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Abstract—Understanding

postrelease effects of incidental capture on
fish species of conservation concern
is critically needed. We collaborated
with commercial fishermen to estimate
postrelease survival of green sturgeon
(Acipenser medirostris) captured and
released from bottom trawls used to
target California halibut (Paralichthys
californicus). We developed a method
for interpreting acceleration, depth,
and temperature data transmitted
from pop-up satellite archival tags to
classify the fate of individuals following capture and release in fishing operations. We first deployed SeaTag-MOD
satellite tags on known living and dead
sturgeon to develop a support vector
machine that uses accelerometer readings to classify tagged fish as alive or
dead. In 2015 and 2016, fishermen
and West Coast Groundfish Observer
Program observers tagged 76 green
sturgeon (69–135 cm fork length)
encountered as bycatch, yielding 51
useable data sets. Eleven sturgeon
were classified as having died after
release, 9 of which died within our
designated 21-d (504 h) study period.
Some green sturgeon entered the San
Francisco Bay Delta after being tagged,
indicating movement between ocean
and estuary environments. Research
is needed to understand how to minimize effects of handling time and trawl
bycatch mortality.
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Quantifying the impacts of incidental
capture and release on marine species
is a difficult but critical fisheries management requirement (Davis, 2002;
Suuronen, 2005; Davies et al., 2009;
Brooke et al., 2012). Fish encountered
as bycatch may experience effects such
as delayed mortality or reductions in
fitness (Davis, 2002; Suuronen, 2005;
Suuronen and Erickson, 2010; Wilson

et al., 2014). Delayed mortality can
be an important factor in the recovery
of fish listed under the U.S. Endangered Species Act (Collins et al., 2000;
ASSRT, 2007).
Postrelease survival in fish species
has traditionally been examined by
holding fish in net pens after capture
(e.g., Davis, 2002; Parker et al., 2003;
Weltersbach and Strehlow, 2013),
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using experimental gear (e.g., Erickson and Pikitch1),
or studying fish activity through telemetry (Hoolihan
et al., 2011; Beardsall et al., 2013; Campana et al., 2016).
Common factors contributing to mortality in these
and other studies include time out of water on deck,
water and air temperature, tow velocity and duration,
and fish size and handling practices (Olla et al., 1997;
Davis et al., 2001; Davis and Parker, 2004; Suuronen
and Erickson, 2010; Gale et al., 2013; Mandelman
et al., 2013). Predation after release can also be a factor
(Raby et al., 2014). Cook et al. (2019) reviewed potential
sources of stress that lead to postrelease mortality and
predation in fish species. They observed that simulating
actual fishery practices is critical for correctly assessing
bycatch effects.
Involving the fishing community in fisheries research
has many benefits (Johnson and van Densen, 2007;
Yochum et al., 2011). Cooperative research can facilitate enhanced knowledge of the fisheries resource while
engendering trust and communication among policymakers, scientists, and fishermen. Moreover, involving the
fishing community can increase data collection capacity
and validity. Fishermen may also become more invested
in the results and willing to address conservation
challenges.
Sturgeon and paddlefish species (Acipenseriformes)
are among the most threatened of all fish families,
according to the IUCN Red List of Threatened Species (IUCN, 2018). Historic overfishing, illegal fishing
and trade, and habitat modification and destruction
have contributed to their decline (Pikitch et al., 2005).
Although directed catch has been eliminated for most
sturgeon species, mortality due to incidental capture
still threatens the recovery of depleted populations
(Stein et al., 2004; Beardsall et al., 2013; Dunton et al.,
2015; Breece et al., 2016).
Green sturgeon (Acipenser medirostris) inhabit coastal
bays, estuaries, rivers, and nearshore environments
along the western seaboard of North America and are
taken as bycatch in a number of fisheries (NMFS, 2015;
NMFS2). Bycatch of green sturgeon is a factor in recovering the Southern distinct population segment (DPS),
which is listed as threatened under the Endangered
Species Act (Federal Register, 2006; NMFS2). The Southern DPS recovery plan recognizes reducing fisheries
bycatch and estimating postrelease effects as priority
tasks (NMFS2). The Northern DPS of green sturgeon, a
National Marine Fisheries Service (NMFS) species of concern (Federal Register, 2006), coexists with the Southern
1

2

Erickson, D., and E. Pikitch. 1999. Survival of trawl-caught
and discarded sablefish, 21 p. Northwest Fish. Sci. Cent., Natl.
Mar. Fish. Serv., NOAA, Newport, OR. [Available from Northwest Fish. Sci. Cent., 2725 Montlake Blvd. E., Seattle, WA
98112.]
NMFS (National Marine Fisheries Service). 2018. Recovery
plan for the Southern distinct population segment of North
American green sturgeon (Acipenser medirostris), 88 p. Calif.
Cent. Valley Off., West Coast Reg., Natl. Mar. Fish. Serv., NOAA,
Sacramento, CA. [Available from website.]
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DPS in estuarine and marine habitats (NMFS2), and fish
from the 2 DPS are morphologically indistinguishable
(NMFS2). Directed fishing has been virtually eliminated
for green sturgeon in West Coast rivers and nearshore
environments because coast-
wide regulations prohibit
retention (NMFS2).
The bottom-
trawl fishery that targets California
halibut (Paralichthys californicus) and operates out of
San Francisco and Half Moon Bay, California, encounters green sturgeon at a rate higher than that of other
fisheries for which we have data (Richerson et al.3).
The NMFS West Coast Groundfish Observer Program
(WCGOP) has recorded bycatch of green sturgeon in the
fishery since 2002. Between 2007 and 2017, estimated
annual encounters of green sturgeon in the fishery
ranged from 29 individuals in 2011 to 665 individuals
in 2015. Analysis of genetic samples taken from specimens of the green sturgeon caught in the fishery over
that time period (n=104) indicates that over 95% of the
animals encountered are from the threatened Southern DPS (Anderson et al., 2017). The majority of green
sturgeon encountered in the fishery are immature individuals that are less than 140 cm fork length [FL] and
greater than 59 cm FL (Richerson et al.3). Southern DPS
green sturgeon reproduce in the Sacramento River system and rear in the San Francisco Bay Delta (NMFS2).
The fishery operates in waters of the Pacific Ocean more
than 5.6 km (3 nautical miles) offshore from this delta
(Fig. 1). Immediate mortality of green sturgeon in the
fishery (i.e., finding dead green sturgeon in the bottom-
trawl net) is only very rarely observed in WCGOP
onboard sampling.
We collaborated with fishermen that target California
halibut and with WCGOP observers to measure postrelease survival of green sturgeon encountered in the
California halibut bottom-trawl fishery. We developed a
method for interpreting data transmitted from pop-
up
satellite archival tags (PSATs) to classify the fate of green
sturgeon after release and were able to estimate postrelease survival in normal California halibut bottom-trawl
operations. We tested the hypothesis that there is no postrelease mortality of green sturgeon captured as bycatch in
this fishery.

Material and methods
We had 3 objectives: 1) characterize the patterns of tag
sensor data (accelerometer data) of known living and dead
green sturgeon, 2) train an algorithm to classify accelerometer data into alive and dead classes, and 3) use the

3

Richerson, K., J. E. Jannot, Y.-W. Lee, J. McVeigh, K. Somers,
V. Tuttle, and S. Wang. 2019. Observed and estimated bycatch
of green sturgeon in 2002–2017 U.S. West Coast groundfish
fisheries. Northwest Fish. Sci. Cent. Observer Program,
Natl. Mar. Fish. Serv., NOAA, Seattle, WA. [Available from
website.]
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Figure 1
Map of the San Francisco Bay Delta and the approximate fishing grounds of the bottom-trawl
fishery that targets California halibut (Paralichthys californicus) as defined by analysis of data
from the West Coast Groundfish Observer Program, which has been recording data on bycatch of
green sturgeon (Acipenser medirostris) in this fishery since 2002.

algorithm along with other information to classify the fate
of green sturgeon captured and released during normal
fishing operations of the bottom-trawl fishery that targets
California halibut (Fig. 2).
During 2015 and 2016, green sturgeon were captured
and tagged in the bottom-trawl fishery that operates out
of San Francisco, California, and Half Moon Bay, California, and targets California halibut (Fig. 1). We used PSATs
(SeaTag-MOD4 tags, Desert Star Systems, Marina, CA) to
log acceleration on 3 axes, along with tag depth and water
temperature. In all cases, the tags were attached to the
base of the dorsal fin of the sturgeon by using clear 2-mm
monofilament fishing line crimped into a loop of approximately 150 mm (Erickson and Hightower, 2007). This
loose attachment allowed the tags to float vertically above
the dorsal fin when the fish was stationary, trail freely
alongside or above the fish when the fish was swimming,
and undulate with the tailbeat. The tags were programmed
to log readings from the sensors every 4 min. The length of
tag deployment (number of days attached to the fish) varied for each objective.

4

Mention of trade names or commercial companies is for identification purposes only and does not imply endorsement by the
National Marine Fisheries Service, NOAA.

Characterizing sensor readings for green
sturgeon with known fates
To characterize the data patterns of living and dead
green sturgeon, we attached PSATs to known living and
dead sturgeon in 2 separate trials (Suppl. Table 1). In the
first trial, we attached PSATs to 3 living, captive green
sturgeon (approximately 90, 100, and 110 cm FL) held
for 7.5 h in a 1.5-m deep circular tank with a 4-m diameter. The fish swam naturally during the trial, and the
position of tags ranged from vertical when the fish were
stationary to nearly vertical (partially horizontal) when
the fish were mobile. In the second trial, we attached
a PSAT to a dead white sturgeon (A. transmontanus)
(104 cm FL) in the Pacific Ocean off northern California
for 96 h.
We used accelerometer readings, from PSAT deployments for which the fates of fish were known, to train
the support vector machine (SVM) and to classify individuals on the basis of data patterns into 1 of 2 states:
alive or dead. The SVM is a machine-learning algorithm
designed for binary classification (Burges, 1998; Bishop,
2006; Raschka, 2015; Sugiyama, 2016; Watt et al., 2016).
After training and testing the SVM, we developed a classification workflow by using Scikit-
learn (vers. 0.18.1;
Pedregosa et al., 2011) for implementing the algorithm.
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The goal is to train the SVM for optimal classification of fish as positive or negative while
iteratively estimating W. Therefore, the separation problem is to determine the hyperplane
such that
W0 + WTXpos ≥ 1 and 

(3)

W0 + WTXneg ≤ −1. 

(4)

If we subtract Equation 1 from Equation 2, we get
the following equation:
WT(Xpos – Xneg) = 2. 

(5)

The length of the vector (w) can be defined as
follows:
(6)

Figure 2
Schematic description of the model development and implementation process used to estimate postrelease survival of green sturgeon
(Acipenser medirostris) in the bottom-
trawl fishery that targets
California halibut (Paralichthys californicus) in nearshore waters of
the Pacific Ocean just west of the San Francisco Bay Delta. The first
objective was to characterize the patterns of tag sensor data (accelerometer readings) of green sturgeon with known fates. The second
objective was to train an algorithm, a support vector machine (SVM),
to classify accelerometer data into alive and dead classes. The third
objective was to use the algorithm along with other information to
classify the fate of green sturgeon captured and released from May
2015 through September 2016 during normal fishing operations of
the California halibut bottom-trawl fishery.

Normalizing Equation 5 by using the length of
the vector w, we arrive at Equation 7:


.

(7)

The SVM finds the hyperplane that has the largest margin, by maximizing Equation 7 and constraining the samples of data so that they are
classified correctly as follows:
W0 + WT x(i) ≥ 1 if y(i) = 1 and 

(8)

W0 + WT x(i) < −1 if y(i) = −1, 

(9)

(i)

The SVM constructs 2 hyperplanes (decision boundaries) that separate binary classes while preserving the
greatest margin between them. The margin is defined as
the distance between the hyperplanes and the data points
closest to a hyperplane (support vectors) (Raschka, 2015).
If we assume that the 2 classes are linearly s eparable, the
objective is to find hyperplanes with the smallest generalization error between observations from accelerometer
data and predictions from the model (the SVM).
The positive (living) and negative (dead) individuals
and hyperplanes that are parallel to the decision boundary can be mathematically expressed as follows:
W0 + WTXpos = 1 and

(1)

W0 + WTXneg = −1,

(2)

where W0 = a bias factor;
W = a vector that weights values for each set of
accelerometer readings;
T = the transpose of the vectors W;
Xpos = accelerometer readings for the positive ( living)
individuals; and
Xneg = accelerometer readings for the negative (dead)
individuals.

where y = the data classes (i.e., the dependent
variables); and
x(i) = accelerometer readings.
The constraint equation requires that negative data
points fall on one side of the negative hyperplane and that
positive data points fall behind the positive hyperplane.
Here, the hyperplanes correspond to alive and dead classifications as follows:
y(i)(W0 + WT x(i)) ≥ 1. 

(10)

This mathematical approach assumes the data separated by the hyperplane are linearly separable. However, this assumption fails for our data set. To address
this issue, we used a modified kernel method in which
kernel functions K(X(i), X(j)) transform the training data
(Burges, 1998; Bishop, 2006; Raschka, 2015; Watt et al.,
2016). This method creates nonlinear combinations
of the original features to project them onto a higher
dimensional space where they become linearly separable (Bishop, 2006; Raschka, 2015). We applied the radial
basis function kernel, also known as the Gaussian kernel
(Equation 11):
(11)
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Here,

is a free parameter (hyperparameter)

that is to be optimized.
Training and testing the algorithm
The accelerometer readings obtained in the work for our
first objective were randomly divided into training and
testing data samples at a ratio of 4:1 (training:testing).
Prior to the training and testing process, the samples of
tag sensor data (Xi) were transformed to Xstd,i by using
their respective means (μi) and standard deviations (σi2)
with the following equation:
(12)
The goal of normalization is to change the accelerometer readings to a common scale without distorting differences in the ranges of values. The standardization step
avoids biasing the machine-learning algorithm toward
numerically large values. After normalization, the model
was trained by using the SVMs in Scikit-learn. We used
the stochastic gradient-descent optimization technique
to estimate the model parameters. To avoid over-fitting,
we applied a 10-
fold cross-
validation technique (Sugiyama, 2016) in which the training data set was divided
into 10 groups and the model was trained iteratively by
using 9 groups and validated with the remaining group.
After training, the model was implemented to test classification accuracy.
During the training and testing of the model, we
encountered data imbalance between the alive and dead
classes. Among the 1676 data points we obtained, only
284 data points (less than 17%) were labeled as alive
because the tag deployment on living green sturgeon
was 7.5 h. In contrast, the dead white sturgeon was monitored for 96 h. Because this data imbalance can lead
to a biased classification performance (Murphy, 2012),
we resampled the alive class and randomly replicated
it to increase the number of data points for this class in
the sample. To avoid over-fitting, we evaluated the performance of the SVM classifier by using precision as an
additional classification metric. By combining the 2 classification performance metrics (i.e., accuracy and precision), we were able to balance the bias–variance tradeoff
of the SVM classifier.
Once trained, we used the classification algorithm
to assist with the interpretation of accelerometer data
from deployments on green sturgeon captured as
bycatch in the commercial California halibut bottom-
trawl fishery.
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targeted 
California halibut and tagged with PSATs
between 13 May 2015 and 7 September 2016 (Fig. 1).
Sturgeon tagged with PSATs were measured (in FL) and
released as soon as possible. To encourage return of the
tags for enhanced data recovery and redeployment, PSATs
had a reward label.
From fish handled by an observer, we collected a tissue
sample (1-cm2 clip from the pectoral fin) for genetic analysis to determine whether the fish belonged to the Southern
or Northern DPS. No live wells were available on the cooperating vessels; green sturgeon were removed from the
haul and processed as soon as possible. We rated the condition of the fish as good (no apparent damage or stress),
fair (flushed appearance, minor abrasions), or poor (serious abrasions, bleeding, or obvious injury) (NWFSC5) and
recorded the additional time on deck needed for WCGOP
processing and tagging (i.e., obtaining weight, length, fin
clip, and photograph, and tagging with passive integrated
transponder tags, in some cases, and PSATs). We recorded
the date, time, and GPS location at which each fish was
released as well as the associated trip and haul number.
For each haul, we recorded the starting and ending dates,
times, locations, and depths.
Initially, multiple fish in a single haul were tagged, and
tagged fish were as small as 69 cm FL. Concern over introducing confounding factors (e.g., extended time on deck
when tagging multiple fish and potential tag effects on
smaller fish) led to changes in our protocol to tag only fish
≥80 cm FL in each haul. We tagged the first captured fish
of sufficient size. Prior to these changes, the maximum
number of fish tagged in a single haul was 3, and this
number was taken only once; 2 fish were tagged in each
of 5 other hauls. All other hauls had either 1 fish in the
haul or had only 1 fish tagged out of multiple individuals
caught. Five tagged fish were <80 cm FL.
Tags were programmed to remain attached to the fish
for at least 21 d, after which they would release, float to
the surface, and begin broadcasting data to satellites. We
selected 21 d as the time frame that mortality of green
sturgeon could be attributed to the effects of trawl capture,
on the basis of a literature survey of similar approaches.
Because of logistics involved with programming and
transport to fishermen and observers, tags were sometimes deployed for more than 21 d.
We used multiple lines of evidence to determine the
fate of tagged individuals: location, depth, temperature,
and acceleration data. The GPS location at release of the
tagged fish, as recorded by the tag, was compared with
the time and estimated location of the first PSAT broadcast. Variable depth recordings that were not characterized by regular, repeating tidal signatures indicated
swimming. In contrast, depth recordings from PSATs on
dead fish had a tidal signature (as in the record from

Classifying fates of captured green sturgeon
To apply our model and measure postrelease survival,
green sturgeon were captured as bycatch on 6 bottom-
trawl vessels during normal fishing operations that

5

NWFSC (Northwest Fisheries Science Center). 2019. 2019
training manual: West Coast Groundfish Observer Program,
529 p. Northwest Fish. Sci. Cent., Natl. Mar. Fish. Serv., NOAA,
Seattle, WA. [Available from website.]
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the PSAT deployment on the known dead white sturgeon). Data from temperature sensors often indicate
the difference between the cooler ocean waters near the
release location and the warmer waters of the San Francisco Bay Delta. Accelerometer data for each individual
were classified by our trained algorithm. For each tag
deployment, we plotted the classified accelerometer data
by time and a smoothing trend line (moving average of
200 readings) to visualize any trends in activity during
a deployment.
For each PSAT deployment, we summarized these lines
of evidence, wrote a narrative of what likely happened
to each fish after release, and ultimately classified each
deployment as a survival or a mortality. We then implemented the Kaplan–Meier survival estimator—
in the
package survival, vers. 2.38 (Therneau and Grambsch,
2000; Therneau, 2015), in statistical software R, vers. 3.3.2
(R Core Team, 2016)—to determine the proportion of individuals that had survived 21 d (504 h) following capture
and release from the fishery (Kaplan and Meier, 1958).
Although not the central goal of our study, we used stepwise logistic regression analysis (RStudio, vers. 1.0.44,
RStudio Inc., Boston, MA) to evaluate the association of
potential explanatory variables (e.g., tow duration, tow
depth, fish length, and processing time; Suppl. Table 2)
with postrelease survival. We included continuous variables that were consistently recorded and had a wide
range of values. Null values were excluded from the logistic regression model. We assumed that a P-value ≤0.05
indicates that a result is statistically significant.

Results
Characterizing sensor readings for green
sturgeon with known fates
Temperature and depth data and accelerometer readings
from PSAT deployments on known dead and living sturgeon were downloaded, plotted, and visually examined.
The PSAT deployed on the known dead white sturgeon
recorded consistently cool water temperatures (approximately 12°C), and the depth record indicated tidal fluctuations consistent with a stationary carcass on the
seafloor. Accelerometer data indicate that the tag was
almost entirely upright with minimal lateral sway. The
PSATs deployed on 3 green sturgeon known to be alive
all recorded shallow depths (<1 m) and stable water temperatures (18°C) experienced in the tank. Accelerometer
readings were variable, indicating the occurrence of periods of apparent swimming (lateral swaying) and stationary
periods during which the tag was upright (see examples in
Supplementary Figures 1–3).
Training and testing the algorithm
The model correctly classified 97.7% and 96.3% of the dead
individuals in the training and testing data sets, respectively (Table 1). More living than dead individuals were
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misclassified for both the training (~7%) and testing (6%)
data sets (Table 1). Overall, the model accurately classified 96.9% of the data points, with better classification
accuracy for the fates of tagged fish determined to be dead
(98.7%) than for those determined to be alive (88.0%).
Classifying fates of captured green sturgeon
Fishermen attached PSATs to 19 green sturgeon, and
observers tagged 57 fish. Of these 76 PSAT deployments,
51 yielded sufficient data to contribute to our analysis. Of
these 51 data sets, 37 were from recovered tags and 14
were from broadcasted data summaries. Examples of the
accelerometer, depth, and temperature data from PSAT
deployments can be found in Supplementary Figures 1–3.
The length of tagged fish ranged from 69 to 135 cm FL
(median: 98 cm FL) (Fig. 3). For 3 of the 5 fish <80 cm FL,
data from PSAT deployments could not be used for classification (because of insufficient data recovery); the other 2
fish were determined to have survived for 21 d. A median
of 7.5 min was estimated for the time required to process
and tag an individual (Suppl. Table 2). This value does not
represent total time out of the water, given the additional
time necessary to extract a green sturgeon from a haul
and ensure safe conditions for processing.
After release, green sturgeon often entered San Francisco Bay or remained in nearshore waters of the Pacific
Ocean and close to their release locations. Citizens found
and returned tags that had popped off and drifted to shore.
These tags were generally recovered from ocean beaches
between Drakes Bay and Half Moon Bay (Fig. 1). Within
the San Francisco Bay Delta, PSATs were recovered from
directly below the Golden Gate Bridge to inland waters at
the confluence of the Sacramento and San Joaquin Rivers. Some deployments yielded both broadcast summaries
and archival data; in these cases, we used the more complete archival data (see the “Discussion” section). For the
51 deployments with sufficient data, 24 tags were recovered or had first broadcasts within the San Francisco Bay
Delta, and 21 tags were recovered or had first broadcasts
in the ocean (near their recovery locations). For the other
6 deployments, the recovery or first broadcast location of
the tag could not be determined.
The length of time that a tag remained attached to a fish
ranged from 3 to 47 d (83–1128 h). In most cases, tags were
attached to the fish for more than 21 d. Three tags detached
prematurely because of poor tag attachment and were omitted from the study at the time of detachment (categorized as
censored; Suppl. Table 2). Of the 51 green sturgeon for which
data were recovered, we estimated that 11 died, 9 within
4.5 d (107 h) of release, and 2 died after the 21-d (504-h)
study period at 569 h and 679 h after release (Table 2). We,
therefore, reject the hypothesis that there is no postrelease
mortality of green sturgeon captured as bycatch in this fishery. The estimated survival rate was 82% (95% confidence
interval: 72–94%) during the 21-d study period.
The results of analysis with the full regression model
indicate that mortality (within 504 h postrelease) was
not significantly related to tow duration (P=0.6438), tow
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Table 1
Accuracy of the support vector machine (SVM) model in classifying an individual green sturgeon (Acipenser medirostris) as
dead or alive. We collected accelerometer data from pop-
up satellite archival tags (PSATs) deployed on known living and
dead sturgeon. Data were derived from 2 experiments conducted in 2015. In the first, we attached PSATs to 3 living, captive
green sturgeon (approximately 90, 100, and 110 cm FL) held for 7.5 h in a 1.5-m-deep circular tank with a 4-m diameter. In
the second, we attached a PSAT to a dead white sturgeon (A. transmontanus) (104 cm FL) in the Pacific Ocean off northern
California for 96 h. We obtained 284 accelerometer readings from the live green sturgeon and 1392 accelerometer readings from
the dead white sturgeon. The accelerometer readings were randomly divided into training and testing data samples at a ratio of
4:1 (training:testing) and used to develop a SVM model to classify each accelerometer reading as representing a living or dead sturgeon. The data in this table compare the actual and predicted (by using the SVM model) number and percentage of accelerometer
readings classified as representing a living or dead sturgeon.
Overall accuracy of classification by SVM
Predicted classification
(no. of accelerometer readings)

Actual classification (no. of accelerometer readings)

Classification

Dead

Alive

Dead
Alive

1374
34

18
250

Accuracy of classification by SVM: training data
Predicted classification (percentage
of accelerometer readings)

Actual classification (percentage of accelerometer readings)

Classification

Dead

Alive

Dead
Alive

97.7%
2.3%

7%
93%

Accuracy of classification by SVM: testing data
Predicted classification (percentage
of accelerometer readings)

Actual classification (percentage of accelerometer readings)

depth (P=0.5623), fish length (P=0.5424), processing time
(P=0.7214), air temperature (P=0.8808), or water temperature (P=0.9266). These variables were dropped by the model
in further analysis with the stepwise regression model.
Catch weight was not included in this analysis because
of the frequency of associated null values. The time that
elapsed between the end of the tow (i.e., the start of the haul
back of the trawl net) and the release of the tagged green
sturgeon (Suppl. Table 2) remained in the final model and
significantly affected postrelease survival (P=0.0315). It
should be noted that the same relationship was found when
the model considered mortality occurring more than 504 h
after release.

Discussion
We successfully developed a method for interpreting archival tagging data to classify the fate of tagged green sturgeon. Our approach is unique in that it relies primarily

Classification

Dead

Alive

Dead
Alive

96.3%
3.7%

6%
94%

on an algorithm trained by data from deployments of
PSATs on individuals with known fates rather than on
assessments of mortality based on continuous or threshold depth or on descent of depth readings (Poisson et al.,
2014; Hutchinson et al., 2015). Given that sturgeon are
mostly bottom dwelling and can sometimes occupy a range
of depths that could be perceived as constant (i.e., within
the range of error of the depth sensor), we developed the
approach detailed herein. Our approach is similar to that
developed by Whitney et al. (2016) in its use of accelerometer data in combination with depth and temperature data.
Our success in arriving at a survival estimate can be
attributed to a few factors. Foremost was the cooperation
with fishermen and observers, which provided a low-cost
mechanism for tagging green sturgeon without additional
research or vessel effort and a study design that tested
our hypothesis in regular fishing conditions. The high
rate of tag retrieval was also important. Data obtained
from recovered tags were sufficient for determining mortality or survival 90% of the time; broadcast data were
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Table 2
Kaplan–Meier estimates of survival of green sturgeon
(Acipenser medirostris) as each dead individual exits the
study. Between May 2015 and September 2016, individuals were captured as bycatch and tagged on 6 bottom-trawl
vessels that targeted California halibut (Paralichthys californicus) in nearshore waters of the Pacific Ocean just
west of the San Francisco Bay Delta. The number at risk is
the number of green sturgeon with tags still attached for
at least the corresponding hours after release. For example, 16 individuals had tags that remained attached for
more than 678 h after release. We attributed any m
 ortality
occurring before 504 h to the effects of trawl capture.
SE=standard error of the mean; CI=confidence interval.

Figure 3
Length–frequency histogram for green sturgeon (Acipenser
medirostris) tagged after capture as bycatch between May
2015 and September 2016 on 6 bottom-trawl vessels that
targeted California halibut (Paralichthys californicus) off
San Francisco and Half Moon Bay.

sufficient for determining mortality or survival 70% of
the time. The location of our study was such that many of
our tags were found on beaches near recreational and
urban areas. Broadcast data were inferior to archived
data from the returned tags because weather often hindered satellite transmissions, leading to gaps in the
broadcast data summaries. In future studies, the use of
broadcast data in other areas or from different tags may
result in more complete broadcast data. We also benefitted from baseline information from a previous study of
green sturgeon that used pop-up satellite tagging (Erickson and Hightower, 2007). Hence, signatures within our
data, including tidal patterns and evidence of animals
moving into warmer or cooler waters, helped determine
the fates of sturgeon.
The temperature and depth data as well as the location
of first broadcast or recovery of tags indicate that some
green sturgeon entered the environment of the San Francisco Bay Delta after being tagged and released in the
Pacific Ocean. Given previous research (Anderson et al.,
2017), the majority of these fish were likely Southern DPS
individuals that had reared in the delta environment. The
results of earlier work indicate that Southern DPS green
sturgeon rear in freshwater and estuarine environments
for up to 4 years before transitioning to saltwater environments and migrating up the coast, returning to freshwater
only to spawn (Beamesderfer et al., 2007). Our research
adds evidence to published studies (e.g., Lindley et al.,
2011; Miller, 2017) that Southern DPS green sturgeon

Hours after
release

Number at
risk

Survival
rate

SE

95% CI

0.53
4.33
4.80
6.58
8.62
14.63
17.85
104.09
107.34
569.05
678.67

51
50
49
48
47
46
45
43
42
27
16

0.98
0.96
0.94
0.92
0.90
0.88
0.86
0.84
0.82
0.79
0.74

0.02
0.03
0.03
0.04
0.04
0.05
0.05
0.05
0.05
0.06
0.07

0.94–1.00
0.91–1.00
0.88–1.00
0.85–1.00
0.82–0.99
0.80–0.98
0.77–0.96
0.75–0.95
0.72–0.94
0.68–0.92
0.61–0.90

move in and out of San Francisco Bay before maturing and
migrating to northern estuaries.
Finding an appropriate method to acquire accelerometer data for sturgeon was a challenge. Although we tagged
captive green sturgeon, other options could provide data to
refine our results. Captive white sturgeon in commercial
aquariums with tanks of much greater volume could be
used, but fish in such tanks are often not in the size range
of fish tagged in our field study. Moser et al. (2018) provided accelerometer data from live, free-swimming green
sturgeon shortly after capture and release from gill nets in
Willapa Bay, Washington. These green sturgeon ranged
from 45 to 167 cm FL, with the majority of those fish larger
than the green sturgeon in our study. The data of Moser
et al. (2018) were also collected by tags that were not freely
moving but held in place along the body axis. Despite
these differences, it might be possible to incorporate elements of their accelerometer data to inform our classification model in the future. Using PSATs on green sturgeon
from gill-net bycatch could provide an interesting comparison and insights into the relative threats of these 2 fisheries to green sturgeon.
Additional studies and modeling are needed to understand the effects of the estimated level of postrelease
mortality on the threatened Southern DPS. Population
estimates based on adult abundance have recently been
developed for the Southern DPS (Mora et al., 2018),
allowing evaluation of population-
level impacts of
bycatch mortality on status and recovery. The California
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halibut bottom-
trawl fishery primarily interacts with
immature individuals of the Southern DPS (Anderson
et al., 2017; Richerson et al.3). With some additional
efforts, data from this fishery could be used to refine the
overall estimate of abundance for the Southern DPS and
allow for a more robust analysis of effects from postrelease mortality. It should be noted that fishery bycatch
mortality is only one factor that affects the Southern
DPS; recovery will require improved access to spawning
and rearing areas (NMFS2).
Our study was not designed to examine specific factors contributing to postrelease mortality and involved
green sturgeon caught during normal fishing operations.
Although we collected ancillary data on each haul for
which green sturgeon were tagged, hauls and fishing effort
were not sufficiently dispersed across the different variables, sample sizes were small, and data were recorded
inconsistently for some variables. Therefore, our inability
to identify certain factors as significant contributors to
postrelease mortality should not be taken as conclusive
evidence that these factors have no effect. In our study, the
total time that a tagged sturgeon spent in the net during
haul back and on deck for processing and tagging was the
only variable that may have significantly affected mortality. Given this result and literature evidence (e.g., Parker
et al., 2003; Davis and Parker, 2004; Beardsall et al., 2013;
Cook et al., 2019), WCGOP protocols have been changed to
minimize time out of water for green sturgeon encountered
in the fishery. Creating onboard environments conducive to
improved survival (e.g., shade, use of a hose or other water
source to keep individuals continuously wet and cool, and
possible construction of live wells) will also be explored.
A rational next step is to design a properly stratified
study to evaluate the contribution of different factors to
the capture and survival of green sturgeon in the bottom-
trawl fishery that targets California halibut. A future
study could also incorporate an examination of stress
responses (Lankford et al., 2005; Webb and Doroshov,
2011; Beardsall et al., 2013; McLean et al., 2019). Reports
by fishermen and observers further indicate that California sea lions (Zalophus californianus) and Steller sea lions
(Eumetopias jubatus) are sometimes present in the area
where green sturgeon are released. Postrelease predation
could be a factor (Cook et al., 2019). Ingestion of sturgeon
fitted with pop-up satellite tags could be inferred from
tag data that indicates movement patterns (e.g., Kerstetter et al., 2004) or stomach temperature (e.g., Béguer-Pon
et al., 2012) of a predator.
Trawl-
net modifications that reduce encounters or
lethal interactions with green sturgeon should also be
explored, given that bycatch avoidance is the best mechanism to reduce postrelease mortality. Research should
be undertaken in collaboration with fishermen and with
the objective of maintaining a viable fishery while reducing interactions with green sturgeon. Although examples
of trawl-net modifications meant to exclude sturgeon are
lacking, visual studies (e.g., Piasente et al., 2004; Jones
et al., 2008) could inform designs that minimize interactions and maintain viability of the target fishery.
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