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Abstract

Objective: Managers can modify river flow regimes using fish monitoring data to
minimize impacts from water management infrastructure. For example, operation
of the gate-controlled Delta Cross Channel (DCC) in California can negatively af-
fect the endangered Sacramento River winter-run Chinook Salmon Oncorhynchus
tshawytscha. Although guidelines have been developed for DCC operations by using
real-time juvenile fish sampling count data, there is uncertainty about how environ-
mental conditions influence fish occupancy and the extent to which those relation-
ships are affected by sampling and identification error.

Methods: We evaluated the effect of environmental conditions, imperfect detection,
and misidentification error on salmon occupancy by analyzing data using hierar-
chical multistate occupancy models. A total of 14,147 trawl tows and beach seine
hauls were conducted on 1058 sampling days between October and December from
1996 to 2019. During these surveys, 2803 juvenile winter-run Chinook Salmon were
identified, and approximately 29% of the sampling days had at least one winter-run
juvenile detected.

Result: The probability of misidentifying an individual juvenile winter-run Chinook
Salmon in the field was estimated to be 0.056 based on fish identification exami-
nations and genetic sampling. Occupancy varied considerably and was related to
flow characteristics, water clarity, weather, time of year, and whether occupancy was
detected during the previous sampling day. However, these relationships and their
significance changed considerably when accounting for imperfect detection and the
probability of misidentifying individual juvenile salmon. Detection was <0.3 under
average sampling conditions during a single sample and was influenced by flow,
water clarity, site, and volume sampled.

Conclusion: Our modeling results indicate that DCC gate closure decisions could

occur on fewer days when imperfect detection and misidentification error are not
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INTRODUCTION

The alteration of natural river flow regimes and routing
caused by water management infrastructure (e.g., dams,
diversions, levees, export facilities, etc.) is a major stressor
causing freshwater fish imperilment in North America
(Richter et al. 1997; Bunn and Arthington 2002; Jelks
et al. 2008). Thus, water resource managers are increas-
ingly being tasked with considering the impacts to fishes
when making decisions concerning water operations
and infrastructure development (Naiman et al. 2002;
Cartwright et al. 2017). Balancing the human needs for
freshwater while maintaining or restoring populations of
fish and their habitats is becoming more challenging as
water resources become scarcer and overutilized based on
a changing climate and increased human demand (Poff
et al. 2003; Arthington et al. 2006; Haddeland et al. 2014).
A good example of this situation can be seen in the San
Francisco Estuary (henceforth, “the Estuary”) in the
Central Valley of California (Figure 1).

The Estuary and its watershed constitute a vital socio-
economic and ecological resource. The Estuary provides
urban drinking water for millions of residents, irrigation
water to support a US$37 billion agricultural industry,
and habitat for over 40 freshwater, estuarine, euryha-
line, and anadromous fish species, including the endan-
gered Sacramento River winter-run Chinook Salmon
Oncorhynchus tshawytscha (Moyle 2002; Lund 2016).
Currently, natural resource managers are tasked with
achieving “co-equal goals” of ensuring a more reliable
water supply for Californians while protecting and en-
hancing ecosystem attributes, including native fish (Delta
Stewardship Council 2013; Lund 2016). Unfortunately,
land use and water management during the past cen-
tury have caused substantial environmental degradation
(Nichols et al. 1986; Healey et al. 2008, 2016) and declines
in native fish (Brown and Moyle 2005; Lindley et al. 2006;
Sommer et al. 2007). Managers working in the Estuary
and its watershed rely on fish count data to inform water
operation decisions related to planning, assessments, and
real-time surface water management (Kimmerer 2004;
Brown et al. 2009; Brown and Bauer 2010; Reis et al. 2019).
The validity of the fish count data that are used to in-
form these decisions can be affected by several sources of

accounted for. These findings demonstrate the need to account for identification and
detection error while using monitoring data to assess factors influencing fish occu-
pancy and inform future management decisions.

Chinook Salmon, detection, error, identification, modeling, occupancy, water management

Impact statement

The San Francisco Estuary and its watershed
provides urban drinking water for millions of
residents, supports a US$37 billion agricultural
industry, and serves as habitat for over 40 fish
species, including the endangered winter-run
Chinook Salmon. This study assessed the manage-
ment of river diversion gates relative to protecting
juvenile winter-run Chinook Salmon within the
estuary using fish minitoring data while account-
ing for imperfect detection and misidentification.
We found that imperfect detection and misidenti-
fication error altered our perception of the factors
influencing juvenile winter-run Chinook Salmon
occupancy and could affect water and fish man-
agement decisions. Our assessment approach and
findings are applicable to any management de-
cision in any system that is informed using fish
count data and demonstrates the importance of
accounting for all forms of sampling error when
using count data to inform natural resource man-
agement decisions.

uncertainty, including imperfect and variable detection
(Perry et al. 2016; Peterson and Barajas 2018) and species
misidentification (Kirsch et al. 2018). The imperfect de-
tection of a fish within a sample introduces false-negative
error into the data, whereas the misidentification of a fish
within a sample can introduce both false-positive and
false-negative errors into the data. False-negative error
occurs when a species is not recorded in a sample unit
where it is present and can cause the underrepresentation
of a species within a sample. Conversely, false-positive
error occurs when a species is recorded in a sample unit
where it is absent (i.e., confusing an alternative species
as the target species), which can overrepresent a species
within a sample. If both false-negative and false-positive
errors exist in fish count data and are not accounted for,
the overall effect of the error on inferences made using the
count data is unclear and may misinform water operation
decisions.
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FIGURE 1 Map of the nine locations in or near the Sacramento River that were monitored by the U.S. Fish and Wildlife Service's Delta

Juvenile Fish Monitoring Program to inform real-time Delta Cross Channel gate closure decisions during October-December from 1996 to
2019. The map also shows the locations of the Knights Landing rotary screw trap (RST) site, the Red Bluff Diversion Dam RST site, and the

Delta Cross Channel referenced in this study.

The operation of the gate-controlled Delta Cross
Channel (DCC) located in the Estuary has been directly
informed by real-time fish monitoring count data since
1995 without any explicit consideration of imperfect
detection or misidentification error. The DCC and its
two radial gates were constructed by the U.S. Bureau
of Reclamation in 1951 to divert freshwater from the
Sacramento River into the interior Sacramento-San
Joaquin River Delta (henceforth, “the Delta”) to improve
the water quality of diversions to the State Water Project
and Central Valley Project export facilities (State Water
Resources Control Board 1978). The opening of the DCC
gates alters river and tidal flows in the Estuary and has

been shown to incidentally entrain up to 80% of acous-
tically tagged emigrating juvenile Chinook Salmon into
the interior Delta (Perry et al. 2010, 2012, 2015, 2018;
Romine et al. 2013; Steel et al. 2013; Pope et al. 2021).
Although entrained individuals may still complete their
out-migration, studies have indicated that these individ-
uals may experience considerably higher mortality rates
based on exposure to water exportation, high tempera-
tures, increased predation risk, and pollution (Kjelson
and Brandes 1989; Brandes and McLain 2001; Newman
and Brandes 2010; Buchanan et al. 2013). Consequently,
juvenile Sacramento River winter-run Chinook Salmon
(henceforth, “juvenile winter-run salmon”) can be
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negatively affected by DCC gate operations while
these fish occur in the Delta (typically from October
to June; Fisher 1992, 1994; Williams 2006; del Rosario
et al. 2013).

Guidelines developed by the State Water Resources
Control Board (State Water Resources Control Board
1995, 1999, 2006) and the National Oceanic and Atmo-
spheric Administration’s National Marine Fisheries
Service (NMFS 1997, 2009, 2011, 2019) have generally
mandated that the DCC gates be closed from December
to May to protect, in part, juvenile winter-run salmon.
Furthermore, the DCC gates may be temporarily closed
during October-December, when real-time fish mon-
itoring in the Sacramento River indicates that juve-
nile winter-run salmon are entering the Estuary near
Sacramento, California. These gate closure decisions
have been made by following an interagency salmon de-
cision process that has been initiated when at least one of
three salmon monitoring efforts in the Sacramento River
independently detects three or more winter-run-sized
(or larger) juvenile salmon during a day after the count
data are standardized to 1 day of typical sampling effort
(see NMFS 1997, 2009, 2011, 2019 for more informa-
tion). Monitoring efforts that are used to initiate the de-
cision process include continuous rotary screw trapping
at Knights Landing, which has been implemented by
the California Department of Fish and Wildlife (CDFW)
from 2003 to present; and surface trawling at Sherwood
Harbor and beach seining at eight fixed sites, which
have been implemented by the U.S. Fish and Wildlife
Service (USFWS) from 1996 to present (Figure 1). One
day of typical sampling effort for the CDFW rotary screw
trapping was defined as 24h, whereas the typical daily
sampling effort for the USFWS monitoring was defined
as 10 separate tows for the surface trawling and eight
sites sampled for the beach seining. This approach and
these criteria correct for daily sampling effort but do not
include adjustments for imperfect detection or misiden-
tification of juvenile winter-run salmon as belonging
to one of the other three Chinook Salmon runs in the
Central Valley (i.e., fall, late-fall, and spring runs) using
fish length at date of capture river criteria (known as
LDC; see Fisher 1992; Greene 1992). In general, there is
considerable uncertainty about how environmental con-
ditions influence juvenile winter-run salmon occupancy
and detection at the Sacramento River fish monitoring
sites and about whether an understanding of those re-
lationships could be affected by fish sampling methods
and identification error. These observation errors could
put juvenile winter-run salmon at risk if a lack of detec-
tion fails to trigger a DCC gate closure when winter-run
individuals are present. Conversely, misidentification
of other fish as juvenile winter-run salmon, triggering

a DCC closure when winter-run individuals are absent,
may inadvertently impair managers from diverting
water into the interior Delta.

In this study, we assessed the effect of environmental
conditions, false-negative (imperfect detection) error, and
false-positive (misidentification) error on juvenile winter-
run salmon occupancy near Sacramento using fish count
data that have been used to inform real-time DCC gate
closure decisions. Our objectives were to (1) estimate the
occupancy of juvenile winter-run salmon by using count
data collected after 1995 that have been used to inform
DCC gate closure decisions; (2) assess the environmen-
tal factors that may influence the occupancy of juvenile
winter-run salmon near Sacramento while ignoring and
accounting for misidentification and imperfect detection;
and (3) evaluate the effect of imperfect detection and mis-
identification on our perception of the factors influencing
winter-run salmon occupancy and the extent to which the
error can affect the initiation of the interagency salmon
decision process.

METHODS
Fish monitoring data

We assessed the occupancy of juvenile winter-run
salmon by using solely the USFWS Sacramento trawl
and beach seine data. We obtained daily Sacramento
trawl and beach seine data from the Delta Juvenile
Fish Monitoring Program (DJFMP) conducted by the
USFWS Lodi Fish and Wildlife Office. This data set rep-
resented juvenile winter-run salmon catch counts for
all Sacramento trawl and beach seine samples collected
during October-December from 1996 to 2019. In gen-
eral, the Sacramento trawl and beach seine sites were
sampled 3days per week during this time period and
were typically sampled on the same days each week. All
sampling was conducted between sunrise and sunset.
We did not use the CDFW rotary screw trap data for our
assessment because the catch and sampling effort (e.g.,
volume of water sampled) data from that program were
not consistently collected for discrete days prior to 2013
during October-December.

Sacramento trawling

The Sacramento trawl site is located at Sherwood Harbor
(Figure 1) and represents a reach length of approxi-
mately 6.5km. At this site, ten 20-min tows were con-
ducted within the reach on each sampling day by using a
Kodiak trawl net. All tows were conducted mid-channel
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by two boats traveling upstream. The Kodiak trawl net
was composed of five panels, each decreasing in mesh
size (ranging from 5.1 to 0.6 cm stretch) from the mouth
of the net toward a live-box at the cod end. The live-box
(36cm wide x36cm tall x49cm long) was composed
of 0.18-cm-thick aluminum that was perforated with
0.46-cm-diameter holes. A float line and lead line ena-
bled the net to remain at the top few meters of the water
column while sampling. The fully extended mouth size
of the Kodiak trawl net was 1.96 X 7.62m, and the net
was fished approximately 31 m behind the boats. In gen-
eral, the Kodiak trawl net was towed at speeds between
0.4 and 0.7m/s. The measure of the distance traveled
during each tow was recorded using a calibrated me-
chanical flowmeter (General Oceanics Model 2030)
deployed alongside one of the boats. We estimated the
volume of water sampled for each tow by multiplying
the distance traveled by the mean net mouth area dur-
ing sampling (12.54 m?% from Barnard et al. 2015).

Sacramento beach seining

Sacramento beach seine sampling was conducted at
eight fixed sites within or adjacent to the Sacramento
River (Figure 1) using a 15.2-x1.3-m beach seine net
containing 3-mm delta square mesh, a 1.2-m’ bag in the
center of the net, and a continuous lead bottom line and
foam floats along the top line attached to 1.8-m-tall wood
poles on each side. In general, one beach seine haul was
conducted at each site during each sampling day. Beach
seines were deployed along the shoreline by two crew
members within unobstructed habitats, including boat
ramps, mud banks, and sandy beaches. The beach seines
were generally deployed starting from the downstream
portion of each site to limit disturbance. The beach
seine was taken perpendicular from the shoreline to a
depth of 1.2m or an obstacle with a maximum distance
of 15m, was deployed parallel to the shoreline, and was
then pulled toward the shoreline. Obstacles were de-
fined as structure that could compromise crew safety
or gear efficiency, including steep banks or holes, fast
water current, submerged aquatic vegetation, or large
woody debris. During sampling, the width and length of
the beach seine haul were measured to the nearest 0.5m
using a standard measuring tape. In addition, the max-
imum depth of the beach seine haul was recorded by
measuring the depth to the nearest 0.1 m using the wood
poles of the fully deployed beach seine net prior to pull-
ing it to the shore. If the depths of the beach seine varied
between measurements, the maximum seine depth was
obtained by averaging the two depth measurements. We
estimated the volume of water sampled for each beach

seine haul by multiplying the haul length, width, and
maximum seine depth divided by 2, assuming a constant
slope (following Dekar et al. 2013).

Fish processing and identification

All fish collected during each trawl and beach seine haul
were identified to species using field keys derived through
the compilation of field notes, Miller and Lea (1972),
Wang (1986), and Moyle (2002). Prior to release at the
site of capture, fish were measured to the nearest 1 mm
fork length (FL). The run identity of all unmarked ju-
venile Chinook Salmon was determined using the LDC
method (Fisher 1992; Greene 1992). Fish that could not
be accurately identified or properly measured in the field
were preserved and brought back to the DJFMP labora-
tory. Preserved fish were later identified to species or run
by more experienced staff. Juvenile Chinook Salmon with
missing (clipped) adipose fins were considered marked,
and their run was identified by removing and reading the
coded wire tag, which provided information about the
run, the hatchery of origin, and the date and location of
release for each individual.

Environmental data

We obtained readily available data representing water
quality and other environmental characteristics that were
hypothesized to influence juvenile winter-run salmon oc-
cupancy and detection near Sacramento (Table 1; Brandes
and McLain 2001; Sommer et al. 2005; del Rosario
et al. 2013; Acierto et al. 2014; Hassrick et al. 2022). Water
temperature was measured by DJFMP staff to the near-
est 0.1°C approximately 0.5 m below the water surface by
using a nonmercury thermometer, a YSI Model 85 meter,
or a YSI PRO 2030 meter during or immediately before
each Sacramento trawl tow and beach seine haul. Water
clarity was measured to the nearest centimeter using a
Secchi disc at the Sacramento trawl site after each tow. We
estimated mean daily water temperature and water clarity
by averaging the measurements collected among all trawl
tows and seine hauls during the same day. We also de-
termined whether the mean daily temperature during a
sampling day was at or below a temperature threshold of
13.5°C, which is used as a fish migration indicator within
the Sacramento River (NMFS 2009, 2011, 2019).

In addition to data collected by the DJFMP while sam-
pling, mean daily Sacramento River flow data collected at
Wilkins Slough near Grimes, California (U.S. Geological
Survey [USGS] gauge 11390500), were obtained from the
USGS National Water Information System (USGS 2016).
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TABLE 1 Mean, standard deviation (SD), and range (minimum [min], maximum [max]) of environmental data collected with or for
juvenile Sacramento River winter-run Chinook Salmon monitoring samples within the Sacramento River during October-December from

1996 to 2019.

Predictor variable Mean SD Min Max

Sample volume (m3) 5118.341 5004.952 2.7 315,148.6

Seine method used for sample® 0.373 0.484 0 1

Mean daily water temperature (°C) 12.901 3.227 5.029 21.169

Mean daily water temperature below 13.5°C* 0.558 0.497 0 1

Mean water clarity (m) 1.042 0.473 0.0832 2.316

Day of year (days from October 1) 47.364 26.574 1 92

Mean daily Sacramento River flow at Wilkins Slough (m?/s) 218.723 147.588 96.136 914.861

Mean daily Sacramento River flow at Wilkins Slough above 0.258 0.438 0 1
212.4m’/s*

Pulse flow (percent change in mean daily river flow from the 0.031 0.249 —0.516 2.271
previous 5days)

Pulse flow with a 4-day lag (percent change in mean daily river 0.022 0.224 —0.448 2.098
flow from the previous 5days with lag)

Daily Red Bluff Diversion Dam rotary screw trap catch with flow 1.263 1.323 0 7.629
adjustments (catch per 1233.5 m?)

Sacramento River stage at the Fremont Weir exceeding 10.2m?* 0.023 0.149 0 1

7-day precipitation amount (mm) 0.580 0.888 0 5.86

7-day precipitation events (days) 1.738 1.796 0 7

Observed occupancy state during previous sample day” 0.283 0.450 0 1

Observed abundant state during previous sample day” 0.157 0.364 0 1

*Represents a binary indicator variable.

Using these data, we determined whether the mean daily
flow during a sampling day exceeded a flow threshold of
212.4m?/s, which is used as another fish migration indica-
tor within the Sacramento River (NMFS 2009, 2011, 2019).
Further, we calculated the percent change in mean daily
flow during a sampling day (henceforth, referred to as
“pulse flow”) by dividing the mean daily flow by the average
of mean daily flows during five consecutive days prior to
the sampling day with and without a 4-day lag. To account
for juvenile winter-run salmon out-migrating through the
Yolo Bypass (the primary floodplain of the Sacramento
River) during flooding events instead of out-migrating
through the Sacramento River, where fish were monitored
(del Rosario et al. 2013), we obtained hourly river stage
data from the Sacramento River gauge at Fremont Weir
(available from the California Data Exchange Center;
California Department of Water Resources 2021) and re-
corded whether the sample day had a river stage exceeding
10.2m—the stage at which water crests over the weir and
enters the Yolo Bypass (Acierto et al. 2014). Daily precip-
itation data collected at the Red Bluff Municipal Airport
in Red Bluff, California (station USW00024216) were ob-
tained from the National Weather Service's Climate Data
Online System. The number of days with a precipitation
event (defined as a day with precipitation >0.25mm) and

the total amount of precipitation during the 7 days prior to
a sample day were calculated.

We calculated the day of year for each sample day
(measured as days from October 1) given that the distribu-
tion of out-migrating juvenile Chinook Salmon varies over
time (Brandes and McLain 2001; del Rosario et al. 2013).
To account for juvenile winter-run salmon beginning their
migration from their spawning and rearing habitat below
the Shasta Reservoir to the Estuary, we obtained daily ro-
tary screw trap catch-per-unit-effort data (representing
juvenile winter-run salmon catch per 1233.5 m® of sam-
pling) collected at the Red Bluff Diversion Dam from the
USFWS Red Bluff Fish and Wildlife Office (see Johnson
et al. 2017). The dam is approximately 263km upstream
of the Sacramento monitoring sites. For each sample
day, we determined the maximum daily catch at the Red
Bluff Diversion Dam between 30 and 45 days prior to each
Sacramento trawl tow and seine haul when there was ev-
idence of a flow pulse or between 50 and 65days prior to
each Sacramento trawl tow and seine haul when there was
no evidence of a flow pulse to account for varying travel
migration times. We defined a flow pulse as a 30% increase
in the mean daily flow relative to the average mean daily
flows during five consecutive days prior to the sampling
day. The migration travel time ranges between the Red
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Bluff Diversion Dam and the Sacramento monitoring
sites under the different flow scenarios were approxi-
mated using the SacPAS Fish Model version 2.7.4 (Beer
et al. 2017); the Delta Survival, Travel Time, and Routing
Simulation Model (Perry et al. 2018; Hance et al. 2022);
and the findings from Hassrick et al. (2022).

Misidentification data

Notably, the field identification of juvenile Chinook
Salmon in the Estuary and its watershed is imperfect
(Kirsch et al. 2018). Further, genetic studies have dem-
onstrated that the accuracy in differentiating juve-
nile winter-run salmon among the other three runs of
Chinook Salmon co-occurring in the Estuary by using
the LDC method is imperfect and varies in both space
and time (Harvey 2011; del Rosario et al. 2013; Pyper
et al. 2013; Harvey et al. 2014; Johnson et al. 2017). As a
result, we gathered available species and run identity data
collected between 2012 and 2019 to determine the prob-
ability of falsely identifying an individual juvenile winter-
run salmon. We obtained species identification accuracy
data from the DJFMP, which represented a total of 199
observations of juvenile Chinook Salmon made by trained
full-time DJFMP observers during 13 fish identifica-
tion exams conducted under controlled conditions at the
USFWS Lodi Fish and Wildlife Office (Table 2). The fish
identification exams were conducted following the meth-
odology described by Kirsch et al. (2018). Any juvenile
Chinook Salmon observation that was made incorrectly
during an exam was considered a false-positive species
identification.

We obtained juvenile Chinook Salmon run identifica-
tion accuracy data from the DJFMP and CDFW, which
represented a total of 275 juvenile winter-run salmon
observations collected at the Sacramento trawl and
beach seine sites or the Knights Landing rotary screw
trap site during October-December (Table 3). For these

observations, juvenile Chinook Salmon were identified in
the field as juvenile winter-run salmon by using the LDC
method, their tissue was collected in the field via a non-
lethal fin clip, and their LDC identification was assessed
using genetic run assignments. To determine the genetic
run assignment and generate an estimated genetic run
assignment probability (i.e., probability of correct genetic
assignment) for each of the juvenile Chinook Salmon,
individual genotypes were compared with published
baselines (Clemento et al. 2014; Meek et al. 2016) using
the ONCOR program (Kalinowski et al. 2008). A 0.80
assignment probability was used as the minimum cut-
off to assign individuals to a Chinook Salmon run (Daly
et al. 2012; Clemento et al. 2014; Meek et al. 2016). For 22
of the observations (M. Meek and S. Hugentobler, unpub-
lished data), the collected tissues were genotyped using
single-nucleotide polymorphism genetic loci following
Meek et al. (2016), and the genotypes were assigned to
run using the ONCOR program and the reference base-
line from Meek et al. (2016). For the other observations
(n=253), the collected tissues were genotyped using
single-nucleotide polymorphism genetic loci following
Clemento et al. (2011, 2014), and the genotypes were as-
signed to run using the ONCOR program and the reference
baseline from Clemento et al. (2014). Any juvenile winter-
run salmon observation made in the field using the LDC
method that did not have a matching genetic run assign-
ment was considered a false-positive run identification.

We calculated the probability of misidentifying an indi-
vidual juvenile winter-run salmon (M) as

M=1-{[1-(SM/Ns)|[1 - RM/Ng)|},

where SM is the number of false-positive species identifica-
tions recorded during the fish identification exams, Ns is the
total number of juvenile Chinook Salmon identifications
made during the fish identification exams, RM is the num-
ber of false-positive run identifications made using the LDC
method in the field, and Ng is the total number of juvenile

TABLE 2 False-positive species error probabilities using juvenile Chinook Salmon identification accuracy data collected by the U.S. Fish
and Wildlife Service's Delta Juvenile Fish Monitoring Program (DJFMP) during observer identification exams from 2012 to 2019.

Number of fish Number of False-positive False-positive

Data set (relevant Time period identification Chinook Salmon species error species error
citation) (years) exams identifications count probability
DJFMP Fish Identification 2012-2014 5 83 2 0.025

Program (Kirsch

et al. 2018)
DJFMP Fish Identification 2017-2019 8 116 4 0.034

Program (A. Goodman,

unpublished data)
All All 13 199 6 0.030
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TABLE 3 False-positive run identification error probabilities for juvenile Sacramento River winter-run Chinook Salmon based on
genetic run assignment and fork length at date of capture river criteria identification data collected by the U.S. Fish and Wildlife Service's
Delta Juvenile Fish Monitoring Program (DJFMP) and the California Department of Fish and Wildlife (CDFW) at the Sacramento trawl and
beach seine sites and the Knights Landing rotary screw trap site during October-December from 2012 to 2019.

Number of juvenile False-positive run False-positive run

Data set (relevant  Time period Observation winter-run identification error identification error
citation) (years) location(s) identifications count probability
DJFMP and 2012-2019 DIJFMP 22 0 0.000

Michigan State Sacramento

University trawl and

Research (M. beach seine

Meek and S. sites

Hugentobler,

unpublished

data)
DJFMP Central 2018-2019 DIJFMP 15 1 0.067

Valley Salmonid Sacramento

Coordinated trawl site

Genetic

Monitoring (J.

A. Israel and

R. W. Perry,

unpublished

data)
CDFW Central 2017-2019 CDFW Knights 238 6 0.025

Valley Salmonid Landing

Coordinated rotary screw

Genetic trap site

Monitoring

(Israel and

J. Julienne,

unpublished

data)
All 2012-2019 All 275 7 0.025

winter-run salmon identifications made using the LDC
method in the field.

Occupancy modeling

We used a modification of multistate occupancy models
(MacKenzie et al. 2009) to assess the effect of environmen-
tal characteristics on daily juvenile winter-run salmon oc-
cupancy at Sacramento trawl and beach seine sites using
data from 1996 to 2019. The modified multistate occu-
pancy models provided a framework to relate occupancy at
three states (absent, occupied, or occupied and abundant)
to environmental characteristics while accounting for spa-
tial dependency, false-negative (imperfect detection) error,
and false-positive (misidentification) error. The primary as-
sumption of the occupancy estimator given our data is that
the juvenile winter-run salmon occupancy state among
the sampling sites cannot change between individual

Sacramento trawl tows and beach seine hauls conducted
within a day (MacKenzie et al. 2002, 2009). Our multistate
occupancy models estimated the following parameters:

q;l.l,k = occupancy probability for juvenile winter-run
salmon during a sample day among all monitoring
sites; and

q;ik = probability that juvenile winter-run salmon were
abundant during a sample day given that at least one
monitoring site was occupied that day,

where i indexes the sample days and k indexes the sample
year (defined as October 1-December 31). The probability
that at least one monitoring site was occupied by an abun-
dant number of juvenile winter-run salmon is y! x y2 We
defined the abundant state as two or more individuals in a
single trawl tow or seine haul because the sample days when
this abundant state was observed were highly correlated
(#*=0.92) with the days when the two monitoring efforts
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independently met the salmon decision process criteria (i.e.,
detected three or more winter-run-sized [or larger] juvenile
salmon during a day after the catch count data were stan-
dardized to 1 day of typical sampling effort).

To account for annual dependency within the data
from, in part, interannual variation in juvenile winter-run
salmon production (Johnson et al. 2017), we estimated the
occupancy states as logit-linear functions of covariates, in-
cluding random intercepts (Royle and Dorazio 2008) as

Logit(wil,k> =0yt +toyWy;+ ... +a,W,

0

L0git<wik | true state = occupied) =Y+ Yor t X1+ - VX
where W represents an occupancy state predictor variable,
o, and vy, represent fixed intercepts, o, and vy, represent
randomly varying intercepts that varied among sample
years, o represents the effect of W on the occupancy state, X
represents an abundant state predictor variable, and y rep-
resents the effect of X on the abundant state. Our first mod-
eling objective was to estimate the occupancy of juvenile
winter-run salmon during sample days using environmental
covariates that were hypothesized to influence occupancy
near Sacramento during October-December. Specifically,
we modeled ! using the following predictor variables:
amount of 7-day precipitation and number of 7-day precip-
itation events in Red Bluff, mean daily water temperature
and clarity at the sampling sites, mean daily Sacramento
River flow at Wilkins Slough, pulse flow, upstream daily ro-
tary screw trap catch at the Red Bluff Diversion Dam, day of
year, and a binary indicator representing whether the occu-
pancy state (\ul) was observed during the previous sample
day (unobserved =0; observed=1). In addition, we incorpo-
rated several interaction covariates on yl, including interac-
tions between precipitation amounts and number of events,
water clarity and pulse flow, and water clarity and tempera-
ture. Within occupied sites, we hypothesized that juvenile
winter-run salmon would be abundant (y?) if (1) there
was low water clarity, (2) particular flow and temperature
thresholds were reached or exceeded, (3) Sacramento River
water was not being diverted into the Yolo Bypass flood-
plain, and (4) mean daily flow was declining 4 days prior to
the sampling day. Thus, we modeled y? using the following
predictor variables: water clarity, pulse flow with a 4-day
lag, mean daily Sacramento River flow above 212.4m’/s
(coded as a binary indicator: flow at or below 212.4 m3/s=0;
flow above 212.4m*/s=1), mean daily temperature below
13.5°C (coded as a binary indicator: temperature at or above
13.5°C=0; temperature below 13.5°C=1), Sacramento
River stage at the Fremont Weir exceeding 10.2m (coded as
a binary indicator: river stage at or below 10.2m=0; river
stage above 10.2m=1), day of year, day of year” (to allow for

nonlinearity in the effect of day of year), and the abundant
state (y?) being observed during the previous sample day
(coded as a binary indicator: unobserved =0; observed=1).
In addition, we included several interaction covariates on
y?, including interactions between (1) the flow threshold
being met or exceeded and the water temperature threshold
being met or exceeded, (2) water clarity and pulse flow with
a 4-day lag, (3) water clarity and the temperature threshold
being met or exceeded, and (4) pulse flow with a 4-day lag
and Sacramento River stage at the Fremont Weir exceeding
10.2m.

Our objective was to assess the effects of environmen-
tal characteristics on daily juvenile winter-run Chinook
Salmon occupancy and to determine whether those ef-
fects were influenced by false-negative (imperfect detec-
tion) error and false-positive (misidentification) error.
Therefore, we developed a total of three multistate occu-
pancy models, including (1) a naive model that did not
account for imperfect detection or misidentification, (2)
a detection model that accounted for imperfect detection
but did not account for misidentification, and (3) a detec-
tion and misidentification model that accounted for both
imperfect detection and misidentification. In general, we
used the naive model to represent our best understand-
ing of the factors influencing juvenile winter-run salmon
occupancy data that were used to inform past DCC gate
closure decisions.

In addition to estimating the occupancy states (\yil’k and
wiz’k), the models that accounted for imperfect detection
estimated the following parameters:

pilj’h = probability that a juvenile winter-run salmon
was detected during a sample day given that the true
occupancy state was present but not abundant;
piz‘].,h = probability that a juvenile winter-run salmon
was detected during a sample day given that the true
occupancy state was present and abundant; and
8;j, = probability that evidence of the abundant state
was detected during a sample day given that the true
occupancy state was present and abundant and the
species was detected,

where h indexes the sites and j indexes the replicate sam-
ples (individual trawl tows and seine hauls) collected during
sample day i. The probability of detecting the abundant state
is p? x 8. The conditional detection probabilities used in the
detection model were derived following Nichols et al. (2007)
and are presented in Table 4.

To account for misidentification error in the model,
we incorporated the probability of misclassifying the ob-
served occupancy states into the conditional detection
probabilities following Shea et al. (2013). We calculated
the probability of misclassifying the occupancy states
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using the probability of misidentifying an individual ju-
venile winter-run salmon (M) as a function of the number
of individuals collected in a replicate sample that were
identified as juvenile winter-run salmon in the field (Nf).
Because the observed occupancy states can be the result
of more than one misclassification and detection scenario,
the conditional detection probability for each true and ob-
served occupancy state combination represented whether
(1) the observed occupancy state was detected or not and
(2) individuals (none, one, or at least two) were misiden-
tified (Table 4). For example, assuming that the true oc-
cupancy state is present, the present occupancy state can
be observed by either (1) detecting the present state and
not misidentifying any individuals or (2) not detecting the
present state and misidentifying one individual (Table 4).

There was likely spatial dependency among the rep-
licate samples because the Sacramento trawl tows and
beach seine hauls were conducted at fixed sites over time.
As a result, we estimated each of the detection probabil-
ities as logit-linear functions of covariates including ran-
dom intercepts as

Nijn =PBo+Bon +P1 Y1+ - +B,Y,

where n is the log-odds of the response (p!, p?,and §), Y
represents a predictor variable, (3, represents a fixed inter-
cept, By, represents a randomly varying intercept that varied
among sites, and p represents the effect of Y on the response
variable. Fish detection varies based on sampling method
and environmental conditions (Perry et al. 2016; Peterson
and Barajas 2018; Duarte and Peterson 2021; Mahardja
et al. 2021). Thus, we modeled p', p? and & using the fol-
lowing predictor variables: sample volume, daily mean
water clarity, daily mean Sacramento River flow at Wilkins
Slough, beach seine sample method (coded as a binary in-
dicator variable, with trawl as the baseline category), and
interactions between the beach seine sample method and
flow and sample volume. We also modeled p? as equal to p!
but included an abundant state covariate (coded as a binary
indicator variable: unobserved =0; observed=1) to account
for the effect of a great number of individuals on detection
(Bayley and Peterson 2001; Royle and Nichols 2003).

Prior to model fitting, we estimated Pearson's cor-
relation coefficients between all pairs of fixed-effect co-
variates to ensure that the occupancy models would not
be affected by multicollinearity (Dormann et al. 2013).
No covariates used were considered strongly correlated
(|r2| > 0.70; Dormann et al. 2013). In addition, all contin-
uous covariate data were standardized with a mean of
zero and a standard deviation of 1 to facilitate model fit-
ting. Thus, the baseline condition used for the modeling
represented average continuous covariate values (see
Table 1) and the binary indicator covariate condition not

being observed (e.g., river flow at or below 212.4 m>/s;
water temperature at or above 13.5°C). To accommo-
date model structures and to ensure that the modeling
results were comparable, all three occupancy models
were fitted using Markov chain-Monte Carlo in JAGS
(Plummer 2003), implemented in the R package jagsUI
(Kellner 2015). Models were fitted using three chains
running 250,000 iterations with a burn-in of 50,000 it-
erations. We assessed and ensured the convergence of
each model using the Gelman and Rubin diagnostic test
(convergence diagnostic R; Gelman and Rubin 1992).
Convergence was assumed when R was <1.05 (Gelman
and Rubin 1992). Noninformative (i.e., diffuse) priors
were used for each parameter (Gelman et al. 2008; Kéry
and Royle 2008). Random effects were assumed to be
normally distributed with a mean of zero and a random-
effect-specific variance (Royle and Dorazio 2008). The
annual dependency within the occupancy data and the
spatial dependency within the detection data were con-
firmed by assessing residual plots of the models that did
and did not contain the random-effect intercepts.

We determined the effect of imperfect detection and
misidentification by comparing the parameter estimates
for the two occupancy states among the naive model, the
detection model, and the detection and misidentifica-
tion model. The precision of fixed-effect parameter esti-
mates was assessed by calculating 95% credible intervals
(Congdon 2001). Credible intervals that contained zero
either represented a weak effect or were too imprecise to
draw conclusions about the strength of the relationship.
Odds ratios (ORs) were used to interpret relationships
for each fixed-effect parameter estimate (Hosmer and
Lemeshow 2000). To evaluate the extent to which imper-
fect detection and misidentification error can affect the
initiation of the interagency salmon decision process
that is used to make DCC gate closure decisions, we used
the three occupancy models and estimated the probabil-
ity that at least one site was occupied by an abundant
number of juvenile winter-run salmon during sample
days based on the environmental data. Thereafter, we
arbitrarily determined the number of sampling days in
each month and year for which the abundant occupancy
estimate's upper 95% credible interval exceeded a prob-
ability of 0.90.

RESULTS

In total, 14,147 Sacramento trawl tows and beach seine
haulswereconducted during 1058 samplingdaysbetween
October and December from 1996 to 2019. Sacramento
trawl tows represented approximately 63% (n=8865)
of the samples collected. A total of 689 sampling days
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had both Sacramento trawl tows and beach seine hauls
conducted. During the sampling, 2803 juvenile winter-
run salmon were collected and identified using the LDC
method. The FL of these fish averaged 68 mm (ranging
from 35to 109 mm). Approximately 29% (n=308) of
the sampling days had at least one juvenile winter-run
salmon detected, and 173 sampling days had the abun-
dant occupancy state of juvenile winter-run salmon de-
tected in at least one trawl tow or beach seine haul. Of
the 135 sample days on which only the occupancy state
was detected, approximately 78% of those days (n=106)
had only one replicate sample detect the occupancy
state. In general, the sampling days represented a wide
range of environmental conditions, including river flow,
water temperature, and clarity (Table 1).

Misidentification

A total of six individuals were falsely identified as a
juvenile Chinook Salmon among the 199 observations
of juvenile Chinook Salmon made by trained full-time
DJFMP observers during controlled exams (Table 2). As
a result, we calculated the false-positive species error
probability at 0.03. Similarly, the false-positive run
identification error probability for identifying juvenile
winter-run salmon using the LDC method was calcu-
lated as approximately 0.03 based on seven juvenile
winter-run salmon being misidentified among the 275
observations assessed for accuracy using genetic run
assignments (Table 3). Using these false-positive error
probabilities, we calculated the probability of misiden-
tifying an individual juvenile winter-run salmon in the
field as 0.056, and this probability was used in the condi-
tional detection probability matrix for the detection and
misidentification occupancy model (Table 4).

Detection

The detection of the juvenile winter-run salmon occu-
pancy states was estimated by both the detection model
and the detection and misidentification model (Table 4).
Both models indicated that the probability of detecting
the occupancy states was below 1.0, and the detection
estimates for the occupancy states varied considerably
between the models (Table 5). For example, the average
detection probability of the present occupancy state was
<0.01 and 0.26 while conducting an individual trawl tow
at the Sacramento trawl site under baseline conditions
based on the detection model and the detection and misi-
dentification model, respectively. Similarly, the average
detection probability of the abundant occupancy state

at the occupied Sacramento trawl site was 0.20 and 0.39
while conducting an individual trawl tow under baseline
conditions based on the detection model and the detection
and misidentification model, respectively. The probability
of detecting the present occupancy state was significantly
negatively related to clearer water and higher Sacramento
River flow in both models. Water clarity had the largest ef-
fect size. The ORs suggested that detection of the present
occupancy state was, on average, 3.58 and 2.03 times less
likely for every 0.47-m increase in water clarity based on
the detection model and the detection and misidentifica-
tion model, respectively. The probability of detecting the
abundant occupancy state at an occupied site was only re-
lated to water clarity in the detection model (Table 5). The
ORs suggested that the detection of the abundant occu-
pancy state was, on average, 1.94 times less likely for every
0.47-m increase in water clarity based on the detection
model. The random-effect estimates from both models for
each occupancy state indicated that considerable varia-
tion remained among sampling sites after accounting for
surveying method (trawl versus seine), sample volume,
and environmental characteristics (Table 5), thus suggest-
ing considerable spatial dependency in the count data.

Occupancy

The occupancy states of juvenile winter-run salmon were
estimated by all three occupancy models using the same
predictor variables, and the estimates for the occupancy
states varied considerably between the models (Table 5).
For example, the average present occupancy state prob-
ability was 0.22, 0.90, and <0.01 under baseline conditions
based on the naive model, the detection model, and the
detection and misidentification model, respectively. The
average probability of the abundant occupancy state was
0.06, 0.41, and <0.01 under baseline conditions based on
the naive model, the detection model, and the detection
and misidentification model, respectively. Using observed
environmental data, the estimated number of sampling
days that had a site occupied by an abundant number of
juvenile winter-run salmon was lowest using the naive
model and highest using the detection model (Table 6).
The number of significant fixed-effect predictor vari-
ables for estimating the present and abundant occupancy
states varied among the occupancy models, with the naive
model having the highest number of significant predictor
variables (n=13) and the detection and misidentifica-
tion model having the lowest (n=5; Table 5). Sacramento
River mean flow and pulse flow were the only significant
covariates for predicting the present occupancy state
among all three models (Table 5; Figure 2). For every 148-
m®/s increase in mean daily Sacramento River flow, the
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DATA ERROR AFFECTS WATER OPERATIONS 349

TABLE 6 The number of sample days by month and year when abundant occupancy (y' x y?) of juvenile Sacramento River winter-
run Chinook Salmon exceeded a 0.90 probability using the upper 95% credible limit parameter estimates in the naive model, the detection
model, and the detection and misidentification model.

Number of days the abundant state was predicted

Year Month Naive model Detection model Detection and misidentification model
1996 Oct 0 0 0
Nov 1 11 4
Dec 15 16 15
1997 Oct 0 0 0
Nov 5 6 10
Dec 13 18 13
1998 Oct 0 0 0
Nov 1 1 1
Dec 12 18 11
1999 Oct 0 0 0
Nov 0 6 0
Dec 0 23 0
2002 Oct 0 12 0
Nov 0 12 3
Dec 6 14 7
2003 Oct 0 12 0
Nov 0 13 3
Dec 15 19 18
2004 Oct 0 7 1
Nov 0 13 4
Dec 8 16 8
2005 Oct 0 16 0
Nov 4 13 7
Dec 11 12 11
2006 Oct 0 13 0
Nov 0 13 5
Dec 7 13 7
2007 Oct 0 6 0
Nov 0 8 0
Dec 0 3 2
2008 Oct 0 9 0
Nov 0 7 2
Dec 0 10 0
2009 Oct 0 13 0
Nov 0 13 0
Dec 2 13 1
2010 Oct 0 13 1
Nov 0 20 0
Dec 12 14 12
(Continues)
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TABLE 6 (Continued)

Number of days the abundant state was predicted

Year Month Naive model Detection model Detection and misidentification model
2011 Oct 0 15 0
Nov 0 15 1
Dec 0 1 0
2012 Oct 0 16 0
Nov 2 15 5
Dec 16 17 17
2013 Oct 0 6 0
Nov 0 13 0
Dec 0 4 0
2014 Oct 0 16 0
Nov 1 13 0
Dec 11 15 11
2015 Oct 0 11 0
Nov 0 13 0
Dec 2 18 3
2016 Oct 0 14 0
Nov 4 14 3
Dec 11 14 6
2017 Oct 0 8 0
Nov 0 15 0
Dec 0 29 0
2018 Oct 0 16 0
Nov 1 13 2
Dec 13 24 13
2019 Oct 0 15 0
Nov 0 13 0
Dec 14 24 18
All Oct 0 218 2
Nov 19 260 50
Dec 168 335 225

present occupancy state was 1.6, 16.8, and 3.0 times more
likely according to the naive model, the detection model,
and the detection and misidentification model, respec-
tively (Figure 2). The present occupancy state was 2.1,
5.8, and 3.2 times more likely for every 25% decrease in
mean daily river flow relative to the previous 5days based
on the naive model, the detection model, and the detec-
tion and misidentification model, respectively (Figure 2).
However, decreases in water clarity reduced these pulse
flow effects according to the interaction parameters in the
naive model and the detection model (Table 5; Figure 2).
For every 0.47-m increase in water clarity, the present oc-
cupancy was 2.0 times less likely based on only the naive
model and 32.3 times less likely based on the detection and

misidentification model. Finally, the present occupancy
state was positively related to upstream daily rotary screw
trap catch at the Red Bluff Diversion Dam for only the detec-
tion and misidentification model, which indicated that the
present occupancy state was 2.0 times more likely for every
1.3-unit increase in juvenile salmon catch per 1233.5 m*
of sampling at the Red Bluff Diversion Dam (Table 5).
The abundant occupancy state at an occupied site was
positively related to lower water clarity and a decrease in
mean daily river flow relative to the previous 5days based
only on the detection model (Table 5). Both the naive
model and the detection model demonstrated that the
abundant occupancy state was between 2.2 and 3.0 times
more likely to occur when the abundant occupancy state
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FIGURE 2 Estimated effect of (A) mean daily Sacramento
River flow at Wilkins Slough and (B) change in mean daily
Sacramento River flow (pulse flow) at Wilkins Slough relative

to the previous 5days on the probability that a Sacramento
monitoring site was occupied by juvenile Sacramento River
winter-run Chinook Salmon during a sampling day under baseline
conditions using the naive model (solid black line), the detection
model (solid gray line), or the detection and misidentification
model (dashed black line). Dotted lines in panel B represent the
environmental condition in which water clarity decreased by
0.47m and other environmental variables remained under the
baseline condition using the naive model (dotted black line) or the
detection model (dotted gray line).

was observed during the previous sampling day. However,
the detection and misidentification model did not have
any significant fixed effects for predicting the abundant
occupancy state at an occupied site (Table 5). The year
random-effect estimates from the models for each oc-
cupancy state indicated that considerable variation re-
mained among years after accounting for environmental
characteristics, and the amount of variation was highest
within the detection model and the detection and mis-
identification model (Table 5).

DISCUSSION

The protection of early life stage individuals is critical to
conserving the Sacramento River winter-run Chinook
Salmon (NMFS 2014; Crozier et al. 2021; Meyers 2021).
The effectiveness of water management actions that are
intended to protect juvenile winter-run salmon is de-
pendent on an unbiased and precise understanding of

the distribution of individuals and which factors influ-
ence their distribution over space and time (Peterson and
Duarte 2020; Wohner et al. 2022). Despite the existing
Sacramento River winter-run Chinook Salmon monitor-
ing network, which is aimed at directly or indirectly in-
forming water operation and fish management decisions,
there is uncertainty in the fish count data that inform
these decisions (Johnson et al. 2017; Wohner et al. 2022).
Here, we developed hierarchical multistate occupancy
models (following Nichols et al. 2007 and Shea et al. 2013)
and assessed the effect of environmental factors, imper-
fect and variable detection, and misidentification on juve-
nile winter-run salmon count data collected at monitoring
sites from October through December to inform real-time
DCC gate operation decisions. Overall, we found that river
flow characteristics and water clarity were the most im-
portant environmental factors affecting juvenile winter-
run salmon occupancy. Further, our modeling approach
demonstrated that detection and species misidentification
errors influenced our understanding of the relationships
between environmental factors and juvenile winter-run
salmon occupancy and could affect how DCC gate op-
eration decisions would be informed using the juvenile
winter-run salmon count data.

Previous research has demonstrated that occupancy
estimates can be substantially biased when false-negative
and false-positive error rates exceed 20% and 5%, respec-
tively (Tyre et al. 2003; Royle and Link 2006). As expected,
we found that juvenile winter-run salmon identification
accuracy in the field using the LDC method was imper-
fect, with a false-positive error rate of 5.6%. In general, ju-
venile Chinook Salmon are fairly distinct morphologically
and are a species of conservation concern (Moyle 2002);
thus, it is understandable that trained full-time observ-
ers rarely misidentified another fish species as a juvenile
Chinook Salmon (Kirsch et al. 2018). Although we an-
ticipated that the false-positive run identification error
probability using the LDC method would be higher than
3%, this result is consistent with previous genetic vali-
dation studies (del Rosario et al. 2013; Pyper et al. 2013;
Harvey et al. 2014). The primary assumption of the LDC
method is that the FL distributions of juvenile Chinook
Salmon in the Central Valley do not overlap among the
different runs during a day based on runs spawning at dif-
ferent times and juveniles having identical growth rates
(Fisher 1992). Juvenile winter-run salmon identification
accuracy using the LDC method likely decreases over time
during the juvenile out-migration period because of the
known inter- and intra-annual variability in spawn timing
and growth rates (Yoshiyama et al. 1998; Williams 2006;
del Rosario et al. 2013; Harvey et al. 2014). This could re-
sult in false-positive run identification error probabilities
as high as 33-86% (Pyper et al. 2013; Harvey et al. 2014;
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Johnson et al. 2017). Our relatively low false-positive run
identification error probability was likely the result of as-
sessing accuracy during the beginning of the juvenile out-
migration period (October-December), when there would
likely be few juveniles from other runs at a similar size
(Williams 2006; del Rosario et al. 2013). Notably, this po-
tential temporal trend in false-positive errors could be in-
corporated into our modeling framework in future efforts.

We also found that the detection of juvenile winter-run
salmon was imperfect. Our detection probability submod-
els estimated that false-negative error was, on average,
>70% during an individual trawl tow under the baseline
condition. Assuming that 10 trawl tows were conducted
during a sample day under baseline conditions, the false-
negative error rates for detecting the occupancy state
would be 95% and 5% under the baseline condition based
on the detection model and the detection and misidentifi-
cation model, respectively. The lower false-negative error
rate estimated by the detection and misidentification
model was likely based on the model considering some
of the field observations of juvenile winter-run salmon as
false identifications. Since the vast majority (78%) of the
sampling days had the occupancy state observed in just
one replicate sample, we surmise that the detection and
misidentification model estimated much fewer samples as
truly occupied (i.e., it treated many of these single obser-
vations as false-positive detections), which would result
in a higher detection rate, particularly under the baseline
condition. Further, we found that the detection of juve-
nile winter-run salmon occupancy was spatially depen-
dent among sampling locations and negatively related to
clearer water and higher mean river flow, which is con-
sistent with other fish studies conducted in the Estuary
(Perry et al. 2016; Peterson and Barajas 2018; Duarte and
Peterson 2021; Mahardja et al. 2021). Therefore, our study
demonstrates that the false-negative and false-positive
error rates in the juvenile winter-run salmon count data
used to inform DCC gate operation decisions are capable
of biasing occupancy estimates and thereby distorting our
understanding of the factors influencing juvenile winter-
run salmon distribution.

Numerous environmental factors have been hypothe-
sized to influence the distribution of juvenile winter-run
salmon in the Estuary. Previous studies have demon-
strated relationships between juvenile salmon occupancy
or abundance and flow characteristics, water clarity and
temperature, weather, upstream juvenile production and
distribution, and time (Brandes and McLain 2001; Sommer
et al. 2005; del Rosario et al. 2013; Acierto et al. 2014; Perry
et al. 2016; Hassrick et al. 2022). However, few studies
(e.g., del Rosario et al. 2013; Hassrick et al. 2022) have
directly evaluated the influence of these factors on juve-
nile winter-run salmon occupancy, and no studies have

accounted for sampling uncertainties, including imperfect
detection and misidentification during their evaluation.
In general, we found that when imperfect detection and
species misidentification were unaccounted for, juvenile
winter-run salmon occupancy was most influenced by
flow characteristics, water clarity, weather, and time of
year. However, we found that these relationships and their
significance changed considerably when we accounted for
imperfect detection and species misidentification error. In
particular, our results showed a poorer understanding of
the factors influencing juvenile winter-run salmon occu-
pancy when more sampling error was incorporated into
the modeling. This is evidenced by the decreasing num-
ber of significant fixed-effect predictor variables for esti-
mating the occupancy states among the three models (i.e.,
naive model: 13 significant parameters; detection model: 6
significant parameters; detection and misidentification
model: 5 significant parameters). In addition, the in-
creased amount of variation contained in the year random
effects within the models that accounted for imperfect de-
tection and species misidentification suggests a decreased
understanding of the factors affecting occupancy within a
year (Royle and Dorazio 2008).

We surmise that juvenile winter-run salmon occu-
pancy is likely influenced by a complex, hierarchically
structured suite of many tapering effects in which there
are some large and important effects, followed by smaller
and less important effects (Frissell et al. 1986; Tonn 1990;
Poff 1997). As such, our ability to detect smaller effects
may have been diminished as we incorporated more sam-
pling error (and thereby statistical noise) into the mod-
eling while keeping the sample size constant (Burnham
and Anderson 2002, 2004). Alternatively, the relationships
between juvenile winter-run salmon occupancy and the
environmental factors that were significant in the model
ignoring sampling error and nonsignificant in the other
models may also represent false or untrue relationships
caused by sampling bias (Peterson and Paukert 2009).
Nonetheless, we believe that the environmental factors
that were significant in all or most of the models represent
the important and influential factors affecting juvenile
winter-run salmon occupancy given our data set.

We observed that river flow characteristics, water
clarity, and their interactions were the most import-
ant environmental factors affecting juvenile winter-run
salmon occupancy. Although the estimated effects varied
among our models, juvenile winter-run salmon occu-
pancy was positively related to higher mean daily river
flow and decreases in river flow immediately after a pulse
in flow. These results are consistent with other studies,
which found that juvenile winter-run salmon occupancy,
abundance, or survival during migration to and through
the Estuary was positively associated with higher river
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flows (Brandes and McLain 2001; del Rosario et al. 2013;
Hassrick et al. 2022). Past studies had difficulty in quanti-
fying the effect and verifying the importance of water clar-
ity independent of pulses in river flow (e.g., del Rosario
et al. 2013; Hassrick et al. 2022). In general, pulses in river
flow during the beginning of the wet season (November-
May; Singer and Dunne 2004) are commonly associated
with decreases in water clarity (Schoellhamer et al. 2016).
Nevertheless, we found that juvenile winter-run salmon
occupancy was positively related to decreases in water
clarity apart from river flow. Furthermore, we observed
that decreases in water clarity muted the effect of flow
pulses on occupancy. As such, we surmise that juvenile
winter-run salmon occupancy in our study was likely not
the result of merely passive downstream displacement
(see Brandes and McLain 2001) but rather the result of
juveniles occupying locations that possessed more fa-
vorable habitat conditions (Morrice et al. 2020; Hassrick
et al. 2022). In general, decreases in water clarity can im-
prove juvenile salmon survival by providing refugia from
predators as well as supplying foraging opportunities
(Gregory and Levings 1998; McElroy et al. 2018). Thus,
from October to December, fewer juvenile salmon may
opt to migrate during a pulse in river flow if they already
occur in a location with favorable habitat conditions,
such as lower water clarity. Although additional research
on these relationships should be conducted, we believe
that natural resource managers trying to balance compet-
ing demands for water should recognize that managed
flow pulses during October-December may be less effec-
tive in influencing downstream occupancy or movement
of juvenile winter-run salmon when ambient water clar-
ity is low.

Because the estimated probabilities of the occu-
pancy states varied considerably among our models, we
expected and confirmed that there would be consider-
able effects of the sampling error on how the data could
inform DCC gate operation decisions. The interagency
salmon decision framework has been initiated when
at least one of the salmon monitoring efforts in the
Sacramento River independently detects three or more
winter-run-sized (or larger) juvenile salmon during a
day after the catch count data were standardized to 1 day
of typical sampling effort (NMFS 2009, 2011, 2019). For
our analysis, we used the abundant occupancy state (two
or more juvenile winter-run salmon observed during a
sample day) as a proxy for the interagency salmon de-
cision framework initiation criteria, which were highly
correlated based on the observed data. Assuming that
both detection and species identification were imper-
fect (represented by the detection and misidentification
model), our modeling results indicated that the inter-
agency salmon decision process would be initiated on

(1) relatively fewer days when imperfect detection and
misidentification error are not accounted for (repre-
sented by the naive model) and (2) relatively more days
when only imperfect detection error is accounted for
(represented by the detection model). Further, these dis-
crepancies were highest during October and November,
when fewer juvenile winter-run salmon were captured
during the monitoring. These findings demonstrate that
if DCC gate operation decisions are informed by using
raw or uncalibrated fish count data (i.e., ignoring im-
perfect detection and species misidentification error),
then juvenile winter-run salmon may have fewer pro-
tections. In contrast, if DCC gate operation decisions
are informed by using fish count data calibrated based
on a detection model (i.e., ignoring species misidentifi-
cation error), then the DCC would close more often and
prevent movement of juvenile winter-run salmon into
the interior Delta. In general, the October-December
time period on which this study focused can be char-
acterized by less river flow magnitude and variability
and higher juvenile winter-run salmon identification
accuracy using the LDC method relative to the January-
May time period (Williams 2006; Johnson et al. 2017).
Therefore, we speculate that the discrepancies between
our occupancy modeling results would likely increase
if we evaluated juvenile winter-run salmon occupancy
at the DCC monitoring sites later in the juvenile out-
migration period. Although our results do not repre-
sent how historical DCC gate closure decisions were
informed or influenced by the salmon count data based
on, in part, our analysis of a proxy for the interagency
salmon decision framework initiation criteria, our
study demonstrates the utility of accounting for both
imperfect detection and species misidentification error
prior to informing water operation decisions using fish
count data.

CONCLUSIONS

Fishery managers have traditionally accounted for data
uncertainties by taking a precautionary risk management
approach when informing or making critical natural re-
source management decisions (Hilborn et al. 2001; van
Asselt and Vos 2006). However, precautionary fishery
management approaches may not be feasible when tasked
with conserving endangered species occurring in systems
that are managed, in part, to achieve other competing ob-
jectives. Thus, critical steps to optimize decision making
and best serve all management objectives include evaluat-
ing and reducing data uncertainties that could impede our
ability to achieve the best management outcomes (Gregory
and Long 2009; Conroy and Peterson 2013; Peterson and
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Duarte 2020). To better inform contentious fish manage-
ment and water operation decisions in the Estuary and
elsewhere, studies are needed that assess the effects of
and account for sampling uncertainties when evaluat-
ing the distribution and abundance of fishes and the risk
or benefit of particular management actions (Rosenberg
and Restrepo 1994). Recent statistical advancements (e.g.,
Shea et al. 2013; Clement et al. 2022), including our mode-
ling framework, allow natural resource managers to better
evaluate the effect of and account for common uncertain-
ties associated with fish count data.

Based on our findings, imperfect detection and spe-
cies misidentification error altered our perception of the
factors influencing juvenile winter-run salmon occu-
pancy, and could affect DCC gate operation decisions and
other decisions in the Estuary and its watershed. Thus,
fish and water management in the Estuary may benefit
from allocating more resources to ensure the accurate
identification of juvenile winter-run salmon in the field
through a combination of additional observer trainings
(Kirsch et al. 2018) and confirming the LDC method run
identifications by using genetic run assignment tech-
niques (Harvey et al. 2014; Johnson et al. 2017). Natural
resource managers may need to rely on modeling tools to
properly calibrate fish count data and reduce bias when
informing real-time water operation decisions, as it is
not currently possible to generate rapid and accurate ge-
netic run assignments for Chinook Salmon in the Central
Valley during sampling days (yet see DeFilippo et al. 2020;
Deeg et al. 2022). Further, the development of predictive
modeling tools would allow real-time water operation
decisions to be informed by empirical fish count data on
days when monitoring is not conducted while account-
ing for known uncertainties, which would likely improve
management effectiveness, flexibility, and responsive-
ness (Hakanson 2004; Conroy and Peterson 2013; Welch
et al. 2019; Wohner et al. 2022). Future studies should con-
sider expanding on our analysis by developing predictive
occupancy models that account for imperfect detection
and misidentification error to directly inform ongoing
water operation planning within the Estuary (see Notice
of Intent 2022).
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