adjacent 

Fig. 1. Conceptual model diagram summarizing physical and biological drivers involved in multi-scale habitat selection by anadromous migrating adult salmonids at 
river confluences. Black lines indicate indirect drivers of habitat selection. The area shaded in blue includes microhabitat attributes that are investigated in this study 
(with the exception of turbulence). Blue lines indicate direct drivers that are quantified and analyzed in this study, while red lines indicate direct drivers that are not 
measured. Items outlined in orange indicate physical and biological drivers that are actively managed, either partially or fully. Yellow diamonds describe the 
physiological and behavioral implications for a given movement by an individual. Dotted blue arrows are ecological implications that could be accounted for using 
the results of this study, and red dotted lines cannot. 
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to the main channel that result in increased water temperatures. Both 
rivers are regulated and experience annual flow regimes that are altered 
from historical conditions, though the LYR has a relatively natural flood 
regime (Gervasi et al., 2021). 

The location of the study area is the immediate confluence of the LFR 
and LYR. Specifically, it includes approximately 1.42 km of the LFR and 
0.85 km of the LYR upstream of the confluence and 1.13 km of the LFR 
downstream of the confluence (Fig. 3). The study area is dominated by 
sand-sized substrate with small patches of coarser material in fast- 
moving riffles (see Table A.1 for grain size distribution by sample site 
in the appendix). Topographic surveys and aerial imagery indicate that 
the study area is subject to significant interannual changes in channel 
geometry due to mobilization of fine sediment during winter high flow 
periods. In-stream wood is present along the banks and can be sub-
merged; more wood occurs in the LYR, because the west bank of the LFR 
has a sandy levee and that bank is subject to maintenance and clearance. 

The Feather River Fish Hatchery is located at the base of Oroville 
Dam and is one of the largest production facilities for fall-run Chinook in 
the Central Valley. In 2019, spring- and fall-run Chinook produced by 
Feather River Fish Hatchery accounted for 43.6% of adult hatchery- 
origin Chinook collected in the Sacramento and San Joaquin basins 
during the fall-run escapement period (CDFW, 2021). The hatchery is 
located ~ 61.9 RKM upstream of the study site. In 2019 (the year that 
our field surveys took place), 27,103 Chinook salmon returned to the 
hatchery with 51,967 in-river returns, totaling 79,070 fish (CDFW, 
2022). The LYR has no hatchery production facility and extant naturally 
spawning populations of spring- and fall-run Chinook persist. In 2019, 
the LYR experienced 3446 in-river returns (CDFW, 2022). 

The Yuba Accord River Management Team (YARMT) found that 
discharge magnitudes differing between the two rivers appear to influ-
ence navigational choice at the LFR-LYR confluence (YARMT, 2013). 
Correlative patterns have emerged in the two rivers between escape-
ment rates for spring- and fall-run Chinook and discrepancies in the 
magnitude of flow and temperature between the rivers in certain years. 
Monitoring data show that in years with higher discharge and lower 
temperature in the LYR relative to the LFR, high rates of straying of 
Feather-origin fish can be seen in the LYR. 

In surveys conducted from 2004 to 2011, YARMT counted the 
number of Feather-hatchery origin fish passing a low-head dam on the 
LYR and, using a fitted logistic model, found that 72% of the variation in 

the proportion of hatchery- and wild-origin adults entering the LYR 
could be attributed to the ratio of discharge magnitude between the two 
rivers and the ratio of water temperature between the two rivers. As a 
result, the National Marine Fisheries Service’s California Central Valley 
Salmonid Recovery Plan includes a recovery action to “evaluate whether 
salmonid straying between the Feather and Yuba rivers can be mini-
mized through flow management” (NMFS 2014). It may be necessary to 
co-manage the LFR and LYR to a degree to address this. 

Based on the results of YARMT’s monitoring efforts and the extent to 
which migratory behavioral cues in adult salmon are characterized in 
the literature, there is a clear need to go beyond simple empirical cor-
relations to investigate potential mechanisms of straying behavior at the 
LFR/LYR confluence driven by local physical processes that convert 
general drivers like discharge and temperature into sensory experiences 
fish use to make decisions or respond to instinctually. Beyond the direct 
management implications for hatchery-origin fish occupying these wa-
tersheds, such an investigation would aid in filling a critical knowledge 
gap in the migratory physiology and behavior of anadromous salmonids. 

It may be that the cue is simply magnitude of discharge, but how can 
that be possible mechanistically? Specifically, how can a fish experience 
an instantaneous total volume of water passing a cross-section that is ~ 
300 times wider than their body length? That is unlikely. Instead, it is 
most likely that discharge is a distal “black box” governing variable 
inducing the ecohydraulic mechanism by which a proximal physical 
template is presented to fish for their behavioral response. The risk of 
relying on empirical analysis of only one governing variable without 
investigating underlying mechanisms is that important, yet unaccounted 
for other governing variables (e.g. topography, substrate, vegetation, 
stream wood, etc.) could change independently of managers tuning flow 
releases, resulting in a poor or ambiguous outcome from controlled 

Fig. 2. Location of the study area. The state of California is shaded in blue in 
the main panel. 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. 

Fig. 3. DIDSON deployment sites with centerlines indicating orientation 
(colors indicate sampling period). Sites are classified as being in the Feather, 
Yuba, or downstream zones (F, Y, and D), and whether it was a deep or shallow 
site (D or S, two in each zone). Base map image sources: ESRI, Maxar, Earthstar 
Graphics, and the GIS user community. 
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actions. Further, there remains ~ 30% of the behavioral decisions that 
are not explained by the empirical analysis, and that constitutes a sizable 
population-level effect that needs to be understood (YARMT, 2013). 

2.2. Experimental design concept 

As shown conceptually in Fig. 1, this study investigated drivers of 
migratory microhabitat selection at a regulated river confluence. Depths 
and velocities throughout the study site experienced top-down control 
by discharge magnitude and ratio (referred to as “discharge condition”) 
between the LFR and LYR. Discharge condition changed considerably 
between September and October sampling periods in 2019. Fixed DID-
SON sampling sites were selected to capture the broadest possible range 
of depth and velocity magnitude values to identify one or both of those 
attributes as drivers of selection (“deep” and “shallow” site type desig-
nations, see Figs. 3 and 4). The study area was divided into three zones 
that experienced different overall velocity conditions depending on their 
orientation to the confluence. The three zones include the LYR portion 
upstream of the confluence, referred to as the “Yuba” zone; the LFR 
portion upstream of the confluence, referred to as the “Feather” zone; 
and the LFR portion downstream of the confluence, referred to as the 
“downstream” zone. 

Detection rate data from our DIDSON surveys were fit to a set of 
multiple non-linear regression models to investigate the strength of four 
hydraulic variables (velocity magnitude; depth; Froude number, a 
dimensionless quantity that represents the ratio of inertial forces to 
gravitational forces; and conveyance, a representation of the flow per 
unit-width that an individual fish experiences at a given point along 
their migratory pathway) as well as temperature and turbidity, as pre-
dictors of micro-scale habitat selection. The sediment grain size distri-
bution within the study area is dominated by sand and therefore would 
not serve as a useful predictor of habitat selection (see Table A.1 in the 
appendix). The candidate models as well as the regression function 
(exponential) were selected based on preliminary exploration of the 
detection rate data. Additionally, we analyzed migratory swimming 
behavior type by measuring a combination of rheotactic orientation and 
progress over ground. This yielded a Eularian-based indicator of up-
stream migration, and it cannot be used to truly characterize 
Lagrangian-based movement (Doyle and Ensign, 2009; Willis, 2011). 
Swimming behavior types were designated as “directed”, “milling”, and 
“backtracking” as detailed below. The same set of multiple regression 
models was used to predict percent occurrence of each of these swim-
ming behaviors, but these models were instead fit using a linear 

regression type. An Akaike information criteria analysis corrected for 
small sample sizes (AICc) was used to score and rank the suitability of 
the models for predicting each response variable. F tests for statistical 
significance in each regression fit served as a test metric for our stated 
hypotheses in Table 1. 

2.3. DIDSON surveys 

2.3.1. DIDSON sonar 
The potential utility of dual-frequency identification sonars (DID-

SON) technology for biological research applications has been noted for 
settings in which optical underwater imaging equipment may be limited 
by light, turbidity, or suspended particulate matter (Belcher et al., 2002, 
2001). Moursund et al. (2003) assessed the feasibility of DIDSON tech-
nology in fisheries research applications. Since then, it has been used to 
monitor salmon passage rates in Alaska (Faulkner and Maxwell, 2009; 
Maxwell and Gove, 2004, 2007) and fish behavioral responses to pas-
sage infrastructure in Australia (Baumgartner et al., 2006). It has also 
been used for steelhead (Oncorhynchus mykiss) population assessments 
in coastal California watersheds (Pipal et al., 2012) and green sturgeon 
(Acipenser medirostris) abundance estimates in the Sacramento River 
(Mora et al., 2015). 

To assess fine-scale hydraulic habitat selection at the LFR/LYR 
confluence, two DIDSON systems were used to observe migratory 
behavior and quantify rates of habitat selection within the immediate 
area of the confluence. A DIDSON system (Sound Metrics Corp.) features 
a multibeam transducer that emits 48 beams spaced 0.4◦ apart when 
operated at the 1.0 MHz frequency and 96 beams spaced 0.3 ◦ apart with 
two operating at the 1.8 MHz frequency. The beams are emitted through 
an “acoustic lens” that can shape the resultant sonar images to focus on a 
particular field of view. 

2.3.2. DIDSON sampling scheme 
Migratory behavioral observations via DIDSON occurred over the 

course of two 4-day sampling periods in 2019, representing markedly 
different discharge conditions at the confluence due to the scheduled 
decrease in Feather River flows for salmon spawning in mid-October 
(CDWR and CDFG, 1983; NMFS, 2016). The first period occurred from 
September 23–26 and the second from October 22–25. During the first 
sampling period, mean discharges on the LFR and LYR were ~ 213 and 
24 m3/s, respectively. During the second period, discharges on the LFR 
and LYR were ~ 68 and 17 m3/s, respectively (CDWR 2021). Discharge 
decreased because of a scheduled annual flow decrease in the LFR to 
prevent anadromous fish from spawning in overbank areas that may be 
dewatered (CDWR and CDFG 1986, NMFS, 2016). LYR discharge also 
decreased, but not by as much, yielding a lower flow ratio. Scheduled 
facility maintenance typically yields the lowest discharge out of Engle-
bright Dam in September. However, actual released discharge may be 
higher than scheduled depending on carryover storage, natural autumn 
runoff, and water demand by Yuba County farmers. Further, the timing 
of LYR flow reduction is earlier than it is for the LFR, so the main effect 
on the flow ratio in late September is driven by the LFR. Independently 
of releases, minimum flow requirements on the LYR close to the 
confluence with the LFR are identical for September and October 
regardless of water year type used to define the operational schedule in 
the Yuba Accord. Therefore, the primary control on discharge ratios at 
the confluence is LFR flow operations. 

We established four DIDSON deployment sites in three zones, in both 
the LFR (“Feather” sites) and LYR (“Yuba” sites) upstream of the 
confluence and an additional four in the LFR downstream of the 
confluence (“Downstream” sites). Each of these three zones included 
two “deep” and two “shallow” sites, relative to surrounding channel 
topography. Site selection was somewhat limited by availability of 
shoreside area for equipment set up and deployments were limited to 
normal daylight working hours due to logistical constraints and safety 
concerns. The goal of the sampling scheme was to capture a range of 

Fig. 4. Mean depths are plotted against mean velocity magnitude for each 
DIDSON deployment site in both sampling periods. Some overlap occurs be-
tween “deep” and “shallow” sites as they were selected based on relative depths 
within each zone of the sampling scheme. 
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depth and velocity that were representative of the study area. These sites 
and their physical attributes are shown in Fig. 4 and summarized in 
detail in Table A.2 in the appendix. 

All 12 DIDSON deployment sites were sampled twice for a duration 
between 30 and 60 min within each 4-day period at a fixed range of 
10 m. Deployment locations during the second sampling period were 
moved laterally into the wetted channel to accommodate the stage drop. 
DIDSON transducers were suspended in stationary PVC cages and both 
sonar and laptop equipment were powered by 12 v deep cycle marine 
batteries. For all deployments, a handheld Trimble GeoHX GeoExplorer 
2008 Series GPS was used to obtain a position fix for the transducer. A 
handheld compass and angle measuring device were used to obtain the 
compass heading and downward (pitch) angle orientation of the trans-
ducer. Roll angle was minimized to the maximum extent possible. From 
the digital elevation model (DEM, described below) and the transducer 
position information for each deployment, volumes sampled were esti-
mated using a geometric solution scheme (details included in Figure A.1 
in the appendix). Sampling bias was not found to influence detection 
rates with regards to volume sampled, deployment time, deployment 
duration, or mean body length estimate. This is discussed further in 
Section 2.5 of the appendix. A thorough discussion of the species iden-
tification criteria used in this study is included in Section 2.6 of the 
appendix with body length estimates being the primary metric used to 
identify adult Chinook salmon in the DIDSON footage. 

2.3.3. Detection rates and swimming behavior 
Individual DIDSON files (recorded at 8 frames per second) were 

reviewed manually at 30 frames per second and processed to obtain 
migratory behavioral data for adult Chinook salmon. Footage at the 
beginning and end of each file that contained camera movement was 
discarded. Each time a fish entered the field of view that fit the species 
identification criteria, it was measured three times using the DIDSON 
software’s measuring tool to obtain a mean body length. The time of 
entry and exit was recorded as well as it’s rheotactic orientation to the 
flow. Detection rates for each deployment were calculated by summing 
the number of individual detections and dividing those by the minutes of 
footage analyzed multiplied by the volume of water sampled by the 
DIDSON: 

D =

∑
(I)

tAV
(1)  

where D is the detection rate, I is the number of individual detections per 
site, tA is the time of footage analyzed in minutes, and V is the total 
volume of water sampled by the DIDSON in m3. 

Migratory swimming behavior was identified for each detection 
based on both rheotactic orientation to the flow and movement over 
ground at each DIDSON site. Fish that showed positive rheotaxis (body 
oriented against the flow direction) were said to exhibit either 
“directed” movement if their path of travel over ground was only up-
stream, or “milling” if their path over ground included both upstream 
and downstream movement. Fish were said to be “backtracking” if they 
exhibited negative rheotaxis (body oriented with the flow direction). 

2.3.4. Bathymetric mapping 
A DEM was constructed using topo-bathymetric point data from GPS 

and echosounding. Bathymetric mapping of the wetted channel 
occurred several weeks prior to the behavioral surveys in August 2019 
using a Hydrolite single beam echosounder (minimum depth of 0.3 m; 
depth accuracy of 1 cm; sampling frequency of 200 Hz; Seafloor Sys-
tems, Inc.) in sync with a Trimble R8 real-time kinematic GPS (hori-
zontal and vertical accuracies of ~ 1 and 2 cm, respectively) receiving 
corrections over the internet from a regional base station network on the 
fly at 1 Hz. Several cross-sectional transects were mapped at each DID-
SON deployment site. Additional cross-sectional transects were mapped 
approximately one channel width apart as well as 8–12 longitudinal 

transects that spanned the length of each zone in the study area. Bare- 
Earth topography was collected in January 2020 on an island at the 
confluence junction using the Trimble R8. 

ESRI ArcGIS software was used to process survey data and produce a 
DEM. Erroneous survey data points were manually identified and 
removed. Additional augmented points were added along known con-
tours from the field work to smooth any artifacts in the digital terrain 
that resulted from topographic data gaps. A triangulated irregular 
network was produced from the point data and then this was converted 
into a 0.3-m resolution raster. Raster resolution was selected based on 
the overall density of topographic data points and especially considering 
point density in the vicinity of DIDSON deployments. 

2.4. Hydraulic data 

On September 19th and 20th, one week prior to the first behavioral 
observation period, and again on October 30th, one week following the 
second behavioral observation period, velocity measurements were 
taken at each of the DIDSON deployment sites using a boat-mounted 
Sontek M9 acoustic doppler current profiler. At each DIDSON cross 
section, six lateral velocity transects were performed, capturing column- 
wise velocity measurements in succession across the channel. Transects 
extended the full width of the wetted channel for each sampling period. 
Mean velocity magnitude values were computed for each column over a 
1-second time step and positions were recorded using a Sontek DGPS 
antenna. The points that were taken from these data in GIS to represent 
each DIDSON site occurred adjacent to the centerline of the DIDSON 
beams, within the lateral length of the DIDSON beams in the up or 
downstream direction. Points included in this search area were then 
averaged to generate one mean velocity magnitude value for each 
DIDSON site. During the October sampling period, two of the DIDSON 
sites were not accessible by boat (DS1 and DD2) and no ADCP data were 
collected. As a result, those DIDSON deployments were discarded and 
excluded from our analysis. Mean depth estimates for each DIDSON site 
were estimated based on the 10-m-long centerline of the DIDSON field of 
view, using bed elevation measurements from the DEM raster along the 
centerline at 0.3 m intervals and assuming a uniform transducer sub-
mergence depth of 0.9 m at all sites. 

Froude number is a dimensionless quantity that represents the ratio 
of inertial forces to gravitational forces and has been used by others to 
assess habitat suitability for salmonids (Ayllón et al., 2009; Lamouroux 
and Souchon, 2002; Persinger et al., 2011): 

Fr =
u
̅̅̅̅̅̅̅̅̅̅
g ∗ d

√ (2)  

where u is the mean velocity magnitude at each site in m/s, g is the 
gravitational acceleration constant in m/s2, and d is the mean depth at 
each site in m. Conveyance is defined as follows: 

C = u ∗ d (3)  

where u is mean velocity magnitude in m/s and d is mean depth in m. C 
results in units of m2/s. Conceptually, it is the discharge per unit width 
of the wetted channel. It is a representation of the flow that an individual 
fish experiences at a given point along their migratory pathway. This 
metric has been used in similar applications for assessing salmonid 
habitat suitability (Kammel et al., 2016; Moniz et al., 2019). 

2.5. Hydraulic model 

The overall hydraulic conditions that were available to fish at the 
study site could not be directly measured for a comparison against those 
conditions where fish were located, so they were estimated using the 
two-dimensional (2D) hydrodynamic model TUFLOW HPC (Build 
2018–03-AE; BMT Commercial Australia Pty Ltd). The model simulated 
steady state hydraulics through the study area for the regulated, steady 
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mean daily discharges that occurred during each sampling period. 
Gridded model solutions for depth and velocity magnitude were 
generated with a computational square cell size of 3 m x 3 m. Velocity 
magnitude validation found model predictions to be a good fit to the 
data on the basis of an r2 value of 0.76, which is quite high compared to 
the literature using 2D hydrodynamic models. Details on the hydrody-
namic models including inputs, topographic data, parameters, and 
validation can be found in Table A.3 of the appendix. 

2.6. Temperature and turbidity monitoring 

Temperature and turbidity were monitored at fixed sampling loca-
tions throughout the 2019 field campaign to represent both discharge 

conditions (Fig. 5). All but two DIDSON sites had a corresponding 
temperature/turbidity site, the remaining two were assigned averaged 
temperature/turbidity values from sites directly up- and down-stream. 
Three HOBO Water Temperature Pro V2 data loggers (Onset Com-
puter Corp.) were permanently installed at depths of ~ 1 m at each 
boundary of the project area (Fig. 5) to generate a continuous temper-
ature time series during the two sampling periods (Fig. 6). The purpose 
of the fixed loggers was to account for any changes in temperature 
within each 4-day DIDSON sampling period. Fixed HOBO loggers 
recorded water temperatures ( ± 0.2 ◦C) at 30-minute intervals. To 
avoid dewatering during the Feather discharge decrease and stage drop 
between DIDSON sampling periods, the fixed loggers were vertically 
repositioned to achieve > 0.5 m depth submersion for the October 

Fig. 5. Locations and results of hand-held surface temperature and turbidity measurements for September (a,c) and October (b,d) sampling periods. The yellow stars 
indicate the locations of the fixed temperature loggers. Base map image is from Google Earth. 
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period. 
Temperature data from the loggers were supplemented with hand- 

held measurements taken at fixed sampling locations (Fig. 5) before 
and after each DIDSON sampling period (samples taken September 20th 
and 27th and October 18th and 26th). A resistance temperature detector 
thermometer ( ± 0.3 ◦C) with a general immersion probe (Tegam Inc.) 
was used to take surface measurements at each station. A third HOBO 
logger attached to a pole was used to take temperature measurements at 
1 m depth or at the bottom (if shallower than 1 m) at each station. 
Surface and submerged temperatures were compared to determine if 
vertical temperature stratification occurred at any point in the site. 

A 2100Q Portable Turbidimeter ( ± 2% of reading; HACH Company) 
was used to measure turbidity in nephelometric turbidity units (NTUs) 
at each of the handheld temperature monitoring stations. Three mea-
surements were taken at each station and averaged. Sampling vials were 
rinsed with distilled water between each measurement and the instru-
ment was calibrated at the start of each sampling day in accordance with 
manufacturer guidance. 

2.7. Data analysis 

A key question to address was whether the locations where fish were 
present were distinguishable from the overall river confluence condi-
tions. Mann-Whitney U tests are a typical approach to answering this 
question, so they were performed using the base R package stats (Mac-
Farland and Yates, 2016; R Core Team, 2022b) to test (at 95% confi-
dence) for differences in means between both velocity magnitude and 
depth values associated with each DIDSON detection, and randomly 
sampled modeled values from outside of the DIDSON sample sites, 
representing conditions present within the study area at the time of 
observation. This was performed across all detections, as well as indi-
vidually for the September and October sampling periods, which is two 

variables times three time intervals yielding six total tests. The number 
of randomly sampled modeled values for velocity magnitude and depth 
used in each comparison was equal to the number of detections associ-
ated with that comparison (228 for all detections, 188 for the September 
comparison, and 40 for the October comparison). 

Per hypotheses H1 in Table 1, nonlinear regression was used to test 
for correlation between detection rate and four micro-scale hydraulic 
variables (H1a-d), temperature (H1e), turbidity (H1 f), and several com-
binations of these predictors that were assembled based on preliminary 
exploration of our data (H1 g). Data were fit to exponential functions 
using a nonlinear ordinary least squares approach (Motulsky and 
Ransnas, 1987; Ritz and Streibig, 2008) via the base R function ‘lm’ and 
using the F statistic at 95% confidence to test whether at least one 
regression coefficient was non-zero (Olive, 2017; R Core Team, 2022a). 
The same R function was used to test the same predictor variables and 
candidate models on our swimming behavior data using linear re-
gressions. Percent occurrence of each behavior type was the response 
variable in these models (testing H2: % directed, H3: % milling, and H4: 
% backtracking). In addition to the F test for significance, the coefficient 
of determination (r2) indicated the amount of variance explained by 
each model. The list of candidate models that was generated to test our 
stated hypotheses and our rationale for each are included in Table A.4. 
in the appendix in accordance with best practices for 
information-theoretic data analysis described by Anderson and Burn-
ham (2002). A preliminary examination of our DIDSON detection data 
helped inform this list by eliminating model candidates that would likely 
have poor explanatory power. 

We utilized Akaike information criteria corrected for small sample 
sizes (AICc) to identify the most appropriate model for predicting each 
response variable using the R package AICcmodavg (Cavanaugh and 
Neath, 2019; Mazerolle, 2020). AICc produces a ranked list of candidate 
models with the most appropriate (lowest AICc score) striking a balance 
between having the best fit to the data while also having the fewest 
predictive parameters used to achieve that fit. A ΔAICc for a given model 
that is < 2 indicates substantial empirical support for that model 
whereas values > 10 offer essentially none (Cavanaugh and Neath, 
2019). Finally, the AICc weight of support (w) can be interpreted as the 
probability that a given model is the most appropriate of the list under 
the AICc. It is computed by normalizing the likelihoods of candidate 
models in a list so that w values sum to 1. The value of w for model i is 
expressed as: 

wi =
e− 0.5ΔAICci

∑M
i=1e− 0.5ΔAICci

(4)  

where M is the number of candidate models in the list (Portet, 2020). 
Finally, the R package car (Fox et al., 2022) was used to generate added 
variable plots (AVP) for the top AICc-ranked model for each response 
variable. Each panel in an AVP includes a single parameter from the 
model plotted against the response variable while holding all other 
parameters constant and a line is fit to the data (Johnson and McCulloch, 
1987). The AVP is a useful diagnostic tool in regression applications as 
the degree of departure of the line from horizontal indicates the relative 
strength of its predictive influence in the model. 

3. Results 

Overall, DIDSON surveys yielded a total of 228 adult Chinook salmon 
detections (Table 2). Considerably more occurred during the September 
sampling period (188) than the October period (40). Feather sites up-
stream of the confluence had the most detections across both sampling 
periods (163), while the Yuba sites had the least (18); Downstream sites 
were in between (47). Finally, deep sites showed more detections across 
both periods (170) than shallow sites (58). Swimming behaviors among 
all detections occurred as follows: directed (135), milling (39), and 
backtracking (54). Details on detections per swimming behavior as a 

Fig. 6. Temperature time series from each of the three fixed HOBO data loggers 
during both the September (panel a) and October (panel b) DIDSON sampling 
periods in 2019. In the September plot, slopes and intercepts for the Feather, 
Yuba, and downstream temperature time series trendlines are 0.0016, 0.0124, 
0.0088, and 15.32, 16.65, 16.30, respectively. In the October plot, slopes and 
intercepts for the Feather, Yuba, and downstream temperature time series 
trendlines are − 0.0001, − 0.0014, − 0.0021 and 15.01, 14.68, 14.87, 
respectively. 
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function of sampling period, zone, and deployment site type (deep vs. 
shallow) are included in Table 2. Table A.2 in the appendix includes 
detection rates for each DIDSON deployment (ranging from 0.001 to 
1.87 #/min/m3 for sample sites that included ≥ 1 salmon detection) as 
well as their corresponding habitat attributes. It is important to note that 
one deployment (the second deployment at site FD2 in September) had 
an exceptionally high detection rate compared to all other deployments 
and accounted for 48% of all fish detections. We chose not to exclude 
this deployment as an outlier because it shared similar hydraulic site 
attributes as other deployment sites with high detection rates. The im-
plications of including this site in our analysis are discussed in detail 
below. 

Mean surface temperature and turbidity values for the hand-held 
surveys showed the LFR to be more turbid in both sampling periods 
with a notable shift in cooler temperatures between periods from the 
LFR to the LYR (Fig. 5). Vertical temperature differences were measured 
to demonstrate that they were negligible and did not introduce potential 
bias based on vertical swimming positions of fish. In September, vertical 
temperature differences ranged from − 0.54–0.77 ◦C with a mean dif-
ference of 0.069 ◦C and median difference of 0.065 ◦C. In October, 
vertical temperature differences ranged from − 0.18–1.30 ◦C with a 
mean difference of 0.42 ◦C and median difference of 0.39 ◦C. Fig. 6 
shows 30-min temperature measurements taken by the fixed HOBO data 
loggers. Linear curves fit to the temperature timeseries indicate slight 
increases throughout the DIDSON sampling period in September for the 
Feather, Yuba, and Downstream loggers. In October, the timeseries show 
slight decreases in temperature throughout the DIDSON sampling 
period. 

Modeled velocity magnitude values throughout the study area 
ranged from 0 to 1.22 m/s in September and 0 – 1.75 m/s in October. 
Modeled depth values throughout the study area ranged from < 0.01 – 
5.66 m in September and < 0.01 – 4.90 m in October. Percent occur-
rences of binned, modeled depth and velocity magnitude values 
throughout the study area are summarized in Table 3, where the greatest 
percent occurrences for both modeled depth and modeled velocity 
decrease from September to October. 

Comparisons of means and standard deviations between observed 
and modeled available hydraulics revealed that differences in depths 
were greater than differences in velocity magnitude across both sam-
pling periods and in September, but not October (Table 4). The Mann- 
Whitney U test resulted in statistically significant differences in fish- 
selected versus available hydraulic conditions (depth and velocity 
values) for five of six tests (Table 5 and Fig. 7). This comparison suggests 
that fish prefer deeper sites, though this is likely driven by presence of 
relatively high conveyance values at sites with high rates of detection. 
The October analysis with only 40 observations could not distinguish 
between the two, indicating a sample size problem. Overall, the tests 
with the full dataset found that physical microhabitat conditions 
selected by fish were different from the overall available conditions at 
the river confluence, indicating a scientifically meaningful preference 

which is of interest to the topic of migration in river corridors. 

3.1. Drivers of microhabitat selection 

We reject H1b as depth was not a statistically significant predictor of 
detection rate. However, F tests for all other predictor variables (H1-a 
and H1c-g) and the multiple combinations yielded p values < 0.05 at 95% 
confidence (Table 6). Table 7 includes parameter estimates for these 
models. The best performing model (lowest AICc score) for predicting 
detection rate included a combination of conveyance, temperature, and 
turbidity, having a p value < 0.001, an adjusted r2 value of 0.42, and a w 
value of 0.53 (an AVP is shown in Figure A.11 in the appendix). Fig. 8 
includes graphical simulations of how this model behaves in predicting 
detection rate as a function of conveyance under three different tem-
perature values while holding turbidity constant (steeper increases in D 
with increasing temperature, see panel a) and under three turbidity 
values while holding temperature constant (steeper increases in D with 
increasing turbidity, see panel b). 

3.2. Drivers of migratory swimming behavior 

We reject hypotheses H2a-g. None of the candidate models yielded 
one or more statistically significant predictors of percent directed 
swimming behavior under the F test. However, turbidity (H3 f) as well as 
four combinations of predictors (H3 f) yielded statistically significant 
models for predicting percent milling behavior (see Table 8 for model 
performance metrics and Table 9 for parameter estimates). The best 
performing model for predicting percent milling behavior included all 
four hydraulic variables and had a p value < 0.001, an adjusted r2 value 
of 0.82, and a w value of 0.83 (an AVP is shown in Figure A.12 in the 

Table 2 
Total number of detections by sampling period, study area zone, and site type. Also included are total detections by swimming behavior type as a function of sampling 
period, study area zone, and site type. This information also serves as the contingency tables for the Chi-squared analysis performed in this study.   

Detection Summary Swimming Behavior Summary 

Total Sampling Period Sampling Zone 

September October Feather Yuba Downstream Directed Milling Backtracking 

Overall 228      135 39 54 
September Period 188      120 25 43 
October Period 40      15 14 11 
Feather Zone 163 147 16    105 16 42 
Yuba Zone 18 6 12    10 1 7 
Downstream Zone 47 35 12    20 22 5 
Deep Sites 170 151 19 134 5 31 107 16 47 
Shallow Sites 58 37 21 29 13 16 28 23 7  

Table 3 
Total areas and percent occurrence for binned values of modeled depth and 
velocity magnitude occurring throughout the study area during September and 
October DIDSON sampling periods.   

Sept Oct 

Depth Bin Area (km2) % Area (km2) % 
0–1 m 0.08 12.9 0.27 46.1 
1–2 m 0.30 45.7 0.25 42.7 
2–3 m 0.22 33.4 0.06 9.6 
3–4 m 0.04 6.8 0.01 1.0 
4–5 m 0.01 0.8 < 0.01 0.6 
> 5 m < 0.01 0.4 0.00 0.0  

Velocity magnitude bin Area (km2) % Area (km2) % 
0–0.2 m/s 0.12 19.2 0.15 25.7 
0.2–0.4 m/s 0.04 6.3 0.14 23.7 
0.4–0.6 m/s 0.08 13.0 0.20 35.4 
0.6–0.8 m/s 0.22 34.0 0.05 9.3 
0.8–1.0 m/s 0.16 24.7 0.02 4.1 
1.0–1.2 m/s 0.02 2.8 0.01 1.5 
> 1.2 m/s < 0.01 0.1 < 0.01 0.4  
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appendix). 
Velocity magnitude, Froude number, temperature, and four combi-

nations of predictors yielded statistically significant models for pre-
dicting percent backtracking behavior (Tables 8 and 9). Temperature as 
a single predictor was found to be the best performing model and had a p 
value < 0.01, adjusted r2 of 0.49, and w of 0.38. However, the 

combination of conveyance and temperature had a relatively low ΔAICc 
of 3.66, a p value of 0.02, and an r2 value at 0.48. The two highest 
ranked models in this list (temperature and temperature/turbidity) 
dominated the weight of evidence, so the model with conveyance and 
temperature only received a w value of 0.06 (an AVP is shown in 
Figure A.13 in the appendix). We are highlighting this model because of 
our interest in hydraulic variables as drivers of migratory habitat se-
lection and behavior. Fig. 9 includes a graphical simulation demon-
strating an inverse relationship between percent backtracking behavior 
and conveyance which is consistent with our finding that greater 
conveyance values are favored in micro-scale movements. 

4. Discussion 

4.1. Habitat selection 

The large difference in adult Chinook salmon detections between 
September and October sampling periods corresponds with the consid-
erable difference in combined discharge and associated hydraulic 
changes at the confluence between September and October (237 m3/s 
and 85 m3/s, respectively). This result is consistent with the general 
understanding of the important role that mainstem river discharge 
magnitude and timing play in the upstream migration of Chinook 

Table 4 
A comparison of means and standard deviations for mean depth and velocity magnitude values associated with each DIDSON detection as well as sampled values from 
2D hydrodynamic model outputs. Unsigned % differences between means and standard deviations of observed and modeled values are also included.  

DIDSON sampling period Summary statistic Mean Vmag (m/s) Vmag sample |% Vmag diff.| Mean d (m) d sample (m) |% d diff.| 

All (N = 228) Mean 0.48 0.50 3.26 2.25 1.57 30.3  
SD 0.26 0.28 9.29 0.50 0.84 66.0 

Sept (N = 188) Mean 0.52 0.57 8.85 2.35 1.83 22.1  
SD 0.25 0.30 18.40 0.44 0.89 104.1 

Oct (N = 40) Mean 0.29 0.43 48.99 1.80 1.11 38.4  
SD 0.16 0.23 43.76 0.56 0.53 5.7  

Table 5 
Results from Mann-Whitney U tests comparing mean depth and velocity mag-
nitudes associated with each DIDSON detection with values randomly sampled 
from 2D hydrodynamic model outputs representing conditions in the study area 
outside of the DIDSON sample areas. The number of observed and modeled 
values were equal (Comparison N), and the comparison was performed for both 
September and October sampling periods combined as well as each period 
individually. Model cell N is the number of available depth or velocity values 
from which random samples were taken.   

Comparison N Model cell N Variable U p value 

All 228 407979 Vmag 23,022 0.03    
depth 41,731 < 0.01 

Sept 188 215515 Vmag 12,801 < 0.01    
depth 25,542 < 0.01 

Oct 40 192463 Vmag 686 0.46    
depth 1151 < 0.01  

Fig. 7. Box and whisker plot showing a comparison of velocity magnitude (panel a) and depth (panel b) values utilized in DIDSON detections and randomly sampled 
modeled values from 2D hydrodynamic outputs representing available conditions outside of DIDSON sample sites. The gray box indicates the Mann-Whitney U test 
comparison that was not statistically significant at 95% confidence. 
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salmon, particularly in the California Central Valley (Hasler et al., 
2014). However, this study investigated the role of microhabitat vari-
ables driven by discharge and acting as migratory navigation cues. 
Simply pointing to discharge magnitude as a navigation cue does not 

mechanistically characterize migratory behavioral responses. The 
comparison of depth and velocity magnitude conditions selected vs. 
those available throughout the study area at the time of observation 
showed statistically significant differences in mean values, indicating 

Table 6 
Model performance summary and AICc ranking for nonlinear regression models predicting detection rate.  

Rank Model K d.f. F stat p value AICc ΔAICc Adjusted r2 w  

1 D ~ C + T + TU 5 25 7.90 < 0.001 104.58 0.00 0.42 0.53  
2 D ~ C 3 27 13.24 < 0.01 106.68 2.11 0.30 0.19  
3 D ~ T + TU 4 26 7.54 < 0.01 107.70 3.12 0.32 0.11  
4 D ~ C + T 4 26 7.14 < 0.01 108.28 3.70 0.30 0.08  
5 D ~ Vmag 3 27 9.24 < 0.01 109.72 5.14 0.23 0.04  
6 D ~ Fr 3 27 7.00 0.01 111.57 7.00 0.18 0.02  
7 D ~ T 3 27 6.42 0.02 112.07 7.50 0.16 0.01  
8 D ~ TU 3 27 4.62 0.04 113.68 9.11 0.11 0.01  
9 D ~ Vmag + d + C +Fr + T + TU 8 22 3.74 0.01 114.09 9.51 0.37 < 0.01  
10 D ~ Vmag + d + C + Fr 6 24 3.34 0.02 114.14 9.56 0.25 < 0.01  
11 D ~ d 3 27 0.25 0.62 117.99 13.41 < 0.00 < 0.01 

K = number of parameters, d.f. = degrees of freedom, AICc = Akaike information criterion corrected for small sample sizes, ΔAICc = increase in AICc score from the 
top-ranked model, Adjusted r2 is the coefficient of determination adjusted for all predictors, w is the relative weight of support for each model among the candidate set. 
D = detection rate, Vmag = velocity magnitude, d = depth, C = conveyance, Fr = Froude number, T = temperature, TU = turbidity. P values in bold indicate sta-
tistical significance at 95% confidence. 

Table 7 
Model parameter estimates for statistically significant candidate models predicting detection rate.  

AICc Rank Model Intercept (α) βVmag βd βC βFR βT βTU  

1 D = e(βCC+βTT+βTUTU+α) -12.87   1.27  0.41 0.51  
2 D = e(βCC+α) -5.41   1.77     
3 D = e(βTT+βTUTU+α) -17.55     0.78 0.58  
4 D = e(βCC+βTT+α) -9.75   1.46  0.31   
5 D = e(βVmagVmag+α) -5.14 2.57       
6 D = e(βFrFr+α) -4.96    8.85    
7 D = e(βTT+α) -14.75     0.73   
8 D = e(βTUTU+α) -5.85      0.53  
9 D = e(βVmagVmag+βdd+βCC+βFrFr+βTT+βTUTU+α) -13.27 26.76 0.00081 -3.55 -75.67 0.44 0.56  
10 D = e(βVmagVmag+βdd+βCC+βFrFr+α) -3.59 -4.35 -0.89 4.13 -0.13   

D = detection rate, Vmag = velocity magnitude, d = depth, C = conveyance, Fr = Froude number, T = temperature, TU = turbidity. 

Fig. 8. Detection rate is predicted using the highest AICc-ranked model which is fit using a nonlinear (exponential) regression and includes conveyance, temperature, 
and turbidity as predictors. Each panel includes continuous predictions of detection rate as a function of conveyance. Panel a includes three different temperature 
values that correspond to the maximum, minimum, and mean values in our observed data. Turbidity is held constant at the mean observed value in our data. Panel b 
uses this same scheme but with three turbidity values used and temperature held at the observed mean. 
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that non-random microhabitat selection did occur. 
It is particularly interesting that even though fish were attracted to 

higher discharge, they were attracted to lower velocity. One interpre-
tation is that the fish may have been observed in holding locations, 
essentially pausing on their journey for any one of several reasons, 
including some awareness of the confluence itself. Another interpreta-
tion is that the direct hydraulic variable driving migratory behavior is 

conveyance, as our regression analysis suggests. This variable includes 
both depth and velocity components, meaning that neither can be 
analyzed independently of the other in this context. For example, our 
results suggest that greater swim depths are preferred, as long as there is 
adequate velocity present as well for rheotactic orientation. 

Results indicate that localized conveyance is likely the missing in-
termediate variable translating channel-wide discharge into local 

Table 8 
Model performance summary and AICc ranking for regression models predicting frequency of (1) directed, (2) milling, and (3) backtracking swimming behaviors.  

Directed 

Rank Model K d.f. F stat p value AICc ΔAICc Adjusted r2 w 

1 Pd ~ d 3 21 2.42 0.15 224.13 0.00 0.05 0.27 
2 Pd ~ T 3 21 1.89 0.18 224.49 0.35 0.04 0.23 
3 Pd ~ Fr 3 21 0.41 0.53 226.02 1.89 < 0.00 0.10 
4 Pd ~ C 3 21 0.20 0.66 226.25 2.12 < 0.00 0.09 
5 Pd ~ TU 3 21 0.18 0.68 226.27 2.14 < 0.00 0.09 
6 Pd ~ Vmag 3 21 0.06 0.81 226.40 2.27 < 0.00 0.09 
7 Pd ~ T + TU 4 20 0.98 0.39 227.27 3.14 < 0.00 0.06 
8 Pd ~ C + T 4 20 0.90 0.42 227.44 3.31 < 0.00 0.05 
9 Pd ~ C + T + TU 5 19 0.63 0.61 230.56 6.42 < 0.00 0.01 
10 Pd ~ Vmag + d + C + Fr 6 18 1.23 0.33 230.89 6.75 0.04 0.01 
11 Pd ~ Vmag + d + C +Fr + T + TU 8 16 1.07 0.42 237.75 13.62 0.02 < 0.01 

Milling 
Rank Model K d.f. F stat p value AICc ΔAICc Adjusted r2 w 
1 Pm ~ Vmag + d + C + Fr 6 9 15.47 < 0.001 135.79 0.00 0.82 0.83 
2 Pm ~ TU 3 12 11.9 < 0.01 139.44 3.64 0.46 0.13 
3 Pm ~ T + TU 4 11 5.86 0.02 142.98 7.18 0.43 0.02 
4 Pm ~ d 3 12 3.35 0.09 145.64 9.84 0.15 0.01 
5 Pm ~ Fr 3 12 2.85 0.12 146.10 10.31 0.12 < 0.01 
6 Pm ~ Vmag 3 12 1.65 0.22 147.28 11.49 0.05 < 0.01 
7 Pm ~ C + T + TU 5 10 3.68 0.05 147.76 11.97 0.38 < 0.01 
8 Pm ~ C 3 12 0.10 0.76 148.97 13.18 < 0.00 < 0.01 
9 Pm ~ T 3 12 0.01 0.91 149.07 13.27 < 0.00 < 0.01 
10 Pm ~ Vmag + d + C +Fr + T + TU 8 7 12.61 < 0.01 150.92 15.13 0.84 < 0.01 
11 Pm ~ C + T 4 11 0.31 0.74 152.36 16.57 -0.12 < 0.01 

Backtracking 
Rank Model K d.f. F stat p value AICc ΔAICc Adjusted r2 w 
1 Pb ~ T 3 10 11.64 < 0.01 112.12 0.00 0.49 0.38 
2 Pb ~ T + TU 4 9 9.78 < 0.01 112.23 0.12 0.62 0.36 
3 Pb ~ C + T 4 9 6.13 0.02 115.78 3.66 0.48 0.06 
4 Pb ~ Fr 3 10 5.82 0.04 115.87 3.76 0.30 0.06 
5 Pb ~ Vmag 3 10 5.52 0.04 116.10 3.99 0.29 0.05 
6 Pb ~ Con 3 10 4.50 0.06 116.92 4.81 0.24 0.03 
7 Pb ~ TU 3 10 4.10 0.07 117.26 5.14 0.22 0.03 
8 Pb ~ C + T + TU 5 8 6.00 0.02 118.23 6.12 0.58 0.02 
9 Pb ~ d 3 10 1.40 0.27 119.81 7.70 0.03 0.01 
10 Pb ~ Vmag + d + C + Fr 6 7 4.78 0.04 125.37 13.25 0.58 < 0.01 
11 Pb ~ Vmag + d + C +Fr + T + TU 8 5 3.98 0.08 155.32 43.21 0.62 < 0.01 

K = number of parameters, d.f. = degrees of freedom, AICc = Akaike information criterion corrected for small sample sizes, ΔAICc = increase in AICc score from the 
top-ranked model, Adjusted r2 is the coefficient of determination adjusted for all predictors, w is the relative weight of support for each model among the candidate set. 
Px = percent of behavior among detections (d = directed, m = milling, b = backtracking), Vmag = velocity magnitude, d = depth, C = conveyance, Fr = Froude 
number, T = temperature, TU = turbidity. P values in bold indicate statistical significance at 95% confidence. 

Table 9 
Model parameter estimates for statistically significant candidate models predicting percent milling and backtracking behaviors.  

AICc Rank Model Intercept (α) βVmag βd βC βFR βT βTU  

1 Pm = βVmagVmag + βdd + βCC + βFrFr + α -234.44 1732.46 180.20 -693.47 -2467.93    
2 Pm = βTUTU + α 140.62      -23.23  
3 Pm = βTT + βTUTU + α 243.26     -6.76 -23.84  
7 Pm = βCC + βTT + βTUTU + α 137.67   -14.19  1.60 -25.40  
10 Pm = βVmagVmag + βdd + βCC + βFrFr + βTT + βTUTU + α 80.58 630.14 129.76 -389.16 -44.56 -2.55 -11.90  
1 Pb = βTT + α 346.60     -20.87   
2 Pb = βTT + βTUTU + α 345.21     -18.35 -9.68  
3 Pb = βCC + βTT + α 305.03   -12.43  -17.35   
4 Pb = βFrFr + α 64.46    -233.58    
5 Pb = βVmagVmag + α 65.62 -56.42       
8 Pb = βCC + βTT + βTUTU + α 369.77   7.43  -19.92 -11.70  
10 Pb = βVmagVmag + βdd + βCC + βFrFr + α 16.07 4322.14 28.83 -744.25 -12729.9   

Px = percent of behavior among detections (m = milling, b = backtracking), Vmag = velocity magnitude, d = depth, C = conveyance, Fr = Froude number, 
T = temperature, TU = turbidity. 
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hydraulics that fish experience and thus is an important driver of habitat 
selection, which can help explain some of the patterns of detection seen 
in Table 2. Overall, the Feather zone experienced the most detections. 
From a hydraulics perspective, this can be attributed to the greatest 
combined values of depth and velocity to yield high conveyance 
throughout that zone. Furthermore, the deep sites experienced the most 
overall detections and even though they did not all experience high 
velocities (Fig. 4), localized cross-sectional area resulted in higher 
conveyance values. Conveyance was included in our best performing 
regression model for predicting detection rate and was ranked second- 
best as a singular predictive variable. This is compelling evidence that 
conveyance plays an important role in instantaneous micro-scale habitat 
selection during adult upstream migration in Chinook salmon. However, 
it does not completely dictate microhabitat selection among individuals. 

Temperature and turbidity were also included as predictors and as 
mentioned in our study design, these micro-scale attributes cannot be 
disentangled from acting as indicators of natal source water and homing 
fidelity in our observations. Therefore, it is likely that homing occurs in 
conjunction with responses to hydraulic flow features. In some cases, 
hydraulics may significantly influence navigational cues in migration as 
has been seen previously in this particular system (YARMT, 2013). 

Upstream migration by adult salmon involves constant compromise 
between bioenergetic cost of movement and fidelity to navigational 
cues, one of which is rheotaxis. Olfactory cues aside, an individual may 
choose the least energetically costly path through a channel network 
(deep, slow-moving areas), but they may lack a velocity field with suf-
ficient magnitude and direction necessary to facilitate sufficient rheo-
tactic orientation (Coombs et al., 2020). Likewise, choosing to occupy 
shallow, fast-moving areas is energetically costly and may result in 
exposure to turbulent flow structures of the same size as an individual 
fish shed by flow interacting with local features, such as large substrate 
particles, deposited wood, bedforms, and man-made structures (Harvey 
and Clifford, 2009). The avoidance of turbulent eddies of the same size 
as an individual fish has been documented in fishway studies (Silva 
et al., 2012) and such eddies may be more common in fast, shallow 
areas. Avoidance of turbulence may be due to energetic constraint rather 
than interference with rheotaxis, as turbulence has been shown to 
negatively affect fish swim speed and increase energetic cost (Enders 
et al., 2003; Lupandin, 2005). 

The results of the hand-held temperature and turbidity surveys 
(Fig. 5) illustrate the overall thermal and optical condition of the two 
rivers during each DIDSON deployment period. In both periods, the LYR 

tended to be clearer than the LFR and the difference persisted 
throughout the study area with minimal mixing occurring before the 
downstream boundary (lateral differences at the downstream-most 
sampling stations in September and October of approximately 1.5 
NTU and 1 NTU, respectively). It is unlikely that the range of turbidity 
values observed throughout this study were great enough to affect 
migratory behavior alone (Bjornn and Reiser, 1991). Although we found 
it to be a significant predictor of habitat selection, there are likely other 
covariates at play that act as more important micro-scale navigational 
cues. Surface temperature differences between the two rivers changed 
dramatically between the two sampling periods. In September, the LFR 
was cooler and a dramatic lateral difference in temperature at the 
confluence junction can be seen before the LFR begins to thermally in-
fluence the east side of the channel toward the downstream boundary. 
This difference in temperature may have played a role in the differences 
in reach-scale habitat selection during this period (Table 2), deterring 
Feather-origin fish from entering the LYR (consistent with the findings 
of thermal influence on migratory routing in this system by the YARMT). 
In the October period, the thermal condition switched; the LYR was 
cooler than the LFR and minimal mixing appeared to occur within the 
study area. The increase of temperature in the LFR is likely a result of the 
decrease in discharge combined with warm water input upstream of the 
study area at the Thermalito Afterbay outlet. Rates of detection changed 
very little among the three zones in the October period (Table 2), indi-
cating that a thermal barrier at the confluence may potentially deter 
Feather-origin fish from entering the LYR. 

4.2. Swimming behavior 

Comparisons of swimming behavior type by sampling period, zone, 
and site type all show most detections to be exhibiting directed move-
ment with 135 detections overall (Table 2). Milling and backtracking 
behavior occurred to a much lesser extent with 39 and 54 detections, 
respectively. It should be noted that these behaviors were not tracked 
through space beyond the DIDSON’s field of view, so they cannot be 
used to characterize longitudinal movements within the study area. 
However, they do provide some indication of relative movement among 
detections. Because most individuals selected the LFR, we expected the 
majority of directed movement to occur in that zone. Our regression 
analysis did not provide an adequate model for predicting directed 
movement, suggesting that although salmon appear to have preferences 
for migratory microhabitats, upstream movement may occur in a wide 
variety of hydraulic, thermal, and optical conditions. 

However, we did identify predictors for milling and backtracking 
behavior. This is more useful from a management perspective because it 
can be assumed that the majority of fish will be progressing upstream, 
but it may be possible to strategically minimize conditions that deter 
upstream movement via top-down controls on localized hydraulics such 
as discharge magnitude and ratio at a confluence. Our analysis suggests 
that milling occurs in response to localized hydraulics whereas back-
tracking may occur partially in response to hydraulics but is also influ-
enced by temperature and turbidity where the presence or absence of 
olfactory homing cues may be at play. Although both our microhabitat 
selection and behavioral results show conveyance as the best hydraulic 
predictor variable for migratory habitat selection and movement, Moir 
et al. (2002) suggests that Froude number may be a better indicator for 
assessing salmonid habitat suitability for multiple body lengths due to its 
flexibility and scale-independent nature as a dimensionless value. In the 
absence of a clear biological mechanism for behavioral response to 
either cue, it may be useful to analyze both variables, depending on the 
applied research or management context. 

4.3. Study limitations and implications of outlier data 

While our DIDSON sampling scheme was designed to account for as 
many environmental drivers of habitat selection as possible, we could 

Fig. 9. Percent backtracking behavior is predicted using the third highest AICc- 
ranked model which is fit using a linear regression and includes conveyance and 
temperature as predictors. The plot includes continuous predictions of percent 
backtracking as a function of conveyance using the maximum, minimum, and 
mean values for temperature from our observed data. 
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not account for all of them (Fig. 1). The importance of olfactory navi-
gation cues is well understood in the literature and likely played a role in 
the greater rates of detection in the LFR relative to the LYR across both 
sampling periods. The addition of a water chemistry analysis at the 
confluence could have allowed us to attribute patterns in micro-scale 
habitat selection to olfactory homing via micro-scale concentrations of 
key odor compounds distributed through space and time. Also, due to 
logistical constraints, we were not able to sample at night and thus could 
not quantify the effect of photoperiod on migratory movements. Finally, 
there was also some uncertainty in species identification as the DIDSON 
sampling approach only provided acoustic data with limited details of 
fish body morphology. Body length served as our primary criteria for 
species identification (see Section 2.6 of the appendix for details). An 
alternative approach would have been to measure tail beat frequencies 
of individual fish returns using an approach such as the one developed 
by Mueller et al. (2010) for differentiating salmon species. However, we 
did not have access to the computing resources necessary to undertake 
this analysis. 

Our DIDSON surveys resulted in a very wide range of detection rates 
among the sample sites that included ≥ 1 salmon detection (0.001–1.87 
#/min/m3). As discussed in Section 2.5 of the appendix, we did not find 
any sampling bias based on the volume sampled per deployment, the 
duration of each deployment, the time of day that each deployment 
occurred, or the mean body length estimate observed in each deploy-
ment. However, one deployment (deployment 2 at site FD2 in 
September) did experience an exceptionally high rate of detection (1.87 
#/min/m3) and accounted for 48% of detections in our study. This is an 
order of magnitude greater than the next highest detection rate value 
(0.27 #/min/m3 at FS2 in September). 

Salmon were detected in 34 out of 48 total deployments, though five 
of those were omitted because we could not collect corresponding ve-
locity data. Of the 29 usable sites where detections occurred, only eight 
experienced detection rates > 0.05 #/min/m3, accounting for 69% of all 
detections. All eight of these occurred during the September period in 
either the Feather zone or the downstream zone. Mean conveyance 
values among these eight deployments ranged from 0.86 m2/s to 
1.85 m2/s. Deployment 2 at the FD2 site had a mean conveyance value 
of 1.05 m2/s, falling in the lower end of this range. However, it is 
notable that this deployment had the lowest temperature and highest 
turbidity values (15.15 ◦C and 5.01 NTU) among these eight de-
ployments which ranged from 15.15◦ to 16.0◦C and 1.57 – 5.01 NTU. 

Since the detections in the second September FD2 deployment rep-
resented 48% of our data, the corresponding habitat attributes had a 
disproportionate influence on our detection rate models. The tempera-
ture and turbidity values observed at FD2 likely resulted in the inclusion 
of these variables in our best performing regression model and biases our 
findings regarding thermal and optical habitat preferences. However, 
the fact that the mean conveyance value for the second FD2 deployment 
was within the range of the other sites with relatively high detection 
rates is very encouraging. This suggests that the conditions at FD2 are 
representative of true hydraulic microhabitat preferences, and data from 
that site did not introduce a misleading bias in our results with respect to 
the hydraulic component of our study. It is difficult to identify a single 
reason for the anomalous detection rate for the second September FD2 
deployment. It is likely that there was density-dependent movement 
occurring at that time and location, and we happened to capture it at a 
location that was representative of the favorable hydraulic conditions in 
the study area. 

4.4. Scientific and management implications 

We see patterns in preference for specific fine-scale hydraulic con-
ditions along the migratory pathway and indications that hydraulics are 
a partial driver of migratory swimming behavior. Discharge magnitude 
has traditionally been used as a proxy for the timing of migration 
initiation and upstream movement (Hasler et al., 2014; Quinn, 2018; 

Rand et al., 2006) and recent work shows that there may also be complex 
social interactions that drive upstream movement as well (Berdahl et al., 
2017, 2016). However, fine details of upstream movement cannot be 
inferred from these large-scale phenomena. In many regions, flows are 
regulated, and flow schedules are carefully crafted annually to accom-
modate competing social, economic, and environmental demands. How 
flows translate into local hydraulics cannot be inferred but requires an 
assessment of the sub-reach-scale topographic regime, especially at the 
complex, vital locations that river confluences present to migratory fish. 
Understanding fine-scale patterns of migratory movement of adult 
salmon at confluences may be essential to their long-term conservation 
and survival by providing tools to minimize high rates of straying in 
imperiled populations occurring in managed river networks. 

One reason to be optimistic about the future of river management for 
salmon is that we have witnessed major technological advancements in 
recent decades that allow for wholesale characterization and assessment 
of riverine habitats. LiDAR and multibeam sonar are examples of survey 
technology that allow for gathering highly detailed topographies as well 
as information on sediment composition and vegetation cover. 
Computational fluid dynamics modeling has advanced significantly with 
access to ever-growing computing power, allowing for detailed and 
accurate simulations of open-channel hydraulics in a variety of aquatic 
settings. The field of ecohydraulics has already adopted these technol-
ogies to assess habitat availability and function for specific lifecycle 
stages of anadromous salmonids (Kammel et al., 2016; Moniz et al., 
2019; Wheaton et al., 2018). There is little existing literature on 
coupling hydraulic and thermal attributes at a microhabitat scale and 
more work is needed before these mechanisms can be modeled 
concurrently (Ouellet et al., 2020). 
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