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Abstract

Abundance estimates are essential for fisheries management, but estimating the abundance of open
populations with low recapture rates has historically been unreliable. However, by using mark-recapture
data modulated with survivability parameters obtained from analysis of acoustic telemetry data, more
accurate abundance estimates can be made for species that exhibit these characteristics. One such
species is the Atlantic sturgeon, for which abundance estimates were designated a research priority
following precipitous population declines throughout the 20" century. We addressed this research need
in the Saco River Estuary (SRE), a system where the Atlantic sturgeon has been extensively studied
using mark-recapture and acoustic telemetry methods since 2009. These data were analyzed using
Bayesian analysis of a Lincoln-Peterson estimator, constrained with parameters from a Cormack-Jolly-
Seber model, to provide an initial abundance estimate for the system. The resulting estimate indicated
that approximately 3 299 (95% Credible Interval: 1 462—6 828) Atlantic sturgeon utilize the SRE
yearly, suggesting that the SRE provides critical foraging habitat to a large contingent of the species
within the Gulf of Maine. The present study demonstrated the method utilized herein was effective
in generating a reasonable estimate of abundance in an open system where recapture events are rare,
and therefore may provide a valuable technique for supplying initial estimates of fish abundance in
additional systems that display similar characteristics.
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Introduction

Estimating fish abundance is a cornerstone of fisheries
management, especially for those species that are listed
under the Endangered Species Act. Abundance infor-
mation is used for establishing management strategies,
determining species status, and measuring population
recovery (Couturier ef al., 2013). In the absence of abun-
dance estimates, managers cannot effectively assess and
implement stock management strategies, which may lead
to further degradation of a stock. Despite the importance of
quantifying abundance, this has not been accomplished for
many fish stocks, particularly for those that exhibit open
populations: The presence of both emigration and immi-

gration within open populations violates the assumptions
of traditional mark-recapture estimation techniques, which
require closed systems (Seber, 1986). When utilized, these
traditional methods yield highly variable and imprecise
predictions (Kendall, 1999). As a result, some past stud-
ies have estimated the abundance of open populations
by analyzing aspects of the species life history where
the population displays closed behavior. For example,
salmon population studies have performed mark-recapture
techniques on salmon parr, when the juvenile fish are un-
able to leave their natal estuaries (Rodgers ef al., 1992).
Similarly, the Hudson River Atlantic sturgeon (Acipenser
oxyrinchus oxyrinchus) population was estimated using
juveniles younger than two years of age, ensuring that
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fish were confined to the river system (Peterson et al.,
2000). This approach is not always possible, and as such,
additional methods for estimating open population abun-
dance are needed.

In recent years, several new techniques have been es-
tablished for estimating abundance with mark-recapture
data within open systems, including various parameter-
izations of the Jolly-Seber model (JS). These models
account for fish movements in and out of the system
by estimating catchability parameters, such as apparent
survival and return probability (Seber, 1986). However,
mark-recapture sampling procedures often violate model
assumptions, resulting in biases that cause these models
to generate errant abundance estimates (Carothers, 1973).
The Cormack-Jolly-Seber (CJS) model was formulated to
accurately estimate catchability parameters through the
inclusion of external covariates (Lebreton et al., 1992),
but this model lacks the ability to provide an abundance
estimate. As a result, studies began utilizing acoustic
encounter histories to better approximate these catch-
ability parameters, which are then treated as fixed and
incorporated into Jolly-Seber models, such as the POPAN
formulation, and used to estimate abundance (Withers
etal.,2019). Furthermore, Bayesian estimation techniques
have been employed to reduce model uncertainty by
incorporating prior knowledge into abundance estimates
(Dudgeon et al., 2015; Ketz et al., 2018). Despite these
advances in modeling procedures, these techniques still
suffer from significant shortcomings, primarily that they
are computationally difficult and often suffer from infla-
tion bias due to low recapture numbers (Carothers, 1973;
Cowen and Schwarz, 2006; Haxton and Friday, 2019).
As a result, abundance estimation for open populations
with rare recapture events remains difficult. The Atlantic
sturgeon is one species that exhibits these characteristics
and currently lacks abundance estimates.

The Atlantic sturgeon is a large, long lived, mobile,
anadromous fish species inhabiting coastal waters and
estuaries along the eastern seaboard of North America
(NOAA, 2019). Due to its size and accessibility, this
species faced intense fishing pressure that resulted in
precipitous population declines throughout the 20™ cen-
tury (Altenritter et al., 2017). These population declines
led to both a moratorium being placed on all harvest in
1998 (ASMFC, 2021) and the species being listed under
the United States Endangered Species Act in 2012. Here,
Atlantic sturgeon were separated into five distinct popu-
lation segments (DPS), with the Gulf of Maine (GOM)
DPS listed as Threatened, and all others as Endangered
(NOAA, 2019). As such, abundance estimates are a re-
search priority for the species (ASSRT, 2007); however,
the aforementioned shortcomings in abundance estimation

methods have limited our understudying of this ecological
parameter for Atlantic sturgeon (Hilton et al., 2016), as
the species exhibits open populations. Atlantic sturgeon
sub-adult and adult individuals are highly migratory,
traveling long distances between multiple river systems
during summer months and wintering in coastal marine
waters (Altenritter ef al., 2017). Despite these movement
patterns, Atlantic sturgeon are known to exhibit fidel-
ity to both foraging grounds and natal spawning rivers
(Fernandes et al., 2010). Since this species regularly
returns to specific estuaries over time, their abundance
will vary across river systems, and therefore the number
of Atlantic sturgeon must be estimated for each respective
river system (Wirgin et al., 2018).

The Saco River Estuary (SRE) in the GOM is a unique
system for Atlantic sturgeon. After extirpation in the
1960s, they were discovered to have returned to the river
system in 2007 (Furey and Sulikowski, 2011). Since this
re-emergence, the fish have been extensively studied us-
ing both mark-recapture and acoustic telemetry methods.
These efforts have shown Atlantic sturgeon are unable to
spawn in the SRE, and instead are using the system as a
foraging ground (Novak et al., 2017). The primary use of
the SRE as a foraging habitat indicates that all individu-
als using the SRE are adults and sub-adults from other
natal estuaries in the GOM DPS, resulting in an open
and highly variable contingent comprised of multiple
spawning populations (Wippelhauser et al., 2017). The
nature of this system and the extensive dataset available
provides an opportunity to estimate how many Atlantic
sturgeon use the SRE as a foraging ground. Given this
opportunity, the goals of this study were (1) to develop
an appropriate method for approximating fish abundance
using a synthesis of mark-recapture, acoustic telemetry,
and Bayesian estimation techniques, and (2) to apply this
method to Atlantic sturgeon within the SRE in order to es-
timate the number of individuals utilizing the river system.

Methods

This study was a component of a larger investigation of
Atlantic sturgeon within the SRE, which was comprised
of long-term acoustic monitoring and mark-recapture
sampling spanning 2009-2018. As a result, capture and
tagging efforts varied over time, particularly during ini-
tial years of the study. As such, standardized efforts from
2014-2018 will be detailed here.

Fish Capture

Atlantic sturgeon were captured and sampled from mid-
May through mid-November each year, with a target
frequency of one sampling attempt per week. Given
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seasonal variability, this did not always occur during the
spring and late autumn, where the majority of sampling
opportunities occurred during the summer months. Fish
were captured using gillnets (91.4 m long, 2 m high),
which were composed of either 15.24 or 30.48 cm bar
mesh. These nets were placed between the jetties at the
mouth of the Saco River, where they were deployed for
a standard of 15 minutes, as longer net soaks yielded too
many individuals. The nets were hand hauled, and all
entangled sturgeon were extracted and brought onto the
deck of the boat. Sturgeon were then transported back to
the University of New England dock, where they were
washed with estuarine water to oxygenate their gills dur-
ing the five minute steam. At the dock, fish were placed
into net pens (2.1 x 0.9 x 0.9 m) for a recovery period
(~15 min) before undergoing research and handling proto-
cols outlined by Kahn and Mohead (2010). The protocols
constituted measuring fork length to the nearest mm,
visually searching for external tags, and scanning (AVID
PowerTracker VIII) for internal PIT tags. If no tags were
detected, a 134.2-kHz PIT tag (model HPT12, Biomark)
was inserted adjacent to the dorsal fin. As a secondary
means of identification, we inserted a spaghetti T-bar tag
on the opposing side of the dorsal fin. Following tagging
procedures, fish were then released back into the river.

In addition to these traditional tagging efforts, a subsample
of fish was also affixed with acoustic transmitters follow-
ing the methods in Novak et al. (2017). These individuals
were selected to reflect the size range of all captured indi-
viduals, but only those deemed to be in the best condition,
or lacking physical injury, were selected to be acoustically
tagged. We surgically implanted an acoustic transmitter
(model V16; 69 KHz, 16 mm diameter, approximate
2 500-d battery life; VEMCO, Halifax, Nova Scotia) into
the abdominal cavity of these fish. A 5-cm incision was
made on the midline of the body on the ventral surface,
where the transmitter was anteriorly inserted after being
coated in antibiotic ointment. The incision was closed
using one or two polydioxanone sutures (PDO II violet
monofilament absorbable suture; Oasis, Mettawa, Illinois),
which was then coated in additional antibiotic ointment.
The surgical process lasted approximately 10 minutes,
and fish were then returned to the net pen for a recovery
period prior to release.

Acoustic Monitoring

Following the methods of Novak ef al. (2017), we de-
ployed an acoustic array within the SRE seasonally from
2009-2018. A total of seven acoustic receivers (model
VR2W; VEMCO, Halifax, Nova Scotia) were distributed
from the mouth of the Saco River to the Cataract dam

at river km 10 (Fig. 1), where their placement served to
maximize the area where tagged fish would be detectable
within the SRE. These receivers were deployed each year
during the month of May and were removed from the river
in late November or early December. During this deploy-
ment period, receivers were downloaded once per month;
any required maintenance was performed during these
data collection periods. Additionally, during the winter
months, two receivers were placed at the river mouth.
These receivers remained deployed from the removal of
the acoustic array in early winter until its re-deployment
in the spring. This ensured that throughout the entire year
no acoustically tagged fish could enter or leave the river
system without being detected by an acoustic receiver.

From the acoustic data, we created a binary annual en-
counter history for the presence-absence of acoustically
tagged fish for each year the acoustic array was deployed.
The acoustic data were also used to calculate Atlantic
sturgeon residence time, 7, within the SRE. For all
acoustically tagged fish that were found to have returned
in 2017, the year with the largest number of active acoustic
transmitters, we tallied the number of days that each fish
spent within the river system: The median number of days
present across all individuals provided 7. Finally, we cre-
ated a distribution of the number of distinct acoustically
tagged Atlantic sturgeon detected per month, ranging from
May to November. Here, the total detections from 2017
were used, as this was the year with the largest number
of transmittered fish returning (n = 36). These detections
were filtered by month to contain only unique fish detec-
tions, which were then used to calculate the proportion
of total yearly unique detections, and hence represent the
proportion of the total population present each month.

Data Analysis

Catchability Parameters: The annual acoustic encounter
history was analyzed using a Cormack-Jolly-Seber (CJS)
model in program MARK through the RMark interface
(RMark, 2013). This analysis estimates both the prob-
ability of apparent annual survival (@) and the probabil-
ity of return (p) of an open population (Lebreton et al.,
1992). Given that acoustic tag batteries only lasted seven
years, and that this study covers a 10-year time period,
some tags were known to have expired during the study.
As such, these tags were removed from the analysis fol-
lowing expiration. The candidate model set included all
combinations, where the estimated @ and p parameters
were either constant (c¢) or time dependent (t) (Perlut and
Strong, 2016), and the individual covariate of fork length
(fl) was included in estimating @. Program MARK ap-
plies an information theoretic approach, where all models
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Fig. 1:

Map of the Saco River Estuary, where each of the seven acoustic receivers’ locations and approximate detection range

is represented by black circles. Receivers were placed from the Cataract Dam (A) to the University of New England

Marine Science Center beach (G).

with AAIC < 2.0 are considered biologically relevant
models in explaining variation in the dataset. Biologically
significant covariates within these top ranking models
were identified as those whose 95% confidence interval
of the beta estimates did not include zero (Burnham and
Anderson, 2002).

The estimates for the @ and p parameters obtained from
the acoustic encounter history were then treated as fixed
parameters (Withers ef al., 2019) and used to determine
the number of catchable tagged fish each year (C)) via
equation 1:

€ = X T (@, %)) M

The number of fish tagged, or marked, in a study year
(m,) was multiplied by the product of the probability that
those fish survived and returned each of the following
study years (®; X p;), up to yeary, yielding the number of

Atlantic sturgeon tagged in year t that return to the system
in year y. Then, by summing across all Atlantic sturgeon
tagged in study years prior to year y, we calculated the total
number of catchable tagged fish in year y. Here, t ranged
from 2009 to 2017 and y from 2010 to 2018.

Abundance Estimate: In order to estimate abundance for
each year, we used the Lincoln-Peterson (Seber, 1986)
mark-recapture model. This estimator states the ratio of
captured marked to unmarked fish is equivalent to the
ratio of all previously marked fish to total fish abundance;
however, this model is traditionally used to estimate closed
populations, requiring the model to be reworked in order
to estimate the number of Atlantic sturgeon utilizing the
SRE, an open system where fish are not always catch-
able. As a result, the model was modified to estimate
abundance annually by using C,. Annual abundance, N,,
can be represented as:
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N, = 2

Here, annual abundance can be estimated by dividing the
catchable tagged population in a given year by the ratio of
marked (7,) to unmarked (m,) capture events in that same
year. Uncertainty in this approach can be mitigated by
incorporating prior knowledge (Madigan and York, 1995)
and recasting the Lincoln-Peterson estimator in a Bayesian
framework. We accomplished this by representing the ratio
of marked to unmarked capture events as the probability
that a captured fish is marked, or p(t),. Each year can then
be considered an individual mark-recapture experiment,
with unique yearly values of p(t),. This parameter was
then estimated separately for each year y using the rjags
package in R (Plummer, 2019). A binomial likelihood
was used, where:

YTy

Lp(1),| 5o m,) = () < p(0), (1-p(7),) (3)
Three separate beta priors were then utilized, with param-
eters (1, 1), (6, 54), and (9, 81). These three parameter-
izations represent a noninformative (uniform prior) and
two informative priors with the probability that a given
fish is tagged centered around 0.1. The informative priors
represent prior estimates, with 95% confidence, that p(t),
is between (0.038, 0.187) and (0.047, 0.169), respectively.
As the experts, these priors were selected to represent a
plausible range of p(t), values: This included the exclu-
sion of extremely low p(t), values, where low numbers of
recapture events, and correspondingly low recapture prob-
abilities, can lead to inflation bias in abundance estimation
(Haxton and Friday, 2018). Informative prior selection
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then served to prevent inflation bias by constraining the
upper bound on the abundance estimate, therefore provid-
ing a more conservative estimate of the contingent size.

We ran Markov Chain Monte Carlo estimations for each
of these priors, with an adaptive phase of 1 000 itera-
tions, followed by 10 000 iterations of draws from the
posterior distribution that were summarized to estimate
the probability of a captured fish being tagged. Model
performance was evaluated with both density and trace
plots for each of the Markov chains. The annual mean and
95% credible set abundance estimates were then obtained
using the yearly mean and 95% credible set estimates of
p(t),. Following this, every draw for each p(t), posterior
distribution was used to calculate an annual abundance
estimate, generating posterior distributions of abundance
estimates in each year. These posterior distributions were
then pooled together, with the final estimate of abundance
and the 95% credible set being taken as the mean and 95%
credible interval of the pooled distribution.

Results

Between 200918, a total of 762 Atlantic sturgeon were
conventionally tagged in the SRE. These fish ranged in
size from 65-199 cm in FL, with a mean = SD length of
127.5+23.4 cm. Of these tagged fish, 30 were recaptured
in subsequent years (Table 1). Additionally, 74 Atlantic
sturgeon were implanted with acoustic transmitters, rang-
ing from 77-190 cm in FL with amean + SD 137.1 +£23.7
cm. In 2016-18, where sampling efforts were standard-
ized, the catch per unit effort (CPUE) was 0.47 fish per
minute in a 91.4 m net.

Table 1. Summary of all model parameters utilized in calculating Ny, with p(t)y representing the parameter estimates
for the beta(1,1), beta(6,54), and beta(9,81) priors, respectively.

YEAR o P MT MY RY Cy P(T)Y

2009 0.959 1 33 33 NA NA NA

2010 0.959 1 54 55 NA NA NA

2011 0.959 0.898 96 96 NA NA NA

2012 0.959 0.903 60 64 4 155 (0.072,0.079, 0.083)
2013 0.959 1 100 103 3 186 (0.038, 0.055, 0.062)
2014 0.959 0.774 132 136 4 274 (0.036, 0.050, 0.057)
2015 0.959 0.64 60 64 4 300 (0.076, 0.081, 0.085)
2016 0.959 0.82 80 82 2 222 (0.035, 0.056, 0.064)
2017 0.959 0.619 58 64 6 237 (0.107, 0.096, 0.098)
2018 NA NA 98 104 6 175 (0.066, 0.073, 0.077)
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During the 2017 season, where the acoustic array was
deployed for 180 days, the median residency time (7,.)
was 15.5 days. The monthly distribution of the percent
of the population available for capture indicated sturgeon
abundance peaked from July to September, with roughly
20% of the contingent present during each of these three
months (Fig. 2).
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The proportion of the SRE Atlantic Sturgeon contin-
gent present by month. While sturgeon are present
for a total of six months each year, abundance peaks
from July to September.

The top ranked CIJS survival model was @, p,, which
explained ~85% of the variation in the detection data.
The probability of apparent survival @ was constant,
while the probability of return p was time dependent:
Fork length was not included in the final model. The
resulting apparent survival estimate was 0.959, and the
annual detection probability estimate varied from 0.619
to 1 throughout the study. These parameter estimates were
then used to calculate the catchable tagged population
for each year from 2012 to 2018. Abundance estimation
was not conducted until 2012 due to the small number of
individuals tagged in years prior (2009-2011). The an-
nual p(t), estimates from the Bayesian analysis with the
noninformative and two informative priors ranged from
0.035t0 0.107, with trace and density plots indicating clear
model convergence across study years and priors. Values
for p(t), and all other abundance estimation parameters
are summarized in Table 1.

The constrained Lincoln-Peterson model, for each of
the three priors, yielded overall abundance estimates of
5492 (95% Credible Interval: 1 374—17 989), 3 693 (95%
Credible Interval: 1 476-8 436), and 3 299 (95% Cred-
ible Interval: 1 462—6 828) sturgeon that utilize the SRE
over the course of the year. Estimates of abundance for
each year across the three priors are described in Table 2.

Discussion

While many current abundance estimation methods
struggle to generate reasonable estimates of abundance
for open populations, where recapture events are rare,
the present study established an alternate approach that
effectively approximated the number of Atlantic sturgeon
utilizing the SRE. Using the most informative prior (Beta
(9, 54), the initial application of this method suggested that
the SRE provides foraging habitat (Novak et al., 2017)
to approximately 3 299 Atlantic sturgeon each year. The
mean estimates from all three priors were remarkably
similar, indicating that results were primarily driven by
the data likelihood; however, the incorporation of prior
knowledge using the informative priors constrained the
95% credibility interval by significantly lowering the
upper-bound, providing a more conservative credible set
for the contingent abundance estimate. Furthermore, the
lower bound on the population estimate was robust, as
for all priors used, the data strongly suggested that the
SRE is utilized by approximately 1 400 Atlantic sturgeon
each year.

In addition to the abundance estimate, the CJS analysis
also performed well, where the top ranked model ex-
plained 85% of acoustic data variability and provided
reasonable estimates of both apparent survival and return
probability. The present study found a remarkably high
rate of annual apparent survival, 95.9%, which is consis-
tent with estimates from previous acoustic telemetry stud-
ies of sturgeon populations. For example, Withers et al.,
(2019) found survival rates of 94.6% for lake sturgeon
(Acipenser fulvescens) in Lake Erie, while Hightower
et al., (2016) found a survival rate of 86.0% for Atlantic
sturgeon in the Carolina DPS. Additionally, while all
sturgeon emigrated from the SRE each winter, the CJS
return rates suggested that 62—100% of surviving sturgeon
would return to the estuary in the following year. This
finding indicates high site fidelity and long-term usage of
the SRE within the Atlantic sturgeon GOM population,
as well as confirms findings of past studies, which found
return rates of 69% (Wippelhauser et al., 2017). Further,
these annual return rates are similar to those of Atlantic
sturgeon from the Penobscot River (up to 95%), a nearby
system deemed an important estuary for the GOM Atlantic
sturgeon DPS (Altenritter ef al., 2017). As a result of this
designation and the abundance estimate herein, the pres-
ent study suggests the SRE is also a river system critical
to the Atlantic sturgeon GOM DPS.

The SRE is a relatively small estuarine system, and so the
estimated abundance may appear disproportionately high,
but our abundance estimate is supported by other data. For
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Table 2. Yearly sturgeon abundance estimates (Ny), and 95% credible intervals, using each of the three priors.

YEAR BETA(1,1) BETA(6, 54) BETA(9, 81)
2012 2152 (1 078-6 660) 1973 (1 111-4 008) 1876 (1 172-3456)
2013 4902 (2250-17 929) 3367 (1971-7 280) 2997  (1864-5641)
2014 7585  (3750-23170) 5461 (3271-11 084) 4817  (3030-8 764)
2015 3968  (2029-11719) 3718 (2 206-7 593) 3531 (2221-6517)
2016 6266  (2664-29934) 3983 (2 260-8 993) 3476  (2112-6873)
2017 2224 (1239-5363) 2460 (1 555-4 590) 2442 (1613-4277)
2018 2654 (1 374-6 479) 2396 (1 480-4 654) 2276 (1492-3921)

example, the standardized CPUE from 2016— 2018 was
0.31 Atlantic sturgeon per hour per metre of net soaked.
A similar study on the Penobscot River had an average
annual CPUE of only 0.016 sturgeon per hour per metre
of net (Altenritter ef al., 2017), and while this is a much
larger system, both density and catch rate of Atlantic
sturgeon in the SRE are higher. Further, not all the fish are
utilizing the river system concurrently. A median residency
time of 15.5 days suggests high turnover rates within
the system, and the proportion of the contingent present
within a given month never exceeds 22%. With acoustic
data and sampling indicating sturgeon are prevalent
within the river from mid-May through mid-November
(Novak et al., 2017), the aforementioned data suggests
approximately 330 Atlantic sturgeon are within the river
during the months of July, August, and September, when
abundance is highest. Conversely, in the late spring and
autumn months, closer to 165 fish are within the river sys-
tem at any given time. In all, the abundance estimates from
this study indicate that the SRE is supporting a large, but
highly variable, contingent of Atlantic sturgeon each year.

Despite the ability to derive both reasonable population
estimates and catchability parameters within the SRE,
there are caveats to this approach. The current study
used existing software in a two-step approach, provid-
ing a mathematically simplistic and user-friendly model;
however, this required CJS parameter estimates from the
first step to be treated as fixed parameters when estimating
abundance (Dudgeon et al., 2015), and therefore uncer-
tainty in these parameters was not incorporated into the
final estimate of abundance. In addition, we assumed that
contingent size was constant across years, and as such, the
final estimate of abundance was taken as the mean from a
pooled distribution across years. Violation of this assump-
tion would require independent abundance estimates for
each study year, but abnormally low numbers of recapture
events across years may lead to high levels of uncertainty

and inflated abundance estimates (Withers et al., 2019).
Bayesian estimation can mitigate this uncertainty by
using informative priors to constrain the credible set
(Madigan and York, 1995), but increased recapture rates
are needed to provide more precise abundance estimates.
It is therefore recommended that the population estimates
produced by the methods herein are used as approximate
estimates for the magnitude of abundance, and that these
estimates are only generated when studies have many
years of mark-recapture data.

Given the assumptions of our approach, additional ef-
forts are needed to improve and refine this method of
abundance estimation. An integrated Bayesian modeling
approach would better quantify model uncertainty, but this
requires the CJS model to be coded into the rjags pack-
age (Dudgeon ef al., 2015). Additionally, shortcomings
in data collection must be addressed in order to improve
model performance: Low recapture rates continue to re-
strict mark-recapture abundance estimation effectiveness,
with large amounts of long-term data being required for
estimates to be reliable (Haxton and Friday, 2018; Withers
etal.,2019). Until further model development occurs, our
approach provides a useful method for generating prelimi-
nary estimates of fish abundance in numerous systems
where this has historically been unfeasible.
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