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Abstract

Salmon smolt mortality in the Sacramento-San Joaquin River (S]R) system of central
California is impacted by predatory fish. To quantify the abundance, distribution, and
habitats of these predators, we devised and implemented novel active-acoustic methods to
sample the fish and bathymetry in this shallow-water environment. Acoustic surveys using
vertically- and horizontally-oriented split-beam and multibeam sonars were conducted
between March and May, 2014 and 2015, from the Port of Stockton to Lathrop, California.
Individual fish were acoustically detected using single-target detection and echo-track
processing methods, and aggregated fish counts were converted to densities and
abundances by compensating for the sampled volumes of the acoustic beams, the
probability of target detections, and the river volume. Volume was estimated from 1-by-1-
m grid-cell bathymetric maps produced from M3 multibeam sonars for the 26-km study
area. Bathymetric mapping and target detection efforts were complicated by the low
grazing angles, high-reverberation and clutter, and strong second bottom returns induced
by the shallow river environment. Riverbed habitats were discriminated by morphology
and backscatter intensity, and bathymetry data were used to constrain sonar detections of
fish. Additionally, novel signal processing of M3 water-column data was used to map
submerged aquatic vegetation (SAV) beds and to detect fish among clutter. Predators were
associated with certain riverbed features and SAV along the part of the route that salmon
smolt migrate to the ocean. Fish densities were highly variable in both space and time,
however, persistently high densities occurred in many deep pools in the bends of the river.



Introduction

For over a century, the rivers of California's Central Valley have been controlled using an
assortment of flow-regulated aqueducts, ranging from rim dams to leveed channels. As a
result, nearly every aspect of the watershed has been altered from its natural state.
Furthermore, numerous predatory fish species have been introduced to the Sacramento-
San Joaquin River Delta (e.g., largemouth bass [Micropterus salmoides] and striped bass
[Morone saxatilis]), are abundant (Nobriga et al. 2003, Nobriga and Feyrer 2007), and prey
on salmon. Native salmonid populations have declined significantly. For example, three
Chinook stocks (Oncorhynchus sp.) are now endangered (Chinook winter run) or
threatened (Chinook and steelhead spring runs) under the Endangered Species Act. A third
Chinook stock (fall run) is still commercially and recreationally harvested. Salmonid smolt
predation may increase the risk or rate of potential extinction for some of these stocks
(Lindley and Mohr 2003). To mitigate this potential, the initial challenge is to obtain
accurate estimates of the distributions and abundances of salmon and predatory fishes
throughout the Delta (Michel 2010, Carey et al. 2012). Also needed is detailed information
on their riverbed habitats.

Grossman et al. (2013) concluded that there are presently no available methods to assess
the populations of fish that prey upon juvenile salmon. Animals in the ocean are routinely
surveyed using acoustic methods, but there is additional complexity when those methods
are applied to surveys conducted in rivers and estuaries. These additional challenges
include detecting and classifying multiple fish species and sizes and that fish can be located
near boundaries in shallow reverberant environments (Trevorrow, 1998). Echosounders
and imaging sonars can be used to detect fish in streams and rivers, but those deployed in
fixed locations may be of little value for studies of non-migratory species. Transducers
deployed on mobile platforms are limited by blind spots, low detectability due to
reverberation in the stream or river, and poor discrimination among species and non-fish
scatterers, particularly in near-boundary habitats occupied by demersal species (Hateley
and Gregory 2006). To mitigate these potential errors in detection, researchers
increasingly augment data from multi-frequency echosounder surveys with samples from
other acoustic instruments such as multibeam echosounders (Cox et al. 2009, Cox et al.
2010, Cutter and Demer 2007), multibeam imaging sonars (Korneliussen et al. 2009, Patel
and Ona 2009), and long-range scanning sonars (Bernasconi et al. 2009, Stockwell et al.
2013). These data can be used to model and measure known targets and create "acoustic
signatures” (Conti and Demer 2003, Demer and Conti 2003, Graham et al. 2010, Renfree et
al. 2009) so echoes from organisms with known signatures can be separated from the
"noise" (De Robertis et al. 2010, Demer et al. 2009) and apportioned to target species.

Even without use of multi-frequency echosounders, surveys of fish in shallow rivers and
lakes have been successful using non-standard sonar deployments. Horizontal sonar
beams have proven effective for detection and enumeration of migrating fish from fixed-
location (Steig and Johnston 1996, Tuser et al. 2009) and mobile surveys (Kubecka and
Wittingerova 1998, Lyons 1998). The orientation of fish has a strong influence on the
echoes received by the sonar and outweighs size effects. By directing beams horizontally
normal to the migration direction of fish in restricted passages (Tuser et al. 2009)



orientation effects on target strength (7'S) may be reduced. However, orienting beams
horizontally and directed to the side, whereby fish are more likely to be insonified in side-
aspect (Lyons 1996), reduces the number of echoes received and the probability of
detection, potentially leading to biased density estimates. Orienting beams directly or
diagonally forward increases the number of echoes from targets, the probability of
resolving individuals, and detections near normal incidence.

Fish densities may be estimated from acoustic echoes or echo tracks detected along survey
transects (Ehrenberg and Lytle 1972) after accounting for sample volumes and probability
of detection (Mulligan and Kieser 1996). Fish distributions may be mapped for multiple
target species in relation to their acoustically mapped habitats. Fish abundances may be
estimated by multiplying their densities by associated habitat areas.

This investigation was conducted in support of a predator-density manipulation study
conducted by colleagues at the NOAA Fisheries Santa Cruz Laboratory, in collaboration
with the California Department of Fish and Wildlife (CADFW) and funded by the California
Department of Water Resources (CADWR) agreement #4600010100. The principal
objectives were to:

1. develop and improve methods for acoustically detecting, sizing, and enumerating
predators of salmonid smolt in the Delta, and concurrently mapping the riverine
bathymetry;

2. survey an approximately 26-km stretch of the San Joaquin River, between Lathrop,
near the Head of Old River, and Port of Stockton during spring 2014 and 2015;

3. survey the Clifton Court Forebay and a section of the Deep-water shipping channel
near Morrison Island and Vulcan Island during spring 2015;

4. estimate predator densities and sizes, and map their spatial distributions for each
survey period;

5. map bathymetry and characterize the habitats of salmon-smolt predators using
environmental factors such as tide, water flow and temperature, and locations of
river bank, thalweg, and scour holes;

6. explore relationships between salmon-smolt predators and their habitats; and
7. quantify and map the abundances of salmon-smolt predators versus time.

Acoustic methods for surveying fish and bathymetry in the Delta were developed, applied
to the San Joaquin River from Port of Stockton to Lathrop, California during spring 2014,
and refined and re-applied in the same region during spring 2015. Bathymetry was
mapped and classified; fish were detected, classified by their estimated sizes, and
enumerated; and time series of fish densities and abundances were created.



Methods

Study area

The main study area included a 26-km portion of the San Joaquin River (SJR), between Port
of Stockton and Lathrop (Figures 1 and 2). This area was surveyed during March to June
2014 (Julian day, JD 2014-083 - 2014-142) and April to May 2015 (JD 2015-096 - 2015-
140, Table A01). During spring 2015, two additional areas in the vicinity of Stockton,
California, were surveyed (Figure 1), including Clifton Court Forebay (CCF; 37.8389° N, -
121.5738° W) and a section of the Deep-water shipping channel (DWSC) near Morrison
[sland and Vulcan Island (37.9958° N, -121.4147° W and 37.9810° N, -121.4049° W).



Figure 1. The surveyed areas near Stockton, California, included a) San Joaquin River, from
Port of Stockton to Lathrop; b) San Joaquin River deep-water shipping channel; and c) Clifton
Court Forebay.
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Figure 2. The principal study region in the San Joaquin River, between the head of the Old
River and the Port of Stockton, included nine study reaches, evenly divided between three

experimental blocks.
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The principal study area (Figure 1a) contained three experimental blocks that each
included a 1-km long control (C), removal (R), and addition (A) reach (Figure 2, Table A02).
During one week each year, fish were removed from the R reaches and relocated to the A
reaches within their respective blocks for predator-density manipulation experiments
(Smith and Michel, pers. comm.).

Vessel and instrumentation

A 6-m long aluminum skiff was used for all of the surveys, but it was equipped differently
each year (Figure 3).In 2014, a pole-mounted transducer array included: a single 500-kHz
broad-bandwidth, split-beam multibeam sonar (Mesotech M3) to measure bathymetry to
the port side of the vessel; a 120-kHz elliptical split-beam sonar (Simrad-Kongsberg EK60)
to track and enumerate fishes to the port side of the vessel; and a vertically-oriented 200-
kHz conical single-beam echosounder (Simrad-Kongsberg ES15) to measure depth beneath
the vessel.

In 2015, a bow-mounted transducer array included: two 500-kHz broad-bandwidth, split-
beam multibeam sonars (Mesotech M3) to measure bathymetry and detect fish to both port
and starboard; a 120-kHz elliptical split-beam sonar (Simrad-Kongsberg EK60) to track
and enumerate fishes in front of the vessel; and a 200-kHz conical split-beam echosounder
(Simrad-Kongsberg EK60) to track and enumerate fishes beneath the vessel. A camera was
used to concurrently image above the water in the direction of the side- and forward-
looking acoustic observations.

Vessel position, motion, and orientation were measured by a position and motion sensor
system (Applanix POS-MV Wavemaster V4). With corrections from a differential
geographic positioning system (GPS) receiver, position estimates were accurate to < 0.5 m.
The GAMS (GNSS Azimuth Measurement System) heading solution provided enhanced
heading accuracy (< 0.1°).
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Figure 3. Fish and riverbed bathymetry were acoustically sampled to the port side (in 2014)
and both beneath and ahead (in 2015) of the 6-m long survey vessel (a). In spring 2014, a
pole-mounted transducer array was deployed from the side of the vessel (b) including a 500-
kHz M3 multibeam sonar, a side 120-kHz elliptical split-beam transducer, and a 70-kHz
conical split-beam wide-bandwidth transducer. The side sonar beams and the multibeam
swath were rotated in azimuth by 45° to increase the potential number of fish detections. In
spring 2015, a dual-head M3 multibeam system was deployed from a bow mount (c-d).The
EK60-120 kHz beam was directed forward and EK60-200 kHz beam was directed downward.

Riverbed bathymetry

The M3 multibeam sonar was operated in ‘profile mode’ to simultaneously measure
riverbed bathymetry and detect fish (Figure 4). The multibeam transducer was rotated 30°
from vertical so that the 120° swath would insonify angles spanning from horizontal to 30°
past vertical on the opposite side of the vessel, and at 45° from forward to increase target
detections from fish (Figure 3). The M3 was operated in ‘fast-profiling mode’ with a ping
rate of 5 to 10 Hz, and ‘soundings’ were recorded to Simrad ‘.all’ files and used to map river
bathymetry.
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Figure 4. Top: Example echogram from a 500-kHz multibeam sonar used to simultaneously
map bathymetry (black soundings) and detect fishes beneath and to the side of the vessel.
Backscatter intensity (increasing from red to yellow) is plotted versus range from the
transducer (0-50 m) and steering angle (120° swath). Bottom left: Soundings from the M3.
Bottom right: Front view of the survey vessel and dual-multibeam swath coverage (M3 beam
footprints are red, EK60-200 kHz beam is green).

The multibeam bathymetry data were corrected for water-level elevations and vessel
motion using POS-MV data recorded into the .all files. Soundings data were then “cleaned”
by removal of outliers using commercial software (CARIS HIPS-SIPS v. 9.0). Static
translation and angular offset values were estimated using patch-test data and offset
estimation procedures in HIPS & SIPS. Soundings were interpolated as gridded surfaces of
various cell sizes (50 cm, 1 m, and 2 m) created using commercial hydrographic software
and GIS analysis software (QPS Fledermaus; SAGA-GIS). Bathymetric and derivative
products are reported from the 1-m surfaces.

River stage (water level) data from five river monitoring stations within and close to the
SJR study area (north to south: RRI, SJG, BDT, SJL/S]D, MSD) were obtained from the
California Department of Water Resources (DWR) California Data Exchange Center (water
quality sampling stations: http://www.cd.water.ca.gov/delta/ECstations.cfm; data:
http://cdec.water.ca.gov/cgi-
progs/selectQuery?station_id=BDT&sensor_num=1&dur_code=E&start_date=&end_date=n
ow). Using the tide zoning process in HIPS & SIPS, water level was estimated for every
survey location and sounding time based on spatial and temporal filtering of data from
each of the river monitoring stations, and soundings data were compensated for these
zoned water levels.
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Soundings and gridded products were referred vertically to the NAVD-1988 datum, and
horizontally to the WGS84 ellipsoid and a Universal Transverse Mercator (UTM) zone 10-
north projection with Easting and Northing horizontal coordinates in units of meters.

Riverbed terrain

Riverbed terrain classes were derived from the 1-m grid digital elevation model (DEM) of
the SJR. Ten standard terrain classes representing categories of slope and local curvature
quantities were produced using the method of Iwahashi and Pike (2007) implemented in
SAGA-GIS (Conrad et al. 2015). Those ten classes were combined, based on spatial
contiguity, to represent five riverbed classes: deep pools, pool margins, channels and runs,
channel and bedform margins, and bank edges and steep slopes. These classes were
coincident with visually apparent features in the bathymetry.

Multibeam detection of fish and submerged aquatic vegetation

Submerged aquatic vegetation (SAV) and fish were detected in the M3 multibeam sonar
data. The detection algorithm used constant false alarm rate (CFAR) target detection
techniques (Acosta and Villar 2015) in combination with filtering based on discrete
wavelet transforms. Both fish and SAV targets were detected by the CFAR algorithm, and
those were separated in post processing based on their spatial aggregation properties and
target intensity distributions.

River conditions

River conditions, in addition to water level including flow and velocity, were obtained from
the five river monitoring stations previously mentioned (north to south: RRI, SJG, BDT, SJL
/ SJD, MSD). Daily statistics (mean, standard deviation, minimum, and maximum) were
calculated for each variable for each station.

Between 22 April and 21 May 2015, a CTD (Seabird SeaCAT 19plus V2) with a dissolved
oxygen sensor (SBE 43) was mounted on the bow of the vessel. These sensors were
calibrated by Seabird in 2007. The CTD was operated in ‘profile mode’ with a 10-s pump
delay and averaged every four scans. The result was a sample every 10 s. Raw data were
stored internally while filtered and converted data were output to a text log for monitoring
during the survey. The CTD-data collection was started and stopped using a magnetic
switch. At the beginning of the survey, the CTD clock was synchronized with the clock on
the vessel’s operating computer (UTC via GPS feed) to allow all data to be indexed by the
same time.

The measured conductivity (S m-1), depth (fresh water, m), temperature (ITS-90, degrees),
salinity practical (psu), oxygen SBE 43 (mg 1), and oxygen saturation (mg l'1) were output
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from the Seabird terminal program. Other than being modified by calibration coefficients
and averaged, no additional processing was done.

Acoustic surveys of fish

Salmon predators and their riverbed habitats were acoustically sampled using a 120-kHz
echosounder (Simrad EK60) and an elliptical, split beam transducer (Simrad ES120-4x10)
oriented 45° to the side in 2014, and forward in 2015. Fish were detected below the vessel
using 200-kHz echosounders: a Simrad ES15 with single-beam transducer in 2014; and a
Simrad EK60 with ES200-7C split-beam transducer in 2015 (Figure 5).

Figure 5. Top: A diagram of the survey vessel and fisheries sonar beams: 200-kHz vertical
(orange) and 120-kHz forward (green). Center and bottom: Example echograms showing fish
echoes (diagonal streaks) above the riverbed echoes (mostly red) measured using a 200-kHz
vertical sonar (center, orange outline), and side (2014) and forward (2015) 120-kHz sonars
(bottom, green outline). Vertical axes in the echograms are range (z; m) and horizontal axes
are time (t; s).
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Sonar calibration

On 14 March 2014, the 120-kHz sonar (Simrad EK60) with elliptical-beam transducer
(Simrad ES120-4x10) was calibrated in the Southwest Fisheries Science Center's (SWFSC)
Technology Development Tank using a 38.1-mm diameter sphere made of tungsten-
carbide with 6% cobalt binder. Calibrations were done for three pulse durations: 256, 512,
and 1014 ps. On 16 April 2015, prior to the 2015 surveys, the 120-kHz and 200-kHz EK60
sonars were calibrated in the SWFSC tank for pulse duration of 128 us (Table 1).

Table 1. EK60 calibration parameters for the pulse durations used during survey.

Parameter 2014 side 2015 forward 2015 downward
Frequency (kHz) 120 120 200
Model ES120-4x10 ES120-4x10  ES200-7C
Transmit Power (W) 250 50 25

Pulse Duration (s * 10-3) 0.256 0.128 0.128
Alongship beam angle (deg.) 4.4 4.4 7.0
Alongship offset (deg.) 0 0 0
Athwartship beam angle (deg.) 9.0 9.0 7.0
Athwartship offset (deg.) 0 0 0

EBA (dB) -17.3 -17.3 -20.8
Athwartship angle sensitivity 18 18 23
Alongship angle sensitivity 36 36 23
Absorption (dB km-1) 43.4 3.74 9.8
Transducer Gain, GTS (dB) 25.36 22.50 26.80

Sa Correction (dB) -0.66 0 0

RMS (dB) 0.26 0.23 0.19

Operational settings

Sonar surveys were conducted using the transmit powers listed in Table 1, and pulse
durations of 256-ps during 2014 and 128-ps during 2015, to obtain range resolutions of
approximately 19 cm and 10 cm, respectively. For all the EK60 sonars, operating range was
50 m, transmit rate was 10 Hz, and all EK60s and M3s were synchronized for simultaneous
transmissions.
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Target strength modeling

Striped bass (STB) and largemouth bass (LMB) larger than 15 cm, and channel catfish
(CHG; Ictalurus punctatus) and white catfish (WHC; Ameirus catus) larger than 20 cm are
the common predators of salmonid smolts in the Delta (J. Smith & C. Michel, pers. comm.).

X-radiographs of predator-sized STB, LMB, CHC, WHC and black crappie (BLC) were
acquired (Figure 6) to define shapes of the fishes' bodies and swim-bladders for use in
models of their TS values. TS-model results aid in the differentiation of echoes from fish
predators versus other targets such as smaller fish, plants, and floating debris.

White catfish Largemouth bass Striped bass

Channel catfish

Figure 6. Example X-radiographs of salmon predator species, showing the lateral and dorsal
shapes of the fish body and swim bladder.

A Kirchoff Ray-Mode (KRM) model (http://swfscdata.nmfs.noaa.gov/AST/KRM /krm.html)
was used to predict dorsal and lateral backscattering cross-sectional areas g, of fish by
size, orientation, and acoustic frequency.

Values of 03,,(f) and TS = 10 * log,¢(03s) were estimated using the KRM model, fit with
fish and swim bladder shapes imaged using X-rays. Values used for impedance contrasts
were 0.9146 for water-body and 3927 for body-bladder. Assumed distributions of
incidence angle for dorsal were ~N(90°, 3°) and uniform for lateral. Fish-length
distributions were estimated from 2014 and 2015 electro-fishing specimens: WHC
~N(230.4, 49.2), CHC ~N(404.5,91.8), LMB ~N(229.7, 87.6), STB ~N(255.1, 82.1), and BLC
~N(242.4,74.8).
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Additionally, the KRM model was used to estimate T'S versus a range of incidence angles
(65° to 115°) for striped bass.

Minimum-T'S thresholds, used for detections of single targets and echo-track of fish in
EK60 echograms, were based on modeled TS values for minimum lengths of known
predators.

Fish target detection

Echosounder data were processed using commercial software (Echoview 7.0) to measure
and track the TS of individual fishes. Received echoes were attributed to fish based on a
single-target detection algorithm (Echoview Split-Beam - Method 2; Hartman and Nagy
2005, Kayanda et al. 2012, and Warner et al. 2012) using parameter values in Table 2.

Table 2. Single target detection parameters used in Split-Beam - Method 2 (Echoview) to
analyze EK60 data.

2014 2015 2015

120 kHz 120kHz 200kHz
Single target detections (side) (forward) (downward)
Minimum TS threshold (dB) -57 -57 -60
Pulse length determination level (dB) 12 12 9
Minimum normalized pulse length 0.7 0.7 0.65
Maximum normalized pulse length 3 3 1.3
Beam compensation model Simrad LOBE Simrad LOBE Simrad LOBE
Maximum beam compensation (dB) 10 10 12

Maximum stdev of minor-axis angles (°) 1
Maximum stdev of major-axis angles (°) 1

Echo track detection

Multiple single-target detections of individual fish were assigned to single echo-tracks
using an echo-track detection algorithm (Echoview) and parameter values in Table 3. For
data from the 2014 side sonar and 2015 downward sonar, the edited riverbed detection
lines were used to limit detections by range. For the 2015 forward sonar, no constraints
were placed on echo track detection range for the Echoview processing; spatial constraints
and filtering were applied in post processing.
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Table 3. Echo-track parameter values used to analyze EK60 sonar data.

2014 2015 2015

120 kHz 120kHz 200kHz
Fish track regions (side) (forward) (downward)
Algorithm, data type 4D 4D 4D
Alpha, major axis 0.3 0.3 0.7
Alpha, minor axis 0.3 0.3 0.7
Alpha, range 0.7 0.3 0.7
Beta, major axis 0.2 0.22 0.5
Beta, minor axis 0.2 0.22 0.5
Beta, range 0.5 0.22 0.5
Target Gates
Major axis exclusion distance (m) 1 0.85 4
Minor axis exclusion distance (m) 1 0.85 4
Range exclusion distance (m) 0.7 0.85 0.4
Major axis missed ping expansion (%) 0 2.5 0
Minor axis missed ping expansion (%) 0 2.5 0
Range missed ping expansion (%) 0 2.5 0
Weight
Major axis weight 0% 10% 30%
Minor axis weight 0% 10% 30%
Range weight 30% 10% 40%
TS weight 0% 0% 0%
Ping gap weight 0% 0% 0%
Target Acceptance
Minimum number of single targets in a track 4 8

Minimum number of pings in a track (pings) 4
Maximum gap between single targets (pings) 2 2

Spatial transformations

Riverbed detection defined stop ranges for echo-track analysis were adequate for spatially
filtering the 2014 side and 2015 downward sonar data, but weak echoes from the riverbed
in the forward-sonar data made standard riverbed detection ineffective. Therefore, in

19



2015, the bathymetry from the M3s were used to filter the target data from the forward
sonar. The range and within-beam angles of each echo track location of the forward sonar
were converted to global spatial reference frame (UTM, zone 10 north; EPSG 32610) by
compensating for the instantaneous pitch, roll, heave, and heading recorded from the POS-
MV and river water elevation data interpolated to the ping location using custom code
(written in MATLAB, R, and Python) following the methods described in Conti et al. (2005)
and Cutter and Demer (2010).

Echo-track filtering

The river bathymetry data were used to determine if the echo-track positions occurred
spatially within the bounds of the river water volume (Figure 7). Echo tracks that occurred
below or within 0.5 m of the bathymetric surface were rejected from analysis and not
included in counts.

in-bounds

out-of-bounds

Figure 7. Bathymetric constraints applied to spatially-transformed echo-track data ensured
that targets were within the river volume.

The resulting ‘in-bounds’ echo-track targets were transformed by principal components
analysis (PCA) and further refined to eliminate potential inclusion of riverbed-echoes. After
rotations of the first three PCA scores in the 3-D space, fish and riverbed target echo groups
were divided using a plane. Fish targets were retained and riverbed targets were rejected,
producing ‘in-bounds’ fish targets. This dataset was used in subsequent analyses (Figure 8).
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Figure 8. TS and distance to riverbed for echo-tracks at three stages of filtering: full set of
unfiltered echo tracks (left), in-bounds targets (center), and fish only targets (right).

The TS distributions for the full set of unfiltered echo-tracks, the in-bounds targets, and the
fish-only targets (Figure 9) show that removal of riverbed echoes by spatial filtering
resulted in a narrow, less skewed distribution, as could be expected for fish with modes of
-20, -24, and -38 dB, respectively (Figure 9).
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Figure 9. TS distributions of unfiltered (left), in-bounds (center), and fish echo tracks (right).

Sampled volume estimation

The sampling range for the downward sonar beam was estimated using the range between
the beginning of the far-field region and the minimum range to the riverbed, or the range
where the probability of fish detection was < 0.01. The probability of target detection is not
constant throughout an echosounder beam, and is higher toward the beam-center
(Mulligan and Kieser, 1996). The far-field range for the 200-kHz transducer (ES200-7C)
was 1.49 m (Korneliussen et al., 2009). The sampled volume of the downward sonar was
estimated as a swept cone or wedge with height equal to the mean sampled range (dz)
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within a river segment, length equal to the accumulated river-segment centerline distance,
e.g., 10 m, and width defined by a conical model of the beam with opening angle equal to
7.0 degrees (Figure 10).

Near-field Observations Low SNR

___________________________________________________ -

. r
Near-field- | +
Observations - E

Deadzone - |

!j 3m
0.4m -

Figure 10. Top: Ideal beam observation volumes. Bottom: The swept cone (left) and ellipse
(right) method used to estimate sampled volume; forward range, r = 40 m.

Beam sampled volume weighted by target-detection probability

The sampled range of the forward and side sonars was estimated to be 40 m, where the
probability of target detection diminished to 0.01 along the beam axis. The effective beam
angles encompassing 99% of the target detections (alongship and athwartship) from the
forward sonar, defined here as the solid angles within which target detection exceeds 0.01,
were 10.7° by 5.2°. These angles are larger than the ideal -3 dB beamwidths, 10° by 4°, and
less than the beamwidths which included all target tracks, 11.6° by 5.6° (Figure 11).

The effective sampling volume was estimated as the integral of the volumes of the
individual slices of the beam, weighted by the probability of detection of each radial slice
(Table 4). The weighted effective beamwidths (6, .¢f v, 07¢f5w) Were 6.0° and 1.6°, when
multiplying the incremental beam volume by the probability of detection for each 0.01°
angular interval.
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Figure 11. Probability of detection, and the maximum (full grid) and hypothetical effective
(red ellipse) beam angles for the forward 120-kHz echosounder (top); probability of detection
by range (middle); and effective beam volume by range (bottom).
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Table 4. Variables for calculation of sampled volume per river segment and by transducer.

Variable Downward beam (200kHz) Side and forward beams (120kHz)
Vsamp Sampled volume per river segment Sampled volume per river segment
Vsamp dxsegm * AC dxsegm * AC
dxsegm  River segment length (centerline) River segment length (centerline)
Ac (dy * dx) T xdyxdz
2
dy 2 * hcl * tan(O.S * Hyd,eff) Rf * tan(0.5 * gyf,eff)
dz hCl Rf * tan(0.5 * ng,eff)
he Mean water depth, segment Mean water depth, segment
centerline centerline
Rf min(rbot—int' 40) (m)
Hyd,ideal 7°
Hyf,ideal 9.0°
sz,ideal 4.4°
0yamax  9-8°
0y ¢ max 11.6°
ezf,max 5.6°
Oyaerr  7°
Oyf.erf 10.7°
Ozf.err 5.2°
Oys.effw 6.0°
ezf’eff’w 1.60

River segmentation

The river was segmented every meter along its midline. The sides of these river segments
are larger, equal to, or smaller than 1 m where the bank is convex, flat, or concave,
respectively (Figure 12). Each segment represents a constant along-river interval but
segments do not have equal areas. The 1-m segments were aggregated to create larger
segment sizes.
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Figure 12. River segmentation: center to bank segments connect center nodes to nearest point
on bank. dLso = 50 m, along river center; dL1 = 1 m only along centerline.

Fish target counts, density, and abundance estimates

The distance sampling unit used for densities and abundances was defined as a 10-m along
river segment, each comprising 10 of the elemental 1-m segments (Figure 12). Counts of
fish echo-tracks were summed within each of these river segments for each survey day.
Sampled volume was calculated as the integral of the swept-beam volume after
compensating for detection probability by angle and limiting by range to the beam-
riverbed intersection. Summed counts of echo-tracks were converted to densities by
compensating for insonified sampled volume within each segment (Table 5). Fish
abundances were estimated from the product of fish densities and integrated river volume
within each segment, assuming uniform distribution of fish throughout the volume.
Integrated river volumes were based on mean 10-m river-segment depth, relative to the
NAVD88 vertical datum, averaged over tidal cycles during the survey period.
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Table 5. Conversion of counts to density and abundance.

Variable Meaning Expression
N Count per river segment Nechotracks
Vsamp Sampled volume per segment  dxsegm * Ac
D Density N
Vcamp
A Abundance D * Vyiper(segment)

Sizes of detected targets

Length distributions of the main four predator species, channel catfish (CHC), striped bass
(STB), white catfish (WHC), and largemouth bass (LMB), were estimated from the
combined 2014 and 2015 electro-fishing catch data (n¢yc = 113, n g = 1620, ngrp = 407,
Ny uc = 370). From the seven “fish-community” sampling events which were a subset of
electro-fishing efforts when all caught fish were counted and measured (19, 20, and 27 May
2014, and 13-16 April 2015), the lengths of the top four predator species ranged from 54 to
760 mm (Figure 13). Mean sizes of CHC were largest (425 mm), and the other species
(WHC, LMB and STB) had mean lengths between 233 and 255 mm. However, sampled
length distributions of LMB and STB were bimodal and skewed, with modal lengths near
300 mm and only a few large fish > 450 mm. Most CHC were between 375 and 600 mm, but
rarely < 350 mm.
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60 STB (127 — 760 mm, % 255)
= WHC (54 — 450 mm, % 233)
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0 100 200 300 400 500 600 700 800
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Figure 13. Length distributions for the top predator fish species: channel catfish (CHC),
striped bass (STB), white catfish (WHC), and largemouth bass (LMB; right axis).
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Results and Discussion

River Bathymetry

Primary study area

Bathymetry (1-m grid) of the San Joaquin River within the study area, between Port of
Stockton and Lathrop, ranged in depth from < 1 m near Lathrop to > 12 m near the deep-
water shipping channel (Figure 14 and Figures A01-A26). Scour holes in the river bends
have depths ranging from 7.5 to 10 m which deviate from the trend of the profile (Figure
15) characterized by mean depths of 2 m to 5 m from south to north.
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Figure 14. Riverbed bathymetry for the primary study area between the Port of Stockton and Lathrop, a) northern (downstream),

b) central, and c) southern (upstream) sections.
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Figure 15. Mean depth (referred to the NAVD88 vertical datum) of the San Joaquin River
between Port of Stockton and Lathrop by Northing (numbered north to south from left to
right).

Perspective views and cross-sectional profiles of the river bathymetry (Figures 16 and 17)
show the complexity of this river environment, the sinuosity of the river, and variability of
morphological features that are potentially important to salmonid smolt migration and
predator habitats. Cuts and channels occur in the north, near Port of Stockton, and in study
reach A3 (Figure 16).
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Figure 16. Perspective views of San Joaquin River bathymetry for two northern sections.

Shallow (<1 m), meandering stretches with migratory sedimented bedforms occur in the

south, and a deep (9 to 10 m) scour hole occurs just north of the head of Old River (Figure
17).

30



Figure 17. Perspective views of San Joaquin River bathymetry for two southern sections.

Stockton Deepwater Shipping Channel

In 2015, two additional areas were surveyed including portions of the Stockton deep-water
shipping channel (Figure 18) and Clifton Court Forebay (Figure 19). The deep-water
shipping channel was typically 11 to 12 m deep, apparently dredged for ship traffic.

31



Figure 18. Bathymetry map for of the Stockton deepwater shipping channel portion of the San Joaquin River.
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Clifton Court Forebay

The intake canal of Clifton Court Forebay ranged from 3 m deep, just north of the opening
between the jetties, to 9 m deep in the south near the pumping facility (Figure 19). Near the
radial gates of Clifton Court Forebay was a scour hole approximately 20 m deep
surrounded by sedimented flats less than 2 m deep (Figures 19 and 20).
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Figure 19. Bathymetry map for 2015-surveyed portions of a) Clifton Court Forebay: b) intake canal (IC), c) radial gates (RG) scour
hole.
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The terracing of the 20-m deep scour hole near the radial gates, with ledges near 4 and 8 m,
is evident from the perspective view of the bathymetry (Figure 20). In this scour hole,
several species of predatory fish including striped bass, largemouth bass, and catfish were
abundant.
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Figure 20. Perspective view of bathymetry of Clifton Court Forebay radial rates area, looking from northwest to southeast. The

?—‘l‘_( :

scour hole near the outflow, nearly 22 m deep, included the highest observed fish densities (not shown). Shallower depths (m) are

depicted with hotter colors as indicated in the legend.
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Riverbed terrain classes

The riverbed terrain class map (Figure 21) shows the locations and distributions of the five
riverbed classes: deep pools, pool margins, channels and runs, channel and bedform
margins, and bank edges and steep slopes. Some of these terrain classes were evidently
related to spatial distributions of acoustically-detected fish. In particular, more fish were
acoustically detected in the deep scour holes found in many of the bends in the river.
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Submerged aquatic vegetation

SAV targets identified from the multibeam sonar data were mapped and delineated,
showing a widespread coverage of SAV beds throughout the study area (Figure 22 and
Figures A01-A26). SAV was not verified by field sampling. Putative SAV beds covered
approximately 50% or more of the river banks in patches from about 20 to > 500 m long.

Although the species of SAV in the study area were not physically identified, the dominant
SAV in the Delta, is Brazilian waterweed (Egeria densa). Largemouth bass populations
increase when this extensive SAV is present (Brown and Michniuk 2007, Nobriga et al.
2003, Conrad et al. 2016). These SAV beds may be important predator habitats in this study
area, and mapping them using multibeam sonars with sample verification may be more
efficient than other methods.
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along river edges).



Fish TS modeling

KRM-predicted g, was evaluated versus acoustic frequency f and incidence angle. For the
sonar frequencies used in these surveys, there are clear differences in g;,4(f) for some

species such as channel catfish in dorsal incidence (Figure 23). Two species (CHC, WHC)
may be differentiated from the others (STB, LMB, BLC) using dorsal incidence g,4(f). STB,
LMB, BLC are unlikely to be differentiated by g,(f) in dorsal incidence, but these species
may be differentiated using lateral incidence a;4(f).
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Figure 23. Modeled mean backscattering cross-sectional areas (o) and target strength (TS)
for dorsal- (left) and lateral-incidence (right) observations of candidate salmon predators.
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KRM-model results indicate that lateral incidence TS of these fish, i.e., in side view, where
the beam direction is normal to the long axis of the fish, monotonically increases from -52

to -30 dB for fish with lengths (L) < 10 to > 60 cm, but varies by species (Figure 24). The

TS-vs-L curve for LMB is on average approximately 2 dB higher than for STB and the
curves for both catfish were about 5 dB lower than STB.
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Figure 24. Fish target strength (TS; dB) vs length for largemouth bass (LMB), striped bass
(STB), white catfish (WHC), and channel catfish (CHC) for lateral incidence.
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However, for fish that are insonified at non-normal incidence angles, the TS-vs-L
relationship is weaker than the T'S-vs-incidence-angle relationship. Variation of incidence
angles has a much greater effect on TS than size of these fish (Figure 25). Deviations of only
20° from normal (90°) incidence induce a -10 to -15 dB reduction in TS. Inferring fish size
from TS in those cases, where it was assumed that TS value indicated the mean of normal
incidence target echoes, would erroneously suggest that the fish was perhaps 1/3 to 1/4 of

the actual size.
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Figure 25. Fish target strength (TS; dB) vs length and incidence angle.

Single target detections

The mean number of single targets per echo track were 3.6 (SD = 1.3), 5.9 (2.6), and 13.3
(8.0) for the 2015 downward, 2014 side, and 2015 forward sonars, respectively (Table 6).
Median values were similar to means. The maximum number of single targets per echo
track were 20, 43, and 154, but the high maximum value for the 2015 forward sonar was an
outlier and possibly caused by temporarily slowed survey speeds.

Table 6. Target detection statistics: single targets per echo track.

Statistic 2014 side 2015 forward 2015 downward

Mean 5.9 13.3 3.6
Median 5 11 3
Max 43 154 20
Std. Dev. 2.6 8.0 1.3

44



Echo tracks

Each year, the side and forward sonars detected approximately 50,000 fish echo-tracks
over the 19 and 21 survey days of 2014 and 2015, whereas the downward sonar detected
approximately 5,000 fish during the 2015 study period (Table 7).

Table 7. Total number of echo tracks detected by each sonar for the main study area.

Sonar # echo tracks (survey days)
2014 side 49,912 (19)
2015 forward 52,802 (21)
2015 downward 4,829 (21)

The number of fish echo tracks detected per day (Table 8) ranged from 250 to 6,160 (2014
side), 441 to 5,656 (2015 forward), and 37 to 656 (2015 downward). However, the survey
coverage distances varied by survey day and these counts of echo tracks should not be
interpreted as fish abundance.

Table 8. Number of echo tracks detected by each sonar during each survey day.

2014 side
March April May
24 25 27 28 15 16 22 23 B 7 8 9 10 12 13 14 20 21 22

83 84 86 87 105 106 112 113 126 127 128 129 130 132 133 134 140 141 142
n 3912 5897 3861 1557 2653 6160 3134 2559 762 1299 1444 250 644 2215 2871 2200 3551 2314 2611

2015 forward

April May
6 8 10 13 14 15 16 20 21 27 28 29 30 4 5 6 12 13 14 19 20
96 98 100 103 104 105 106 110 111 117 118 119 120 124 125 126 132 133 134 139 140
n 2600 2589 1003 2634 5656 2057 1778 5261 4432 2523 2605 2947 3295 4082 1076 2935 1834 1502 530 441 1022

2015 downward

April May
6 3 10 13 14 15 16 20 21 27 28 29 30 4 5 6 12 13 14 19 20
96 93 100 103 104 105 106 110 111 117 118 119 120 124 125 126 132 133 134 139 140
n 115 253 73 143 110 163 174 656 401 226 175 208 184 315 583 401 205 139 37 159 109
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Depth distribution of echo tracks

Depth distribution of 2015 echo tracks show that most fish detected by the forward sonar
were within 3.5 m of the water surface. In 2015, the majority of fish detected by the
downward sonar were found between 1.5 to 6 m below the surface (Figure 26). The
forward sonar sampled the shallow parts of the river (mean depth = 4 m) and the
downward sonar sampled down to the riverbed, even in the deepest scour holes.
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Target Depth (m)
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Water Depth @ target locations(m) Water Depth @ target locations(m)

Figure 26. 2015 fish echo track depth distributions versus water depths for forward (a) and
downward sonars (b).

Target strengths of echo tracks

Target strength (T'S) of fish echo tracks ranged from -60 dB to approximately -10 dB
(Figure 27). TS distributions were similar for side (2014) and forward (2015) sonars, with
mean TS of approximately -40.5 and -42.5 dB, but T'S values from the 2015 downward
sonar were lower, with a mean of -48 dB (Table 9).
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Figure 27. Target strength (TS) distributions for all fish, from echo tracks data for side (2014;
top), forward (2015; middle), and downward (2015; bottom) sonars.
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Table 9. Fish echo track T'S (dB) distribution statistics.

Sonar mean TS medTS st.dev.TS
2014 side -40.58 -40.51  8.67
2015 forward -42.50 -42.60 841
2015 downward -47.95 -48.67 7.71

Fish density and abundance estimates

Fish density estimates

Counts of echo tracks were compensated for sampled volumes and probabilities of
detection, and converted to densities per unit of sampled volume. This was done so that
observations from the variously-oriented sonar beams acquired from different parts of the
river were comparable.

Mean densities of fish were estimated for each 10-m river segment (Figures 28-31), for
each study reach (Tables 10-12); and for the entire 26-km length of river, for all survey
days, during 2014 and 2015.

Fish densities estimated from the 2014 and 2015 side and forward sonars show strong
temporal and spatial variability (Figures 28, left and center panels, 29 and 30). Particularly
during 2014, periods of very high densities early in the season were followed by a period of
low densities throughout the river. Later in the 2014 season, high densities recurred in the
northern 2/3 of the study area while densities in most of the southern section remained
lower. During 2015, densities from the forward sonar were less variable over time than
2014 when considered on a whole-river basis, but were highly variable over time for some
small regions.

Many of the density estimates from the downward sonar were zero fish per 10-m river
segment (Figures 28, right panel, and Figure 31). The downward sonar found consistently
high densities in some small areas (e.g. between northings 4,190,000 and 4,192,000), and
the highest densities encountered were detected on multiple days during 2015 throughout
the southern stretches (between 4,185,000 and 4,189,000 N) .
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Figure 28. Fish mean density estimates from acoustic surveys, summarized by 10-m river segments and survey day, for the SJR

from Port of Stockton to Lathrop. Transducers (left to right): 2014 120 kHz, 2015 120 kHz, 2015 200 kHz.
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Figure 29. Fish mean density estimates from the 2014 acoustic surveys using the side sonar,
summarized by 10-m river segments and survey day, for the SJR from Port of Stockton to
Lathrop. Community sampling date (from e-fishing efforts) denoted with an * below the
Julian day.
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Density 2015 forward sonar
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Figure 30. Fish mean density estimates from the 2015 acoustic surveys using the forward

sonar, summarized by 10-m river segments and survey day, for the SJR from Port of Stockton

to Lathrop. Community sampling dates (from e-fishing efforts) denoted with an * below the

Julian day.
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Figure 31. Fish mean density estimates from the 2015 acoustic surveys using the downward
sonar, summarized by 10-m river segments and survey day, for the SJR from Port of Stockton
to Lathrop. Community sampling dates (from e-fishing efforts) denoted with an * below the
Julian day.
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Density by study reach

Mean densities by study reach (Figure 2) ranged from 0 to 178 fish 1000 m-3 for 2014
(Table 10). In 2015, mean densities per reach ranged from 0 to 75 fish 1000 m-3 for the
forward sonar (Table 11), and 0 to 40 fish 1000 m-3 for the downward sonar (Table 12). All
of those highest density values occurring near the Port of Stockton deep-water shipping
channel, north of study reach A3.

The zero density values tended to be in the interim sections that covered short distances
(1.1, 4.1, 7.1) and in reaches with very shallow water for the downward sonar.
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Table 10. Daily mean fish densities (fish 1000 m-3) by study reach for 2014, from the side 120-kHz sonar. “NA” indicates no

data.
March April May

24 25 27 28 15 16 22 23 6 7 8 9 10 12 13 14 20 21 22

Reach 83 84 86 87 105 106 112 113 126 127 128 129 130 132 133 134 140 141 142
0.1 3.4 NA 0.0 NA NA 0.0 119 5.2 2.5 0.4 3.2 0.0 NA NA 2.9 NA NA 13.0 6.2
c1 18.0 NA 3.5 NA 2.0 NA 2.2 1.5 1.7 08 19 03 NA NA 0.0 NA 0.0 1.3 0.5
1.1 48.9 NA 9.4 NA | 115 0.8 6.1 1.0 0.6 03 0.0 0.0 NA NA 1.0 NA 3.1 6.4 2.2
R1 16.8 NA = 30.6 NA 7.9 6.9 2.2 1.0 2.5 1.6 14 0.6 NA NA 1.5 NA 2.9 11.8 5.2
2.3 22.1 1.1 | 429 NA | 20.7 28.5 5.1 3.3 2.6 24 | 35 16 NA NA 9.9 NA 11.8 4.6 4.2
Al 15.8 7.0 613 NA | 25.8 26.3 23 1.9 1.6 05 1.2 11 NA NA 7.7 NA 10.5 2.6 5.0
3.5 29.8 4.0 9.8 NA = 115 20.4 2.3 1.6 2.8 0.5 13 13 0.0 NA 8.7 NA 11.1 4.3 4.0
C2 82.5 | 22.7 1.7 NA | 49.6 26.1 116 5.4 3.2 06 18 1.2 8.0 2.6 15.4 NA 19.5 7.5 14.2
41 54.8 @ 44.1 9.9 NA | 86.0 27.4 | 10.6 5.8 8.1 28 | 18 0.6 11.7 14.0 36.7 NA 22.3 23.0 233
R2 66.3 = 29.2 5.6 NA = 62.0 323 241 141 8.6 4.3 4.1 1.8 10.1 3.0 213 NA 44.0 10.0 353
5.5 49.4 | 18.1 7.6 NA | 25.7 37.5 9.7  16.4 5.4 19 | 21 24 6.6 3.0 239 NA 26.9 9.2 38.1
A2 NA | 133 6.3 NA 9.1 304 | 21.8 8.4 6.9 06 23 09 3.0 3.9 17.3 NA 25.4 6.2 43.0
6.5 NA 171 8.7 0.0 3.4 343 299 19.0 3.7 0.2 0.7 4.9 3.3 0.6 7.5 NA 10.5 13.4 91.8
c3 NA 1.9 NA | 15.0 3.9 25.5 | 35.5 | 16.8 3.4 0.5 0.7 NA 1.5 1.3 14.5 12.4 3.9 6.4 60.5
7.1 NA 4.6 NA 8.7 | 10.0 37.0 216 1438 2.5 23 | 07 NA 1.1 1.8 13.5 9.4 5.3 12.3 48.7
R3 NA 9.5 NA = 10.7 6.7 245 414 135 2.5 0.5 0.4 NA 3.4 1.5 0.0 14.4 2.3 21.6 61.3
8.5 NA 2.5 NA | 17.7 @ 23.6 16.3 | 36.8 | 20.2 8.7 1.6 | 32 | NA 5.2 1.7 24.4 23.4 12.9 38.4 65.4
A3 NA 3.6 NA | 236 @ 18.0 211 | 51.7 | 20.7 | 384 113 0.7 @ NA 0.8 0.5 17.5 31.6 5.1 129 | 438
9.1 NA 0.0 NA NA 69 1781 | 79.0 326 304 398 | 05 NA 2.0 1.8 96.4 66.3 2.2 28.9 93.4
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Table 11. Daily mean fish densities (fish 1000 m-3) by study reach for 2015, from the forward 120-kHz sonar. “NA”

indicates no

data.
April May

6 8 10 13 14 15 16 20 21 27 28 29 30 4 5 6 12 13 14 19 20

Reach 96 98 100 103 104 105 106 110 111 117 118 119 120 124 125 126 132 133 134 139 140
0.1 2.8 9.8 | 23.6 NA NA 9.2 NA = 22.2 NA 5.6 NA 1.2 3.0 19.9 2.4 NA 5.9 9.5 NA NA 3.0
C1 1.7 2.6 1.2 NA NA 2.5 NA 3.6 NA 2.3 NA | 11.0 1.6 1.9 0.9 NA 2.4 2.1 NA 0.0 0.3
11 4.8 3.9 6.0 NA NA 0.7 NA 4.6 NA 3.0 NA | 32.7 7.0 4.7 2.3 NA 4.1 4.7 NA 1.0 2.6
R1 99 151 3.0 NA NA 6.3 NA @ 12.0 NA | 12,6 NA 3.3  19.0 12.4 0.9 12.5 18.3 12.5 NA 3.8 3.8
2.3 7.4 5.0 6.3 NA NA 6.3 NA = 11.0 NA 3.8 NA | 12.6 6.7 12.3 5.6 11.5 4.6 5.2 NA 7.8 4.9
Al | 10.1 3.6 7.9 NA NA 3.6 NA | 10.7 6.8 2.9 NA 8.0 3.3 8.4 24.8 7.9 5.5 2.5 NA 5.2 1.7
3.5 5.2 6.8 5.7 NA 8.5 2.6 NA  13.4 10.9 2.3 0.0  10.7 6.1 8.6 16.6 6.2 4.6 3.1 NA 4.3 2.8
C2 | 113  14.0 4.7 NA | 13.6 8.5 NA = 20.5 153 8.7 59 158  16.1 23.3 7.6 13.4 6.3 4.6 NA 6.4 4.2
4.1 8.5 185 7.4 NA | 199 @ 10.5 NA | 229 @ 221 117 9.1 17,6 147 18.3 3.0 15.7 7.2 6.1 NA 4.2 3.7
R2 9.2 181 6.9 NA | 206 12.0 NA = 29.1 259 3.9 9.1 23.1 2838 33.2 4.7 22.4 8.3 6.2 NA 9.8 6.4
5.5 9.7 131 3.5 0.0 203 4.1 116 249 215 4.8 24 | 180 16.2 32.5 3.5 18.4 6.8 6.8 0.0 5.0 3.7
A2 | 236 123 3.1 NA | 229 48 12,6 186 204 10.0 3.8 13,6 183 26.2 9.6 14.1 8.0 8.4 NA 3.9 2.9
6.5 | 311 126 4.5 6.1 237 49 220 173 200 @ 14.2 6.1 141 250 31.2 6.6 16.9 8.1 6.6 14.5 1.7 3.9
C3 | 216 8.5 4.2 129 310 8.4 18.4 85  16.7  17.1 9.9  10.2  15.7 34.3 7.1 17.6 7.3 5.8 14 1.0 2.9
7.1 ] 563 148  10.7 @ 18.9 NA 3.3 151 189 @ 20.0 6.0 6.3 | 13.2 222 37.6 2.2 18.4 9.3 4.1 0.5 1.1 3.0
R3 | 183 9.3 1.0 7.5 NA 2.7 8.6 6.6 143 4.9 3.0 9.0 13.2 219 3.9 14.4 7.6 5.7 1.4 1.1 1.7
85| 26.8 183 3.0 14.2 NA 109 @ 17.7 @ 16.0 23.2 5.6 6.0 141 210 34.1 3.5 22.3 12.7 6.4 4.5 5.7 5.5
A3 | 445 131 2.6 223 NA 8.7  20.6 233 258 11.7 H 15.8 121 @225 31.7 6.6 16.4 19.0 12.7 8.4 5.1 5.2
9.1 | 751  40.7 @ 211  39.0 NA  36.8 316 549 NA  11.6 @ 40.4 411 333 34.2 2.9 44.4 17.8 12.7 67.3 111 18.4
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Table 12. Daily mean fish densities (fish 1000 m-3) by study reach for 2015, from the downward 200-kHz sonar. “NA” indicates

no data.
April May

6 8 10 13 14 15 16 20 21 27 28 29 30 4 5 6 12 13 14 19 20

Reach 96 98 100 103 104 105 106 110 111 117 118 119 120 124 125 126 132 133 134 139 140
0.1 0.0 0.3 0.5 NA NA 3.3 NA 2.1 NA 0.0 NA 0.0 0.0 3.5 0.6 NA 0.6 2.6 NA 0.0 1.0
C1 0.0 0.0 0.0 NA NA 0.0 NA 5.9 NA 10.1 NA 0.0 0.0 0.0 0.0 NA 0.0 0.0 NA 1.2 0.0
1.1 0.0 0.0 2.5 NA NA 8.4 NA 15.3 NA 2.5 NA 3.0 0.0 4.8 0.0 NA 0.0 0.6 NA 0.0 0.0
R1 1.2 1.1 2.9 NA NA 7.6 NA 10.9 NA 2.5 NA 0.8 2.3 2.8 3.1 0.0 0.3 1.0 NA 7.7 0.8
2.3 6.6 1.3 1.4 NA NA 6.8 NA 2.7 NA 3.9 NA 115 1.0 5.7 9.5 6.2 1.3 0.8 NA 15.8 3.3
Al 0.0 1.0 0.6 NA NA 3.2 NA 2.9 0.0 0.0 NA 1.6 0.7 0.7 2.0 0.0 0.5 1.2 NA 0.7 3.1
3.5 1.6 2.3 0.2 NA 0.6 1.2 NA 18.7 2.5 1.4 2.8 3.3 0.3 1.0 4.1 1.4 0.0 2.0 NA 0.6 0.3
C2 0.6 3.5 0.5 NA 5.2 2.7 NA 4.2 2.3 0.9 0.0 3.4 3.1 1.1 7.9 7.0 1.9 0.4 NA 1.7 0.7
4.1 0.0 5.5 4.7 NA 4.4 2.1 NA 7.5 1.9 6.1 4.2 5.3 0.8 2.5 14.4 4.0 7.1 2.4 NA 6.6 0.9
R2 6.9 10.2 2.9 NA 6.6 4.9 NA 18.5 4.3 1.1 9.0 6.9 6.5 0.4 11.2 7.1 4.0 1.0 NA 1.7 1.1
5.5 1.6 3.0 0.2 NA 3.1 4.9 0.9 19.4 7.3 3.3 0.7 8.0 3.3 3.3 9.3 9.2 4.3 4.5 NA 0.3 3.3
A2 2.0 1.1 0.0 NA 14.1 0.7 3.4 6.5 6.7 1.0 1.0 5.6 4.0 2.1 5.9 4.8 5.7 1.4 NA 0.4 0.0
6.5 0.5 5.0 0.9 2.2 12.7 1.1 8.3 17.0 9.4 0.0 0.6 5.6 9.5 18.0 35.1 19.3 10.3 3.1 0.0 0.8 3.6
c3 0.0 7.5 1.2 3.1 34.8 1.6 5.1 9.4 8.9 0.6 0.0 3.5 3.6 11.1 30.3 11.3 5.1 6.9 0.0 0.9 1.5
7.1 0.0 9.1 1.9 3.8 NA 1.1 14.0 15.2 14.6 1.7 0.0 2.0 5.0 17.1 27.0 9.2 4.3 4.9 0.0 2.9 2.3
R3 0.7 1.6 0.0 4.3 NA 0.0 1.6 6.6 4.7 0.0 2.1 3.6 2.5 3.9 13.5 6.2 2.8 3.3 0.0 0.9 1.4
8.5 3.4 8.3 1.1 2.1 NA 2.3 4.8 17.1 10.8 0.8 3.0 5.8 5.1 13.1 23.1 13.8 7.7 3.7 0.4 3.7 3.0
A3 0.5 6.0 4.1 0.9 NA 3.6 9.3 6.1 10.3 0.3 4.2 4.0 6.0 9.1 14.9 17.2 8.7 1.8 0.7 4.3 4.6
9.1 9.5 13.1 11.1 0.4 NA 8.5 20.7 21.5 34.0 5.7 14.3 8.1 9.3 15.3 40.0 21.9 3.7 0.6 18.8 6.8 10.3
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The spatial distribution of mean fish densities (collapsed over all survey days) had similar
patterns between 2014 and 2015 (side and forward sonars) except for shifts in locations of

the spikes of high density (Figure 32).
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Figure 32. Mean fish density averaged over all days per 10-m river segment by year.
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Density by time

Fish density distributions from 10-m river segments were skewed by many zeros such that

median density, considering the entire north-south survey coverage on any day, was zero
for 13 survey days of 2014 and 14 days of 2015 forward sonars. Upper quartile density
values were variable and ranged to about 50 fish 1000 m-3 for the 2014 side sonar and 30
fish 1000 m-3 for the 2015 forward sonar. For the 2015 downward sonar, all survey days
had a median and upper quartile density of zero (Figures 33, and A27-A30).
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Figure 33. Distribution of fish densities (# fish 1000 m3), including zeros, per 10-m segment,

for each survey date (Julian Day) and by transducer type, represented by box-whisker plots.
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With zeros excluded from the full-survey, per-day density distributions, median fish
densities (from 10-m river segments) ranged from about 20 to 65 fish 1000 m-3 from the
2014 side sonar, 15 to 30 fish 1000 m-3 from the 2015 forward sonar, and 40 to 75 fish
1000 m3 from the 2015 downward sonar (Figure 34).
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Figure 34. Distribution of fish densities (# fish 1000 m=3), excluding zeros, per 10-m segment,
for each survey date (Julian Day) and by transducer type, represented by box-whisker plots.

59



Fish abundance estimates

Preliminary estimates of fish abundance, summed by 10-m river segment, are presented
for the entire surveyed river (Figures 35-38) and for each study reach (Tables 13-15).
Spatial and temporal patterns of abundance are similar to those of density.

Fish abundance estimates from the 2014 and 2015 side and forward sonars show strong
temporal and spatial variability (Figure 35 left and center panels, Figures 36 and 37). The
northern portion of the study area had very high values throughout the 2014 season, while
the rest of the river varied between periods of high (early and late) and low (middle)
abundances.

During 2015, abundances from the downward sonar appeared less variable overall but
values fluctuated quickly from high to low (and low to high) in small regions (Figure 35,
right panel, and Figure 38).

Some localized areas had consistently high abundances (orange and red points) such as
near northing 4,200,250 on nearly all survey days in both years.
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Figure 35. Maps of fish abundance estimates from acoustic surveys, summarized by 10-m river segments and survey day (Julian
Day along the horizontal axis) for the SJR from Port of Stockton to Lathrop. Sonars (left to right): 2014 120 kHz, 2015 120 kHz,

2015200 kHz.
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Figure 36. Maps of fish abundance estimates from the 2014 acoustic surveys using the side
sonar, as sum of abundance within 10-m river segments and by survey day, for the SJR from
Port of Stockton to Lathrop.
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Figure 37. Maps of fish abundance estimates from the 2015 acoustic surveys using the
forward sonar, as sum of abundance within 10-m river segments and by survey day, for the
SJR from Port of Stockton to Lathrop.
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Figure 38. Maps of fish abundance estimates from the 2015 acoustic surveys using the down
sonar, as sum of abundance within 10-m river segments and by survey day, for the SJR from
Port of Stockton to Lathrop.



Abundance by study reach

For the 2014 side sonar, daily summed fish abundance ranged from 0 to 16,300 fish per 1-
km study reach ('C#', 'R#', 'A#' in Tables 13-15). In the interim-sections (numbered reach
labels in the tables) (Table 13), fish abundance ranged from 0 to 40,000 with one outlier of
> 70,000 on 22 May 2014 in section 8.5. Section 8.5 covered nearly 4 km.

During 2015, fish abundance by reach ranged from 0 to 38,000 for the forward sonar
(Table 14), and from 0 to nearly 27,000 for the downward sonar (Table 15), including
section 8.5.

The zeros tended to be in the interim sections that covered short distances (1.1, 4.1, 7.1).
The highest abundances of 2014 and 2015 for all three sonars occurred in river section 8.5,
in the northern part of the study area downstream of R3 and upstream of A3. Section 8.5
was a long interim stretch (Figure 2), and these estimates should be considered relative to
the river distance by reach.
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Table 13. Daily summed fish abundance by study reach for 2014 side sonar. “NA” indicates no data.

March April May

24 25 27 28 15 16 22 23 6 7 8 9 10 12 13 14 20 21 22

Reach 83 84 86 87 105 106 112 113 126 127 128 129 130 132 133 134 140 141 142
0.1 989 NA 0 NA NA 0 1849 2135 126 37 559 0 NA NA 669 NA NA 5131 3122
Cc1 4575 NA 1004 NA 448 NA 570 409 315 188 574 48 NA NA 0 NA 0 384 141
1.1 5840 NA 1440 NA 1906 33 924 142 77 52 0 0 NA NA 169 NA 500 986 362
R1 4179 NA 8140 NA 2645 315 577 183 754 331 271 133 NA NA 426 NA 1204 4566 2075
2.3 7098 38 14795 NA 8539 9783 2042 1240 766 690 1096 394 NA NA 3567 NA 4393 1625 1386
Al 2619 1136 9578 NA 4487 4458 366 312 281 79 192 202 NA NA 1317 NA 1842 454 805
35 11042 @ 1622 2979 NA 3394 8020 873 620 322 178 585 538 0 NA 3641 NA 4631 1859 1733
C2 16197 3971 329 NA | 10196 @ 4428 2030 511 274 126 348 230 392 365 2984 NA 4006 1566 2866
41 4881 3551 1097 NA 8578 2032 1124 556 690 306 187 78 910 1364 3213 NA 2619 2679 2537
R2 14921 5902 1281 NA | 14931 7680 5966 3446 2267 1143 872 440 2584 531 4148 NA | 10280 2558 8484
5.5 2618 = 6191 3010 NA | 10263 | 14524 3105 6499 1578 788 844 = 909 1892 @ 1284 9409 NA | 10847 3602 15329
A2 NA = 2339 1296 NA 1977 6421 2414 1817 714 124 427 = 186 556 830 3630 NA 5382 1367 6632
6.5 NA | 7328 2423 0 1488 | 15220 @ 11155 7326 1655 103 269 154 | 1408 237 2302 NA 4494 5977 39886
c3 NA 429 NA 3379 924 5718 7870 3199 772 104 148 NA 263 170 2782 1642 830 1358 13302
7.1 NA 554 NA 1075 1226 | 4434 2579 789 311 277 73 NA 138 245 1480 1099 608 1513 5885
R3 NA = 2244 NA 2626 1687 5967 10270 3256 588 146 118 NA 722 355 0 3532 576 5400 15040
8.5 NA | 2493 NA | 17458 @ 25530 | 17548 | 38993 @ 22050 7929 1786 3646 NA | 5216 1689 @ 24872 25346 12584 41081 71686
A3 NA | 1234 NA 7493 5603 5860 16301 6550 | 11950 3796 227 NA 244 128 5622 9568 1650 2000 13716
9.1 NA 0 NA NA 1870 9463 | 19489 7516 7209 @ 8405 133 NA 799 69 20139 @ 15775 480 5686 23242
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Table 14. Daily summed fish abundance by study reach for 2015 forward sonar. “NA” indicates no data.

April May

6 8 10 13 14 15 16 20 21 27 28 29 30 4 5 6 12 13 14 19 20

Reach 96 98 100 103 104 105 106 110 111 117 118 119 120 124 125 126 132 133 134 139 140
0.1 1380 4937 | 5473 NA NA 2605 NA 4436 NA @ 1613 NA 85 256 = 10228 @ 1072 NA 1178 @ 1853 NA NA 742
Cc1 450 706 360 NA NA 745 NA 961 NA 684 NA 3312 313 547 230 NA 532 593 NA 0 82
11 264 631 750 NA NA 45 NA 674 NA 389 NA 4267 1092 760 310 NA 633 800 NA 84 372
R1 1572 4778 871 NA NA 464 NA 4177 NA @ 2814 NA 842 5845 3305 257 344 4947 @ 3521 NA 528 859
2.3 2615 1874 = 2351 NA NA 2247 NA 3802 NA @ 1338 NA 5064 2578 4612 1840 4369 1459 | 1720 NA | 3144 @ 1699
Al 1681 617 | 1310 NA NA 637 NA 1884 815 502 NA 1343 584 1483 | 3857 1275 985 426 NA 902 303
35 2136 2753 | 2366 NA | 1240 1061 NA 5665 4396 973 0 4169 2618 3216 | 6408 2291 2024 | 1330 NA | 1416 @ 1094
c2 2280 2729 920 NA | 2479 1508 NA 3944 3001 @ 1800 829 2618 3177 1456 | 1426 2639 1377 | 1015 NA | 1258 893
41 879 1748 806 NA | 2206 1101 NA 2618 2420 | 1138 980 1896 1571 710 323 1445 762 706 NA | 476 416
R2 2045 4401 @ 1621 NA | 4601 2765 NA 6885 5713 858 2285 5970 7075 8035 ' 1038 5477 1928 | 1461 NA | 2351 | 1460
5.5 3735 4751 | 1414 0 ' 8199 1460 4190 | 10035 8495 ' 1904 810 7211 6617 @ 11816 @ 1464 7494 2707 | 2652 0 2070 @ 1461
A2 4595 2594 653 NA | 4928 948 2614 3979 | 4297 | 2207 492 2467 2898 3432 | 1970 3003 1656 | 1840 NA 836 630
6.5 | 13179 5788 | 1852 1077 | 8968 2121 9864 7601 8952 | 6537 2562 6093 | 11303 & 13854 | 2902 7540 3683 | 3008 152 746 | 1713
c3 4988 1884 949 2724 | 2971 1850 @ 4118 1924 3734 | 3945 2118 2298 3480 7787 | 1604 3946 1682 | 1281 345 228 650
7.1 6853 1785 | 1270 2401 NA 411 1820 2285 2417 752 768 1623 2647 4580 273 2251 1119 491 67 136 372
R3 4694 2317 235 1887 NA 771 2113 1574 3461 891 762 2278 3279 5377 963 3550 1811 | 1513 359 267 426
8.5 | 29184 | 19480 | 3595 & 15730 NA | 12237 @ 20221 17689 @ 25982 @ 4684 4749 | 16222 | 20865 | 37920 | 4074 @ 25575 @ 14564 @ 7251 5207 | 6477 @ 6269
A3 | 14089 4063 796 5820 NA 2694 3302 7320 7016 | 3629 | 4928 3784 7134 9834 | 1709 5165 5939 | 3939 2472 | 1699 | 1577
9.1 | 23685 13067 @ 6472 7011 NA 8721 9379 @ 18221 NA | 2396 & 10664 | 12389 & 11446 & 13145 649 | 14258 5782 | 3869 @ 11882 @ 3480 & 5240

67



Table 15. Daily summed fish abundance by study reach for 2015 downward sonar. “NA” indicates no data.

April May

6 8 10 13 14 15 16 20 21 27 28 29 30 4 5 6 12 13 14 19 20

Reach 96 98 100 103 104 105 106 110 111 117 118 119 120 124 125 126 132 133 134 139 140
0.1 0 166 @ 117 NA NA | 1074 NA 307 NA 0 NA 0 0 1923 303 NA = 117 | 506 NA 0 267
c1 0 0 0 NA NA 0 NA 1241 NA | 2707 NA 0 0 0 0 NA 0 0 NA = 292 0
1.1 0 0 363 NA NA = 1298 NA 1927 NA = 346 NA | 450 0 756 0 NA 0 116 NA 0 0
R1 353 | 467 | 1157 NA NA | 4054 NA 3443 NA | 593 NA | 398 | 1589 @ 1221 & 1167 0 66 353 NA | 3833 | 163
23| 2425 669 | 599 NA NA | 2182 NA 948 NA | 1585 NA | 4451 | 440 2388 = 3508 @ 3109 | 509 403 NA | 6807 | 1498
Al 0 158 98 NA NA = 568 NA 421 0 0 NA | 291 | 129 131 378 0 88 | 209 NA = 118 | 503
35 646 | 719 88 NA 80 | 473 NA 7822 859 | 633 89 | 1328 = 149 401 1735 534 0 872 NA | 221 | 133
c2 113 | 661 @ 135 NA | 1086 | 517 NA 890 346 | 201 0 595 519 158 = 1519 = 1273 | 391 94 NA = 337 | 128
4.1 0 620 433 NA | 550 | 246 NA 806 223 | 610 384 | 609 | 103 218 | 1553 404 | 811 | 301 NA = 720 | 110
R2 | 1477 | 2424 697 NA | 1672 | 1477 NA 4307 449 | 295 | 1694 @ 2029 @ 1824 92 | 3125 1884 = 907 @ 269 NA = 523 | 274
55 592 | 1237 87 NA = 1291 | 1849 @ 318 6146 2986 | 1237 | 294 @ 3298 | 1286 @ 1176 @ 3842 @ 3787 | 1728 @ 1838 NA | 126 | 1242
A2 407 | 223 0 NA | 2975 | 142 @ 698 1514 1437 | 215 202 @ 1101 | 884 299 | 1229 | 1006 @ 1208 @ 315 NA 80 0
6.5 232 | 2204 = 371 453 | 5316 | 507 @ 3809 7627 4095 0 278 | 2387 | 3810 @ 7593 @ 15414 8628 | 4459 @ 1371 0 336 | 1590
c3 0 1554 | 236 = 700 @ 2051 @ 351 | 1137 1849 1797 | 149 0 805 798 2484 | 6847 @ 2523 @ 1162 @ 1559 0 221| 34
71 0 1160 | 234 482 NA = 163 1717 1887 1774 | 205 0 280 588 1328 | 3314 1122 | 534 597 0 359 | 278
R3 210 | 376 0 1039 NA 0 382 1769 1093 0 504 867 | 564 893 | 3503 | 14838 | 778 @ 744 0 213 | 368
85| 4674 8811 | 1187 | 2510 NA | 2451 | 5336 19515 | 12305 @ 854 | 2855 6444 | 5687 | 14183 @ 26778 & 16063 | 8623 | 3904 @ 348 | 4101 3367
A3 182 | 1826 @ 1235 @ 223 NA = 1179 & 2904 1852 3276 = 100 | 1365 @ 1180 | 1961 | 2830 @ 4428 @ 5382 | 2710 | 585 @ 234 | 1346 1424
9.1 | 2723 ' 3536 @ 3500 70 NA | 3065 7512 8796 936 | 1441 @ 3893 | 2546 | 3526 = 5408 | 10243 | 8165 | 1437 = 211 | 3502 @ 2090 | 3722
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Patterns of spatial distribution of mean fish abundance, over all survey days for each
location (10-m river segment), were similar between 2014 and 2015 for all three

transducer orientations, including occasional spikes of high abundances (seen more readily

in 2014 side and 2015 forward sonars; Figure 39). During each year, several small
stretches had much higher abundance than their neighboring areas.
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Figure 39. Mean fish abundance averaged over all days per 10-m river segment.
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Fish abundance distributions from 10-m segments, like density distributions, were skewed
by many zeros (Figure 40). Daily median abundance was 0 for 14 survey days of 2014 and
12 survey days of 2015 forward sonars. Upper quartile abundance values were variable
and ranged from 0 to just over 100 for the 2014 side sonar and 80 for the 2015 forward
sonar. For the 2015 downward sonar, all survey days had a median and upper quartile
abundance of zero using this 10-m segment integration scale.
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Figure 40. Distribution of fish abundance, including zeros, per 10-m segment by time (Julian
days) are represented by box-whisker plots for 2014 side (top), 2015 forward (middle) and
2015 downward (bottom).

With zeros excluded, daily median fish abundance ranged from about 30 to 150 fish per 10-
m segment from the 2014 side sonar, 30 to 50 from the 2015 forward sonar, and 150 to
200 from the 2015 downward sonar (Figure 41).
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Figure 41. Distribution of fish abundance, excluding zeros, per 10-m segment by time (Julian
days), represented by box-whisker plots for 2014 side (top), 2015 forward (middle), and 2015
downward (bottom).

All survey efforts were meant to cover at least one 3-reach block where tethering
experiments were being conducted on that day; most surveys covered the entire 26-km
stretch including all three blocks. Survey coverage area ranged from 7 to 24.2 km in 2014
and from 7.7 to 24.7 km in 2015 (Figure 42).
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Survey coverage by day
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Figure 42. Survey coverage per day (Julian days) for the full river for 2014 side (top), 2015
forward (middle), and 2015 downward (bottom).

For days when > 80% of the river was covered by the acoustic survey, total fish abundance
estimates ranged from 10,000 to 128,000 fish, and one outlier abundance of 228,000 fish
on JD 142, for the 2014 side sonar. During 2015, total fish abundance ranged from 25,000
to 127,000 for the forward sonar, and 10,000 to 89,000 for the downward sonar (Figure
43).
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Total abundance by day for >80% river survey coverage ]
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Figure 43. Total fish abundance per day (Julian days) for the full river (survey coverage >
80%) for 2014 side (top), 2015 forward (middle), and 2015 downward (bottom).

Including all days, regardless of survey coverage, fish abundance per 1-km distance of river
ranged from 200 to 9,400 fish km-! for the 2014 downward sonar, from 1000 to 5600 for
the 2015 forward sonar, and from 500 to 3600 for the 2015 downward sonar (Figure 44).
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Figure 44. Fish abundance per km by day (Julian days) for all survey days: 2014 side (top),
2015 forward (middle), and 2015 downward (bottom).

Abundance estimates were derived from density estimates scaled to the full river volume
within each 10-m river segment. These estimates may be biased high because the scaling to
full volume considered all parts of the river within each segment to have the same
probability of fish occurrence. Future work is planned to better resolve fish-habitat
associations which will reduce error of abundance estimates.

Areas with persistent high densities

Areas with persistent high densities of fish were defined as the proportion of time
Pdays,Dyign when the density of fish exceeded the overall median density (29 fish 1000 m-3).

Figures 45 and 46 show the distributions and maps of the proportion of time that high
density D > D,,,.4 occurred within each 10-m river segment, by year and sonar. Persistence
of high densities Pdays,Dpign > 20% occurred commonly, and Pdays,Dpign > 40% or 50%

occurred rarely (Figure 45). Locations where densities were high for more than half of the
survey period (pdays.thgh > 50%) (March - May 2014, and April - May 2015) are considered

'hotspots.’
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Figure 45. Histograms of the proportion of time that fish density exceeded median fish density
(D > Dmea) for 2014 side, 2015 forward, and 2015 downward (from left to right).

Hotspots were identified during 2014 and 2015 in both shallow and deep water. Areas with
persistent high density are evident just south of Port of Stockton (4,200,000 < N <
4,202,000), in the vicinity of the confluence of French Camp Slough and the San Joaquin
River (N ~ 4,198,000), and in a highly meandering section of river 4,190,000 < N <
4,192,000 (Figure 46).
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Figure 46. Proportion of time that fish density exceeded median fish density (; Pdays,Dpign where
D> Dmed).
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For the 2014 side, 2015 forward, and 2015 downward sonars, respectively, 83, 81, and
449% of the river had daily fish densities which exceeded the median density for the entire
study period (D > D,,.4)- This indicates that high densities were common in all except the
southern part of the study area (< N 4,189,000) for the shallow and near-surface waters
sampled by the 2014 side and 2015 forward sonars. Low densities were common for the
southern half of the study area in the shallower waters sampled by the 2015 downward
sonar, but high densities were common in the deep pools near river bends (Figure 47).
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Figure 47. Locations where fish density exceeded median fish density (D > Dmed) at any time,
for 2014 side, 2015 forward, and 2015 downward (from left to right). Dark brown indicates
presence and yellow indicates absence.

Fish density comparisons

Density comparisons by space

Multiple-comparison tests (Kruskal-Wallis statistic) of mean densities for each reach show
significant differences of fish densities between the southern and northern reaches
(evident as non-overlapping bounding bars). Densities in C1, R1, and A1 were lower than
densities in C2, R2, A2, C3, R3, and A3 for the 2014 side and 2015 forward sonars (Figure
48, left and center panels). C1 densities were consistently lower than all other densities for
2015 side and 2015 forward sonars. A3 and R2 had the highest densities in 2015, while R2
was highest in both years (see Figure 2 for reach locations).
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Densities of fish estimated from the 2015 downward sonar (Figure 48, right panel) were
more commonly lower in the south (reaches 0.1 through C2) and higher in the north, with a
few notable exceptions: densities in reaches A2 and R3 were as low as A1, R1, and C2.
Highest densities occurred between reaches A2 and C3, in reach A3, and just to the north of
A3. Densities in C1 were still lowest, but not significantly different from those in the river
just south, upstream, of C1 or those in the segment between reaches A1l and C2.
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Figure 48. Multiple comparison test of mean annual fish densities by study reach for 2014 and
2015, ordered from south/upstream (top) to north/downstream (bottom).

Density comparisons by time

Multiple-comparison tests also indicate that fish densities varied by date. During 2014,
densities of fish from the forward sonar were high in the beginning of the season,
decreased to lowest in the middle of the season (JD 2014 127-128) and increased again
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later in the season (Figure 49, left panel). In contrast, densities from the 2015 forward and
downward sonars were highest in the middle of the season (Figure 49, center panel).
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Figure 49. Whole-river mean fish density differences over time. Multiple comparison test of
fish densities by Julian day (JD) for 2014 and 2015.

Multiple-comparison tests of densities in each reach show differences between dates
(Figures 50 - 58). There were six predator removal and addition dates in 2014 and three in
2015: May 6 -7, 2014 and April 29, 2015 in R1/A1; May 8-9, 2014 and April 28, 2015 in
R2/A2; and May 12-13, 2014 and April 27, 2015 in R3/A3, and these are indicated on the
figures. Often, densities measured on the same day and just prior to removal and addition
events were not significantly different from those measured the following day.

In removal (“R”) reaches, no significant decreases were detected on the day after removals.
In four instances density increased significantly on the day after removals in “R” reaches.
In addition (“A”) reaches on one instance density increased significantly on the day after
additions, and in three instances density decreased significantly on the day after additions.
In control (“C”) reaches examined the day after removal or addition efforts were made in
the same block (e.g., C1, R1, A1), no significant increases were detected the day after efforts
and in two instances density decreased significantly on the day after efforts. (Table 16).
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Table 16. Summary of density changes in R and A reaches the day after fish removals and
additions for predator-density manipulation experiments. Numbers in parentheses indicate
number of days with a significant change, date of significant changes noted.

Manipulation | Reach | Decrease | Date Increase | Date
Removal R1 1(0) 3(1) JD2015-120
Removal R2 1(0) 3(2) JD2014-130

JD2015-119
Removal R3 2(0) 2 (1) JD2014-134
Addition Al 3(1) JD2015-120 | 1(0)
Addition A2 1(0) 3(1) JD2015-119
Addition A3 2(2) JD2014-133 2(0)

JD2014-134

Control C1 2(0) 2(0)
Control C2 1(0) 3(1) JD2015-119
Control C3 2(0) 2(1) JD2014-133
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Figure 50. Multiple comparison test of fish densities by time (Julian day) for reach C1 in 2014

and 2015.
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Density comparison for Reach 2 (R1)
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Figure 51. Multiple comparison test of fish densities by time (Julian day) for reach R1 for 2014
and 2015. Predator removals are indicated by “R.”
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Figure 52. Multiple comparison test of fish densities by time (Julian day) for reach A1 in 2014

and 2015. Predator additions are indicated by “A.”
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Figure 53. Multiple comparison test of fish densities by time (Julian day) for reach C2 in 2014

and 2015.
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Figure 54. Multiple comparison test of fish densities by time (Julian day) for reach R2 in 2014
and 2015. Predator removals are indicated by “R.”
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Density comparison for Reach 6 (A2)
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Figure 55. Multiple comparison test of fish densities by time (Julian day) for reach A2 in 2014
and 2015. Predator additions are indicated by “A.”
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Figure 56. Multiple comparison test of fish densities by time (Julian day) for reach C3 in 2014

and 2015.
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Figure 57. Multiple comparison test of fish densities by time (Julian day) for reach R3 in 2014
and 2015. Predator removals are indicated by “R.”
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Figure 58. Multiple comparison test of fish densities by time (Julian day) for reach A3 in 2014
and 2015. Predator additions are indicated by “A.”

Density comparison over space and time

Densities from the 2015 forward sonar, summarized by 1-km river segments and survey
day, were compared (multiple comparison tests on Kruskal-Wallis statistics) for

differences over space and time. The results are shown as a matrix of ‘pixels’ representing

1-km river segments, where the blocks of 26 rows by 26 columns separated by grid lines

contain comparison results for each survey day (Figure 59). Significantly higher densities

are indicated by the hot colors (yellow to red), non-significant differences are gray, and
significantly lower densities are greens and blues. For example, densities over the entire
river on survey day 14 (4 May, 2015) were significantly higher than densities throughout
the river on almost all other days, and densities on days 3 and 6 (10 and 15 April, 2015)
were significantly lower than those on most other days.
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Figure 59. Space-time comparison of fish densities from forward sonar, for the 21 survey days
of 2015.

TS spatial distribution

Values of TS measured over the entire 2015 study period were non-uniformly spatially
distributed throughout the SJR (Figure 60). Considering T'S as a proxy for target size, larger
fish were found more often near bends in the river, perhaps in association with deep pools.
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Figure 60. Spatial distributions of fish target strengths.
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River conditions

Water temperature from three river monitoring stations (SJG, BDT, SJL) ranged from lows
between 15° and 16° to highs of 23°C during 2014 and 2015, respectively (Figure 61). The
maximum water temperature occurred two weeks earlier during the 2014 study period.
During the 2014 survey period, water temperature quickly increased from near lowest to
highest temperatures between 1 and 11 April, decreased to 15° by 26 April, and then
increased to 21° by 22 May 2014 (end of study period). During the 2015 survey period,
water temperature increased from 16° on 6 April to > 23° on 3 May, then decreased to
20°by 20 May 2015.

Temperature (° C)
- - — ] 3] N
~l o e} (o] o - [aS]
| | | | | |

-
22}
T

15
80 90 100 110 120 130 140

Julian day

Figure 61. 2014 and 2015 mean (dark solid and dashed lines), minimum, and maximum daily
temperatures (shaded) from three river monitoring stations.

Water temperature measured by the CTD varied throughout the river and season (Figure
62) and agreed well with the daily mean or median values from the river monitoring
stations (Figure 63).
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Figure 62. 2015 river water temperature (°C) measured from a CTD mounted on the vessel, by
Julian day.
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Figure 63. Comparison of river water temperature (T; °C) values (CTD vs river monitoring
station). The dashed line is the mean T of the stations (S/G, BDT, SJL) bounded by the shaded
area representing the minimum and maximum T. The solid lines are mean T (solid circles) and
median T (open circles) from the vessel-mounted CTD.

Fish density in conjunction with tide, flow and lunar phase

Mean fish densities from the 2014 side sonar were mostly lower in the southern block, (C1,
R1, A1) and higher in the northern block (C3, R3, A3), but varied throughout the season
(Figure 64). There were no obvious patterns relating block-wide fish densities to
temperature, flow, or lunar cycle.

Mean fish densities from the 2015 forward sonar were mostly lower in the southern block
(C1, R1, A1), and higher in the northern block (C3, R3, A3), and varied temporally (Figure
65). In all blocks, densities increased between JD 117 and 124, coinciding with increased
river water temperature and waxing moon phase (full on JD 123). Besides that trend, there
is no obvious pattern relating block-wide fish densities to temperature, flow, or lunar cycle.
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Figure 64. Fish density (fish 1000 m-3) from 2014 side sonar by block (1 in the south, 2 middle,
and 3 north), lunar phase, mean daily temperature (°C), and net daily flow (cfs) bounded by
minimum and maximum flow values (shaded area).
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April 4 - May 20, 2015
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Figure 65. Fish density (fish 1000 m-3) from 2015 forward sonar by block (1 in the south, 2
middle, and 3 north), lunar phase, mean daily temperature (°C), and net daily flow (cfs)
bounded by minimum and maximum flow values (shaded area).



Target identification and fish species composition

Acoustic targets may be assigned to species and sizes using concomitant samples of fish
(Everson et al. 1996; Zwolinski et al. 2014). However, the process of assigning acoustic
targets to species and sizes is complicated by the potential influence of a combination of
factors such as fish orientation and size, and uncertainty in the spatially and temporally
dynamic composition of the fish community.

This study included electro-fishing during both 2014 and 2015 with seven community
sampling events, conducted during 3-5 days per year, where all fish caught were identified
and measured. These data suggest that there were more predators in the north than the
south, particularly for block 3 compared to block 1 (Figure 66), and that largemouth bass
were more abundant than striped bass. However, predation event recorder (PER) data
indicated a much higher incidence of predation by striped bass on tethered salmonid
smolts during those experiments (Figure 67). Other fish-catch and acoustic-tag tracking
data (C. Michel and ]. Smith, pers. comm.) suggest that the fish composition included a
higher proportion of striped bass and varied throughout the survey area over the study
periods.

Differences in these results may be explained by potential sampling bias. Electro-fishing is
not effective in deep water and may be biased toward species found near the water surface
and river banks (e.g. largemouth bass and common carp). Striped bass are highly mobile
and tend to be in deeper water. Although carp were abundant in the electro-fishing catches,
the process of identifying ‘in-bounds’ targets should have excluded most fish that reside
close to or on the riverbed.
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Figure 66. Proportion of predator-sized fish in the SJR by year and by reach from electro-fishing sample data on community
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Figure 67. PER predation events with visual confirmation of predator species (LMB, STB, CHC,
and WHC).

Fish habitat associations
Fish targets in context of bathymetry, terrain, and SAV

Fish targets were detected throughout the river. However, fish tended to associate with
river features (Figure 68). Most of the largest fish detected by the 2015 forward sonar
(Figure 68 c-d, > -22 dB) were located in or near deep pools at depths > 5 m (Figures 68
and 69). Some of these targets were near or within SAV beds, a preferred habitat for
largemouth bass in the San Joaquin River (Conrad et al. 2016).
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99



Fish detections from the
forward-looking sonar
(colored points)

SAV beds (white points)

River bathymetry and terrain
class (colored mesh)

Figure 69. 3D scene of all 2015 forward sonar fish detections, SAV, and river bathymetry for
the San Joaquin River near French Camp Slough, and a photo of the eastern river bank.

Conclusion

This study provides acoustically estimated densities and abundances for salmonid smolt
predators and riverbed bathymetry within a 26-km stretch of the San Joaquin River, from
Port of Stockton to Lathrop, California, during spring of 2014 and 2015. The results include
an unprecedented level of detail of fish and their habitats in space and time. Fish densities
and abundances are provided for every 10-m river interval for 19 and 21 days per year.
Bank-to-bank bathymetry is mapped with 1-m resolution. Collectively, these indicate the
spatial and temporal variability of fish densities, some locations with persistent high
densities, and fish associations with riverbed features and submerged aquatic vegetation.

Other studies have mapped and classified riverbeds using multibeam sonars for shallow
water (Montereale Gavazzi et al. 2016), but not in combination with multibeam fish-
detection and simultaneous mapping of fish using fisheries sonars as implemented here.
Hence, this study provides a unique data set that can be used to better define habitat
suitability and utilization models for this river system. Additionally, when used in
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combination with data from the accompanying predation experiments and fish tagging
studies, this dataset improves models of salmonid smolt predation risk.
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Appendix

Table A01. Calendar date (yyyymmdd) and Julian date of 2014 and 2015 acoustic surveys

of the San Joaquin River between Port of Stockton and Lathrop.

Survey Calendar Julian
Day Date Date
2014 1 20140324 2014 - 083
2 20140325 2014 - 084
3 20140327 2014 - 086
4 20140328 2014 - 087
5 20140415 2014 - 105
6 20140416 2014 - 106
7 20140422 2014 - 112
8 20140423 2014 -113
9 20140506 2014 - 126
10 20140507 2014 - 127
11 20140508 2014 - 128
12 20140509 2014 - 129
13 20140510 2014 - 130
14 20140512 2014 - 132
15 20140513 2014 - 133
16 20140514 2014 - 134
17 20140520 2014 - 140
18 20140521 2014 - 141
19 20140522 2014 - 142
2015 1 20150406 2015 - 096
2 20150408 2015 - 098
3 20150410 2015 -100
4 20150413 2015-103
5 20150414 2015-104
6 20150415 2015 - 105
7 20150416 2015 - 106
8 20150420 2015-110
9 20150421 2015-111
10 20150427 2015 -117
11 20150428 2015-118
12 20150429 2015-119
13 20150430 2015-120
14 20150504 2015-124
15 20150505 2015-125
16 20150506 2015-126
17 20150512 2015-132
18 20150513 2015-133
19 20150514 2015-134
20 20150519 2015 -139
21 20150520 2015 - 140
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Table A02. Midpoint locations of study reaches / river sections; northing and easting (m)
coordinates from UTM zone 10 north projection (WGS84 ellipsoid).

Reach id Reach id Midpoint Midpoint
(string) (numeric) Easting (m) Northing (m)
0.1 0.1 648705 4184289
C1 1 648525 4185318
1.1 1.1 647940 4185605
R1 2 647247 4185855
2.3 2.3 648065 4186443
Al 3 647796 4187224
3.5 3.5 648410 4188647
C2 4 647680 4189928
4.1 4.1 647624 4190539
R2 5 647750 4190892
5.5 5.5 647532 4192077
A2 6 646697 4193122
6.5 6.5 646785 4194636
c3 7 647161 4196001
7.1 7.1 647402 4196593
R3 8 647282 4197283
8.5 8.5 647127 4199055
A3 9 645434 4200551
9.1 9.1 646136 4201408
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vegetation (SAV, green polygon). Each 100m along-river segment noted with number. Not
to be used for navigation.
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Figure A03. Bathymetry, pool classification (black polygon), and submerged aquatic
vegetation (SAV, green polygon). Each 100m along-river segment noted with number. Not
to be used for navigation.
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Figure A04. Bathymetry, pool classification (black polygon), and submerged aquatic
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vegetation (SAV, green polygon). Each 100m along-river segment noted with number. Not
to be used for navigation.
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Figure A05. Bathymetry, pool classification (black polygon), and submerged aquatic
vegetation (SAV, green polygon). Each 100m along-river segment noted with number. Not
to be used for navigation.
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Figure A06. Bathymetry, pool classification (black polygon), and submerged aquatic
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vegetation (SAV, green polygon). Each 100m along-river segment noted with number. Not

to be used for navigation.
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Figure A07. Bathymetry, pool classification (black polygon), and submerged aquatic
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vegetation (SAV, green polygon). Each 100m along-river segment noted with number. Not

to be used for navigation.
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Figure A08. Bathymetry, pool classification (black polygon), and submerged aquatic
vegetation (SAV, green polygon). Each 100m along-river segment noted with number. Not
to be used for navigation.
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Figure A09. Bathymetry, pool classification (black polygon), and submerged aquatic
vegetation (SAV, green polygon). Each 100m along-river segment noted with number. Not
to be used for navigation.

115



-121.332 -121.329

4195400

[ ]sav 85

|:| deep pool
4195300 0
4195200

g 5

=

oy
4195100 2
4195000 10
4194900
4194800
4194700
4194600

94
4194500
95
646800 647100
0 0.1 0.2 km
[ ee—

37.894

37.892

37.890

37.888

37.886

Figure A10. Bathymetry, pool classification (black polygon), and submerged aquatic
vegetation (SAV, green polygon). Each 100m along-river segment noted with number. Not

to be used for navigation.
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Figure A11. Bathymetry, pool classification (black polygon), and submerged aquatic
vegetation (SAV, green polygon). Each 100m along-river segment noted with number. Not
to be used for navigation.
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Figure A12. Bathymetry, pool classification (black polygon), and submerged aquatic

vegetation (SAV, green polygon). Each 100m along-river segment noted with number. Not
to be used for navigation.
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Figure A13. Bathymetry, pool classification (black polygon), and submerged aquatic
vegetation (SAV, green polygon). Each 100m along-river segment noted with number. Not
to be used for navigation.

119



-121.323 -121.320

4192100

DSAV 37.864

I:l deep pool

4192000
125

126
4191900

37.862

4191800

4191700

37.860
4191600

4191500

4191400

37.858

4191300

4191200
37.856

647700 648000

0 0.1 0.2 km

Figure A14. Bathymetry, pool classification (black polygon), and submerged aquatic
vegetation (SAV, green polygon). Each 100m along-river segment noted with number. Not
to be used for navigation.
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Figure A15. Bathymetry, pool classification (black polygon), and submerged aquatic
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vegetation (SAV, green polygon). Each 100m along-river segment noted with number. Not
to be used for navigation.
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Figure A16. Bathymetry, pool classification (black polygon), and submerged aquatic
vegetation (SAV, green polygon). Each 100m along-river segment noted with number. Not
to be used for navigation.
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Figure A17. Bathymetry, pool classification (black polygon), and submerged aquatic
vegetation (SAV, green polygon). Each 100m along-river segment noted with number. Not
to be used for navigation.
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Figure A18. Bathymetry, pool classification (black polygon), and submerged aquatic
vegetation (SAV, green polygon). Each 100m along-river segment noted with number. Not

to be used for navigation.
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Figure A19. Bathymetry, pool classification (black polygon), and submerged aquatic
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vegetation (SAV, green polygon). Each 100m along-river segment noted with number. Not

to be used for navigation.
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Figure A20. Bathymetry, pool classification (black polygon), and submerged aquatic
vegetation (SAV, green polygon). Each 100m along-river segment noted with number. Not
to be used for navigation.
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Figure A21. Bathymetry, pool classification (black polygon), and submerged aquatic
vegetation (SAV, green polygon). Each 100m along-river segment noted with number. Not
to be used for navigation.
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Figure A22. Bathymetry, pool classification (black polygon), and submerged aquatic
vegetation (SAV, green polygon). Each 100m along-river segment noted with number. Not
to be used for navigation.
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Figure A23. Bathymetry, pool classification (black polygon), and submerged aquatic
vegetation (SAV, green polygon). Each 100m along-river segment noted with number. Not
to be used for navigation.
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Figure A24. Bathymetry, pool classification (black polygon), and submerged aquatic
vegetation (SAV, green polygon). Each 100m along-river segment noted with number. Not
to be used for navigation.
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Figure A25. Bathymetry, pool classification (black polygon), and submerged aquatic
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vegetation (SAV, green polygon). Each 100m along-river segment noted with number. Not
to be used for navigation.
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Figure A26. Bathymetry, pool classification (black polygon), and submerged aquatic
vegetation (SAV, green polygon). Each 100m along-river segment noted with number. Not
to be used for navigation.
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Figure A27. Proportion of zeros in density data summarized by 10-m river segments.

4 2014 side
08
0.6 e
I 7o
04 CIna
02
o 1 Il 1 1
20 100 10 120 130 140
@ 4 2015 fwd
5
Eos
&
Sos I 0n 2200
-— -Zem
S04 [—[lTY
<
s
To2
2
£ o
90 100 10 120 130 140
2015 down

90 100 110 120 130 140
Julian Day

Figure A28. Proportion of zeros in density data summarized by 20-m river segments.
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Figure A29. Proportion of zeros in density data summarized by 50-m river segments.
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Figure A30. Proportion of zeros in density data summarized by 100-m river segments.
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