Vol. 51: 203-214, 2023
https://doi.org/10.3354/esr01250

ENDANGERED SPECIES RESEARCH

Endang Species Res Published July 6

VSO0

Refining capture-recapture recruitment estimation

methods for Atlantic sturgeon

M. A. Baker!, E. C. Ingram?, D. L. Higginbotham!, B. J. Irwin?, A. G. Fox*

IWarnell School of Forestry and Natural Resources, University of Georgia, Athens, GA 30602, USA
2School of Marine and Atmospheric Sciences, Stony Brook University, Stony Brook, NY 11794, USA

3U.S. Geological Survey, Georgia Cooperative Fish and Wildlife Research Unit, Warnell School of Forestry and Natural

Resources, University of Georgia, Athens, GA 30602, USA

ABSTRACT: The Atlantic sturgeon Acipenser oxyrinchus oxyrinchus was once of great commer-
cial importance in many coastal rivers of the eastern USA. Over the 19th and 20th centuries, most
historical stocks of Atlantic sturgeon were depleted by human activities. Estimating recruitment
for the remaining populations is challenging due to sampling constraints, limited age data, and
natural variability. However, recruitment estimates could inform recovery efforts. The objectives
of this study were to compare 2 modeling approaches to estimate recruitment of age-1 Atlantic
sturgeon and provide an updated index of abundance across more than a decade of sampling in
the Altamaha River, Georgia. First, we constructed capture histories of river-resident juveniles,
using capture-mark-recapture data collected from 2008 to 2020, and assigned ages based on
length—-frequency analysis. Second, we compared more traditional Huggins closed population
models and a recent nonlinear extension of Huggins models —vector generalized additive models
(VGAMs) —to estimate abundance of age-1 fish. Both model types indicated similar yearly age-1
abundance estimates (Huggins: 163 in 2017 to 3839 in 2010; VGAM: 312 in 2020 to 4448 in 2010),
but the VGAMs provided more direct interpretation for factors that might affect capture probabil-
ity (e.g. sampling effort, temperature, fish length). This study indicates that the age-1 Altamaha
River Atlantic sturgeon population has remained relatively stable over the past decade and pro-
vides a long-term baseline which will better enable managers to assess the effects of either future

restoration actions or environmental disturbances on the population.
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1. INTRODUCTION

The Atlantic sturgeon Acipenser oxyrinchus oxyrin-
chus is a long-lived anadromous species that inhabits
waters along the Atlantic coast of North America. Its
range extends from the George River in Labrador,
Canada, to the St. Johns River in Florida, USA (Vla-
dykov & Greeley 1963, Hilton et al. 2016). Historically,
this range included almost 40 rivers; currently as few
as 18 rivers are known or believed to contain spawn-
ing populations, although this estimate varies in the
literature (ASSRT 2007, Hilton et al. 2016, ASMFC
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2017, Waldman et al. 2019). Atlantic sturgeon spend
most of their lives in the marine environment but mi-
grate into the upper reaches of their natal rivers to
spawn (Vladykov & Greeley 1963, Scott & Crossman
1973). Seasonality of spawning varies substantially
across the range, with most southern populations (e.g.
Altamaha River) spawning exclusively in the fall (In-
gram & Peterson 2016, White et al. 2021) while others
(e.g. Edisto River and Ogeechee River) appear to have
genetically distinct spring and fall spawning events
(White et al. 2021). After hatching, the larvae grow
into river-resident juveniles and remain in the river
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near the freshwater—saltwater interface for at least
2 yr (Kieffer & Kynard 1993, Bain 1997, Fox et al.
2018a, Fox & Peterson 2019). Following this period
of growth and adaptation to higher salinities, river-
resident juveniles become marine-migratory juveniles
once they transition to coastal waters. These juveniles
remain in the marine and estuarine environments
until becoming sexually mature (Dovel & Berggren
1983, Bain 1997) although some individuals re-enter
natal or non-natal rivers for periods of time (Waldman
etal. 2013).

Atlantic sturgeon have experienced more than
150 yr of exploitation and overharvest, resulting in
stock declines along the entire Atlantic coast (Colli-
gan et al. 1998, ASSRT 2007). Even after the enact-
ment of a coast-wide harvest moratorium in 1998,
and despite efforts in the 1990s to work toward
recovery, most stocks continued to decline (ASMFC
1998, Kahnle et al. 2005). In 2008, the species' range
was conceptually divided into 5 distinct population
segments (DPSs) based on genetic differences
among regions (ASSRT 2007, Grunwald et al. 2008).
In 2012, 4 of the DPSs (New York Bight, Chesapeake
Bay, Carolina, and South Atlantic) were listed as
endangered under the Endangered Species Act of
1973, and the Gulf of Maine DPS was listed as threat-
ened (Federal Register 2012a,b, ASMFC 2016).
Although commercial harvest has been halted in the
US, anthropogenic influences such as incidental take
as well as habitat loss and degradation are the main
factors currently preventing Atlantic sturgeon stocks
from recovering (Collins et al. 1996, 2000, Federal
Register 2012a,b, Hilton et al. 2016).

Quantifying the abundance of a sturgeon popula-
tion, as with many wild fish populations, is a difficult
task. Beginning with the development of the Lincoln-
Petersen index (Petersen 1896, Lincoln 1930), biolo-
gists have attempted to use capture-mark-recapture
studies to quantify the number of individuals in a
population. These methods were expanded to in-
clude multiple recapture events in both open (Cor-
mack 1964, Jolly 1965, Seber 1965) and closed popu-
lations (Schnabel 1938, Darroch 1958), which
allowed for estimation of additional population level
parameters such as survival and mortality rates,
recruitment, and population growth. In 1989, Richard
Huggins proposed a collection of closed capture
models which incorporates individual covariates (e.g.
age, size) when dealing with heterogeneous capture
probabilities (Huggins 1989). Eight variations of the
Huggins models were originally proposed (Otis et al.
1978, Huggins 1991, Williams et al. 2002). Further
development of the models incorporating a vector

generalized additive model approach (VGAM) has
allowed for the inclusion of multiple environmental
covariates while using a reduced parameterization
(Yee 2015, Yee et al. 2015).

To better understand the population dynamics of
Atlantic sturgeon, previous studies using different
methods have targeted several life history stages with
varying degrees of success in estimating abundance
(Peterson et al. 2008, Waldman et al. 2013). Given the
logistical complexity of sampling adult sturgeon in the
marine environment, as well as the inability to deter-
mine in the field an individual's river of origin, the
practice of instead sampling juvenile age-1 sturgeon
has been used successfully as a method of assessing
population-level trends (Pine et al. 2001, Secor et al.
2002, Schueller & Peterson 2010). In this way, age-1
abundance is a measure of recruitment (Peterson et
al. 2000). Because age-1 juveniles reside in their natal
estuary at the same time, entire cohorts can be ef-
fectively sampled (Fox & Peterson 2019). In recent
years, several studies have estimated juvenile Atlantic
sturgeon abundance through various closed capture
models in South Atlantic DPS rivers (Fig. 1), includ-
ing the Savannah (Bahr & Peterson 2016; Huggins
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Fig. 1. Coastal rivers in Georgia, USA, where Atlantic stur-
geon maintain spawning populations. Altamaha River estu-
ary study site shown in red box
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models), Ogeechee (Farrae et al. 2009; Huggins
models), and Satilla (Fritts et al. 2016; Huggins multi-
state models). The Altamaha River in Georgia is
thought to contain one of the healthiest populations of
Atlantic sturgeon in the South Atlantic DPS (ASSRT
2007, Peterson et al. 2008); this population is also the
southernmost population that spawns consistently
(Schueller & Peterson 2010, Fritts et al. 2016, Fox et al.
2018b). However, the most recent recruitment estimate
was conducted in 2007 (Schueller & Peterson 2010) —
before Atlantic sturgeon were listed as endangered.
The current status of the Altamaha River population
(in terms of annual recruitment and consistency of re-
cruitment) is relatively unknown. Long-term sets of
recruitment data can provide insight into population
trends of a struggling species. For example, consistent
year to year recruitment, especially in increasing
numbers, might indicate a recovering population. In
contrast, inconsistent annual recruitment, especially
at low numbers of individuals, might indicate a fragile
population that is not moving toward recovery. Given
the lack of knowledge related to long term recruit-
ment trends in this river, the primary objective of this
study was to provide a long-term set of estimates of
Atlantic sturgeon recruitment (i.e. age-1 juvenile
abundance) in the Altamaha River for 2008—-2020. Our
secondary objectives were 2-fold: we sought to com-
pare the utility of a recent modeling advancement to
the estimation methods used in previous studies and
to determine the environmental effects of water tem-
perature and dissolved oxygen on capture probability
in these recruitment models.

2. MATERIALS AND METHODS
2.1. Site description

The Altamaha River, one of the largest drainage
basins east of the Mississippi River (36000 km?), is
formed by the confluence of the Oconee and Ocmul-
gee rivers and flows southeast through Georgia for
approximately 207 river kilometers (rkm) before
emptying into the Atlantic Ocean near the town of
Darien, GA (Fig. 1). The tidally influenced portion of
the river extends upwards of 54 rkm from the mouth,
and the fresh—saltwater interface typically occurs be-
tween rkm 35 and 50 during normal flows (Rogers &
Weber 1995, Sheldon & Alber 2002). Although both
of the main tributaries of the Altamaha River are
dammed above the fall line, nearly the full extent of
historically available habitat remains accessible to
Atlantic sturgeon.

2.2. Sturgeon sampling

Capture of sturgeon occurred during the summer
months (May—August) of 2008-2020 and was focused
between rkm 10 and 35 (Peterson et al. 2008, Schueller
& Peterson 2010, Peterson & Bednarski 2013, Ingram &
Peterson 2016, Fox & Peterson 2019). Sampling was
conducted approximately 8—-10 times per week at ran-
domly selected discrete sites. Thirty-eight sampling
sites were selected based on fishability and were
often separated by shallow, unfishable reaches. We
deployed anchored monofilament gill and trammel
nets perpendicular to the current for approximately
30-90 min at slack tides (for full description of sam-
pling procedures, see Schueller & Peterson 2010). The
same combination of nets (2 gill nets and 1 trammel
net) was used at all sampling sites, and captures were
combined across nets within a single sampling event.
After all nets had been retrieved, we measured the
fork length (FL) of each captured individual and
scanned it for a passive integrated transponder (PIT)
tag. If a tag was not detected, we inserted a 12.5 mm
PIT tag subcutaneously under the fourth dorsal scute.
All fish were allowed time to recover before being re-
leased. On each sampling occasion, we recorded sur-
face and bottom measurements of water temperature
(°C), dissolved oxygen (DO; mg17!), and DO saturation
(%). Methods for capture and handling of Atlantic
sturgeon were performed in accordance with relevant
state and federal guidelines and were authorized un-
der National Marine Fisheries Service Permits (nos.
16482, 17861, and 23096) and Georgia Department of
Natural Resources Scientific Collection Permits.

2.3. Data analysis
2.3.1. Age-1 capture histories

Length-frequency histograms were constructed to
assign ages to each fish captured (age-1 were 250—
500 mm FL; Figs. 2 & Sla-d in the Supplement at
www.int-res.com/articles/suppl/n051p203_supp.pdf).
The ages indicated by the modes were validated by
previous aging studies that used pectoral fin spines
from a sample of juveniles (Schueller & Peterson
2010, Bahr & Peterson 2016). After assigning an age
to each individual (using the length at first capture),
yearly capture histories were constructed where a 1
represented that an individual was captured on a
particular sampling occasion (a set of nets fished at a
site on a given day) and an O represented that an
individual was not captured on a sampling occasion.
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Fig. 2. Selected examples of length—frequency histograms and age assignments for Atlantic sturgeon captured in the Alta-
maha River, GA, USA, 2008-2010. Ages were determined based on length distributions as described in Schueller & Peterson
(2010). Histograms for all years of this study period can be found in Fig. S1

From these multi-occasion capture histories, we used
2 types of conditional likelihood models to estimate
yearly age-1 abundance for each sampling year sep-
arately.

2.3.2. Huggins closed capture models

We estimated yearly abundances of age-1 Atlantic
sturgeon (N) using Huggins closed capture condi-
tional models within the ‘RMark’' package of Pro-
gram R (Version 3.4.2; Huggins 1989, 1991, Laake
2013, R Core Team 2017, Fox & Peterson 2019).
These models can vary in form and corresponding
assumptions, which we briefly review in relation to
sampling of juvenile Atlantic sturgeon in Text S1 in
the Supplement at www.int-res.com/articles/suppl/
n051p203_supp.pdf. We included 7 traditional Hug-
gins models, which allow for differing sources of
variation within capture probability (p.) and recap-
ture probability (p;) (Table 1). We fit these models to
each year of age-1 capture data and included a
generic time-varying model where capture probabil-
ity was allowed to vary across each sampling occa-
sion, a behavioral model to account for a change in
capture probability after the initial capture, a hetero-

geneity model to account for the length of the indi-
vidual, and combinations of these.

2.3.3. Vector generalized additive models

A second modeling approach used VGAMs to in-
corporate time-varying effects while estimating a
single slope parameter for each effect (Yee 2015,
Yee et al. 2015). These models have an advantage
over the original Huggins models because they do
not require a separate capture probability para-
meter for each sampling occasion and are therefore
less subject to over-fitting in the event of small
sample sizes. We considered 7 VGAMs that in-
cluded environmental factors at the time of capture
(bottom temperature and DO) as well as the effort
(net hours) during each sampling occasion to model
differing capture probabilities (Table 2). Conse-
quently, unlike previous studies where sampling
occasion was defined as a weekly interval (Schueller
& Peterson 2010, Peterson & Bednarski 2013, Bahr
& Peterson 2016), all models within this study (both
Huggins and VGAM) defined sampling occasion to
be a set of nets (2 gill nets and 1 trammel net)
fished at 1 site on a particular day. As a result,
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Table 1. Candidate models (M) and corresponding parameter
and variable definitions for the traditional Huggins capture-
mark-recapture model set. Models differ in their restrictions
on capture probability (p.) and recapture probability (p;). FL:

fork length
Symbol Description
M, Constant capture probability; constant recap-

ture probability (model parameters: N, p)

M, Capture probability constant; recapture
probability differs from capture probability
because of behavioral change (model parame-

ters: N, po, pr)

M; Capture probability varies across K-number of
sampling events (model parameters: N, p;, j =
1,....K)

My Capture probability varies based on individual

heterogeneity (FL) (model parameters: N, py)

My, Capture probability varies across K-number of
sampling events; recapture probability differs
from capture probability because of behavioral
change (model parameters: N, p; prji j=1, ..., K)

My, Capture probability varies across K-number of
sample events and by individual heterogeneity
(parameters: N, p;, pn, j=1, ..., K)

Miph Capture probability varies across K-number of
sampling events and by individual heterogene-
ity; recapture probability differs from capture
probability because of behavioral change
(model parameters: N, pg, pji P, j=1, ..., K)

where:

N population size

K number of sampling events, from j=1, ..., K

p overall capture probability

Pe probability of first capture in a behavioral
response model

Pr probability of recapture in a behavioral
response model

pj probability of capture during sampling event j
where 1 <j< K

Pn slope parameter for capture probability in a
heterogeneity model

P probability of first capture during sampling
event jwhere 1 <j< K

Py probability of recapture during sampling event

jwhere 1 <j< K

each day was assigned as its own sampling occa-
sion, and when multiple sites were fished in a sin-
gle day, those were each assigned as unique sam-
pling occasions. Although we recognize that site
location was likely of biological relevance, the
VGAM package is not yet capable of including cat-
egorical time-varying effects, so site was not used
to model capture probability. Several single vari-
able models were included as well as models that

Table 2. Candidate models (M) and corresponding parameter
and variable definitions for the vector generalized additive
models (VGAM) set

Symbol Description

M, Capture probability varies based on effort across
sampling events (model parameters: N, p,)

M; Capture probability varies based on water
temperature (bottom) across sampling events
(model parameters: N, py)

My Capture probability varies based on dissolved
oxygen content across sampling events (model
parameters: N, pq)

Men Capture probability varies based on effort
across sampling events and by individual
heterogeneity (model parameters: N, pe, pyn)

Mgy, Capture probability varies based on tempera-
ture (bottom) across sampling events and by
individual heterogeneity (model parameters:
N, P, py)

Man Capture probability varies based on dissolved
oxygen across sampling events and by individ-
ual heterogeneity (model parameters: N, py, pp)

Mem Capture probability varies based on effort and
temperature (bottom) across sampling events
and by individual heterogeneity (model
parameters: N, pe, P, Pn)

where:

N population size

Pe slope parameter for capture probability
associated with effort

P slope parameter for capture probability
associated with temperature

Pa slope parameter for capture probability
associated with dissolved oxygen

Pn slope parameter for capture probability in a
heterogeneity model

investigated the additive effects of these multiple
predictors. Multicollinearity was evaluated using a
correlation matrix for all predictor variables, and
when 2 variables were determined to be highly
correlated (|r] > 0.7), the variable presumed to be
more biologically meaningful was retained (Booth
et al. 1994, Dormann et al. 2013). Because the
VGAM package is also not set up to provide age-
specific abundance estimates, only years with suffi-
cient age-1 capture data could be used.

2.3.4. Candidate model set

In total, 14 models were considered between the
2 approaches which sometimes allowed for various
covariates to influence capture and recapture pro-
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bability (Tables 1 & 2) for each of the 12 yr of the
age-1 capture histories. Akaike's information crite-
rion (AIC) was used to select the most plausible
model of each type from the candidate set for each
year (Akaike 1973). Following the Burnham &
Anderson (2002) recommendations regarding the
n/K ratio, corrected AIC (AIC.) was computed to
account for small sample size. Models which failed
to converge, either because of too many missing
data values or overfitting, were removed from con-
sideration. We present the top model of each type
selected from this candidate set for each year as
well as the associated age-1 abundance and 95%
confidence intervals (see Table 4). We also plotted
the annual abundance estimates from the top Hug-
gins and top VGAM each year to further compare
the 2 approaches (see Fig. 3). Confidence intervals
for the yearly abundance estimates were derived
from the model standard errors (Burnham & Ander-
son 2002). Due to low sampling effort and sample
size, no model was produced for the year 2013.

3. RESULTS
3.1. Sampling results

In all years, we were able to capture age-1 Atlantic
sturgeon in the Altamaha River. However, limited
sampling resources in 2013 meant that we were only
able to set nets during 1 sampling occasion, for a total
of just 2.1 net hours. We did not recapture any stur-
geon that year. Therefore, 2013 data are excluded
from our analyses. Over the 12 yr of data collection

(2008-2020), 3175 individual nets were set in the
Altamaha River, for a total of 2710 net hours of sam-
pling time (Table 3). Annual sampling effort varied
from 43.5 to nearly 390 net hours. We set a mean of
242 nets yr ' (SD = 128). Within each study year, the
number of sampling occasions varied from 12 to 152,
with a mean of 77. We captured a total of 6890 Atlan-
tic sturgeon; fish lengths varied from 181 to 2030 mm
FL. Sturgeon catch included 2896 unique age-1 indi-
viduals; age-1 catch varied by year from a minimum
of 12 to a maximum of 1181 (mean = 241; SD = 319)
with no consistent trend in annual catches. Of those,
273 age-1 fish were recaptured during the same sum-
mer in which they were tagged, resulting in an overall
within-summer age-1 recapture rate of 9.24 % (SD =
0.08). Annual recapture rates varied from a minimum
of 0.00 in 2014 to a maximum of 0.25 in 2017.

3.2. Abundance model results
3.2.1. Huggins closed capture models

The conventional Huggins models converged (and
were able to be used to estimate age-1 abundance) in
all sampling years. The time-varying model (M,) was
most commonly selected as the top model, although
FL was also found to be useful in some years. Behav-
ior was never used in the top model to predict cap-
ture probability (Table 4). The overall range of age-1
abundance estimates for the Huggins models was a
low of 163 individuals (95 % CI; 123-226) in 2017 to a
high of 3839 individuals (95 % CI; 3263-4550) in 2010
(Table 4, Fig. 3).

Table 3. Yearly sampling effort and catch results for age-1 (250 mm < fork length <

500 mm) Atlantic sturgeon in the Altamaha River, GA, USA, from 2008 to 2020. Sam-
pling occasion was defined as a set of nets fished at a particular site on a given day.
Total captures include all ages. All capture counts represent individual fish

3.2.2. Vector generalized
additive models

Year Sampling period Occasions Effort Total Age-1 juveniles The VGAMs Cor?verged and
(net hours) captures Marked Recaptured were used to estimate age-1
‘ abundance in 8 of the 12 yr of
2008 April 1-August29 70 182.9 332 140 15 sampling. Effort was the most
2009 May 12-August 4 82 222.0 512 378 22 ate found in th
2010 May 10-July 29 146 353.5 1622 1181 105 common covariate found in the
2011  April 6-August 5 152 389.7 1934 262 34 top VGAMs, although FL and
2012 April 9-August 1 55 372.4 316 12 1 temperature also appeared in
2013 August 30 1 21 ! 1 0 some years (all of which were
2014 May 7-June 27 24 84.8 118 56 0 "
2015 May 6-August 8 12 43.5 76 27 0 positively related to capture
2016 May 4-August 1 34 111.8 286 156 5 probability). Neither behavior
2017 April 18-July 28 99 240.5 400 24 6 nor DO were useful covariates for
2018 May 1-July 27 77 192.9 410 233 36 redictin e or i
2019 May 6-August 2 72 232.8 500 317 25 predicting - capture - probability.
2020 May 18-August? 95 283.7 384 110 24 The age-1 abundance estimates
produced from these models
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Table 4. Top models of each type used to estimate age-1 At-
lantic sturgeon abundance in the Altamaha River, GA, USA,
from 2008 to 2020. Each type of model, either Huggins (H) or
VGAM (V), allows for different sources of variability in cap-
ture probability (p.) and recapture probability (p,) through
individual specific and occasion specific covariates includ-
ing sampling occasion, occasion specific sampling effort, oc-
casion specific temperature (bottom), and fork length (see
Tables 1 & 2 for model decriptions). Akaike weights (W) and
number of parameters (K) are given for each model (only top
models for each year are shown). Resulting age-1 abun-
dance estimates and 95 % confidence intervals are provided

Year Type Model W K Age-1 95% CI
abundance

2008 H M, 055 70 673 447-1063
2008 V M, 0.50 2 695 369-1022
2009 H M, 086 82 2162 1528-3122
2009 V M, 0.82 2 2221 1293-3149
2010 H M, 0.65 146 3839 3263-4550
2010 V M, 0.74 2 4448 3532-5366
2011 H M, 0.67 152 3169 2831-3567
2011 \Y Mgy, 1.00 4 1134 760-1508
2012° H M, 052 55 214 119-399
2014* H M, 070 24 1138 327-3274
2015* H M, 067 12 333 128-969
2016 H M, 084 34 3061 1536-6275
2016V M, 0.80 2 2845 111-5578
2017¢ H M, 0.80 98 163 123-226
2018 H My, 0.57 78 841 682-1064
2018 V Mg, 0.59 3 858 616-1100
2019 H M, 085 72 1926 1437-2628
2019 V M, 0.81 2 1914 1235-2592
2020 H My, 0.59 96 340 254-479
2020 V M, 0.58 2 312 206-417
“Only Huggins models were considered for this year
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Fig. 3. Age-1 abundance estimates (+ 95 % confidence inter-
vals) of Atlantic sturgeon in the Altamaha River, GA, USA,
from 2008 to 2020. Yearly point estimates from top annual
Huggins models and vector generalized additive models
(VGAMSs) are shown with 95 % confidence intervals. Model
estimates for VGAMSs were not available for 2012, 2014,
2015, and 2017 because they failed to converge. *No data
are plotted for 2013 due to insufficient sampling

ranged from a low of 312 individuals (95% CI;
206-417) in 2020 to a high of 4448 individuals (95 %
CI; 3532-5366) in 2010 (Table 4).

3.2.3. Model comparison

The criterion-based approach used to evaluate our
population abundance models indicated that the top
models varied across sampling year. Notably, the be-
havioral effect did not appear in the top model for
any years and did not receive 20.25 Akaike weight,
indicating that our assumption of no difference in
capture probability between marked and unmarked
individuals is appropriate. The resulting age-1 abun-
dance estimates from the VGAMs were similar to
those generated by the conventional Huggins mod-
els and only differed substantially in 2 of the years
(2010 and 2011) with the greatest number of sam-
pling occasions (Fig. 3). The 4 years for which
VGAMs did not converge tended to have fewer sam-
pling occasions and lower recruitment estimates
when using the Huggins models.

4. DISCUSSION
4.1. Overview

This study provides the first 10+ year population
assessment of Atlantic sturgeon recruitment in the
South Atlantic DPS and updates abundance esti-
mates for the Altamaha River last obtained from 2004
to 2007 (Schueller & Peterson 2010).

4.2. Model comparison

The 2 types of models used in this study resulted in
comparable abundance estimates across most years;
however, the methods differed in the interpretability
of covariate effects. The more traditional Huggins
closed capture models provided estimates of recruit-
ment for every year of data (in contrast to the yearly
VGAMs which did not always converge) but gave
little information related to the interpretation of vari-
ables affecting the model parameters, p. and p,. Al-
though these models do indicate the common inclu-
sion of a time-varying effect, the specific covariates to
which 'time’ refers are never actually defined. Studies
which have used age as an individual covariate to es-
timate the model parameters have made progress in
the way of model interpretation (Bahr & Peterson
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2016); however, age is an inconvenient variable to
verify for sturgeon and other similarly threatened spe-
cies for which otolith extraction is not feasible.

In contrast to the Huggins models, the VGAM
package allowed for the inclusion of multiple contin-
uous variables for estimating p. and p,, and subse-
quently allowed for more meaningful biological
interpretation of measurable covariates, as opposed
to the vague covariate of 'time." Most notably, in this
study, occasion-specific sampling effort was featured
in the top annual model for multiple years and had a
positive association with capture probability. This
makes sense given that, although the instantaneous
capture probability of any given fish is likely similar,
increasing sampling effort within a particular sam-
pling occasion increases the potential to encounter a
given individual during that sampling occasion and
is interpreted by the model as an increase in capture
probability. After plotting the annual recruitment
estimates along with their associated confidence
intervals, we noticed that years with higher sampling
effort tended to have smaller confidence intervals
compared to years with less sampling effort. This
post-hoc observation indicates that, for this system,
150 net hours may be a reasonable target for mini-
mum yearly sampling effort (Figs. 3 & 4). Water tem-
perature (at river bottom), another covariate used to
model capture probability, was featured in the top
model for one of the sampling years. In that case, in-
creasing temperatures over the summer led to an in-
crease in predicted capture probability. This was
somewhat counterintuitive given that the water tem-
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peratures reached during the late summer approach
the maximum thermal tolerances of Atlantic stur-
geon and would be expected to cause decreased
activity (Secor & Gunderson 1998, Cech & Doroshov
2004, Niklitschek & Secor 2010). A possible explana-
tion is that the increased water temperatures pushed
juvenile sturgeon into thermal refugia in the deeper
areas where netting took place. Lastly, the inclusion
of FL resulted in a better understanding of how the
size of the individual affects its probability of capture
—something that was not possible when using age
as a covariate, due to the range of sizes within a
cohort. In these models, a positive linear relationship
was demonstrated between FL and p. representing
the increased gear efficiency when encountering
larger age-1 individuals. Given large enough indi-
viduals (e.g. adults), this relationship may no longer
be linear, but that question was outside the scope of
this juvenile-focused study.

In addition to the issue of interpretability, the 2
modeling methods also differed with regard to para-
meterization. In the Huggins models, each sampling
occasion is allowed to have its own capture probabil-
ity, which in years with large numbers of sampling
occasions, creates a cumbersome number of model
parameters and potentially results in overfitting
when numbers of observed individuals are not large
enough (Williams et al. 2002). In contrast, the addi-
tive linear nature of the VGAMs meant that time-
varying effects were included as single slope param-
eters, reducing the sample observations needed to
acquire a reasonable abundance estimate. As an
example, in 2011, when the greatest number of sam-
pling occasions occurred, the unspecified time-vary-
ing model contained parameters for each of the 155
sampling occasions. Conversely, the additive model
required only 4 parameters to estimate the effects of
sampling effort, temperature, and fork length on cap-
ture probability. This difference in parameterization
also has a large effect on model selection when using
AIC., since the small sample correction severely
penalizes models with much greater numbers of
parameters (Burnham & Anderson 2002).

Due to the limitations of the current VGAM pack-
age, there were variables of potential biological rele-
vance that could not be investigated. Location of
sampling was one such variable which may have
affected capture and recapture probabilities. Given
the heterogeneous nature of the riverine landscape,
sampling at different sites results in varying capture
rates. These variations could be due to differences in
water depth and velocity, substrate type, forage
availability, or any number of other variables that
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influence sturgeons’' behavior. However, in its cur-
rent form, the VGAM package is not configured to
recognize categorical time-varying covariates, like
sample site. Due to the multiple braided channels of
the Altamaha River estuary, our sample site locations
could not be converted to rkms or other continuous
distance units—in single-channel estuaries, this
might be a possibility. Another limitation of the soft-
ware is related to how the package estimates abun-
dance from the capture histories. In ‘RMark’, the
package used for the Huggins models, population
abundance can be estimated as group-specific (in
our case age-specific) values; even though the model
does not count the age-2+ fish as part of the age-1
estimate, it can still use data from those older cohorts
to help estimate the time-varying model parameters.
In the current version of the VGAM package, no
such group-specific abundance estimate exists. This
means that only the age-1 captures and recaptures
can be used to estimate age-1 abundance, and infor-
mation about capture probability from older cohorts
is lost. In years where the majority of captures are
age-2+ sturgeon, this may substantially affect the
model parameters and increase the size of confi-
dence intervals around the point estimates. Going
forward, the inclusion of a function that allows for
group-specific estimates in VGAM would greatly im-
prove the utility of this package for estimating stur-
geon recruitment, by allowing more complete use of
the available data.

4.3. Atlantic sturgeon recruitment

The Altamaha River is thought to host the largest
population of Atlantic sturgeon in the South Atlantic
DPS (ASSRT 2007). From 2004 to 2007, annual re-
cruitment in the Altamaha varied from 333 to 1453 in-
dividuals (Schueller & Peterson 2010). Our results in-
dicate that from 2008 to 2020, the number of recruits
varied from 163 to 4448. Although some years of this
study demonstrated much greater recruitment than
Schueller & Peterson (2010), there was no overall
temporal trend in recruitment within or between the
2 studies—the number of annual recruits did not
steadily increase or decrease over time. However,
age-1 recruits were observed in every year from 2004
to 2020 in the Altamaha River, indicating that adults
were able to successfully spawn each year. Generally,
other Atlantic sturgeon populations in the South At-
lantic DPS with available recruitment estimates ap-
pear to produce far fewer, if any, age-1 fish per year
(Farrae et al. 2009, 2016, Fox et al. 2018b). Only the

Savannah River consistently produced age-1 Atlantic
sturgeon in every year of sampling: annual recruit-
ment from 2013 to 2017 varied from 528 to 991 age-1
fish (Bahr & Peterson 2016, Cummins 2018).

Although the species has been protected from har-
vest in Georgia since 1996 (2 yr before the coastwide
moratorium; ASSRT 2007), the number of age-1
Atlantic sturgeon produced in the Altamaha River
rarely exceeds 3000 yr~'. However, a female Atlantic
sturgeon may produce >0.4 million eggs per spawn
(Van Eenennaam et al. 1996) —the fact that recruit-
ment is so low in the Altamaha River indicates that
there may be a bottleneck at the larval or juvenile
stages. Further research is needed to investigate the
survival of larval and young-of-year Atlantic stur-
geon in this river and to compare these parameters
with populations in other rivers. In addition to any
existing bottlenecks to population growth, climate
change could pose a challenge for Atlantic sturgeon.
River systems are experiencing changes in the form
of increasingly variable hydrologic regimes and in-
creased water temperatures at times of the year not
historically observed (Viger et al. 2011, Sun et al.
2013). Investigating how hydrologic variables, as
well as temperature changes, affect all life stages
(but especially the early life stages of these fish) will
likely shed some light on the mechanisms affecting
these population-level trends.

5. CONCLUSIONS

With the implementation of any new methodology,
the practical question of its usefulness over the exist-
ing methods should be investigated. In our study, the
VGAM modeling package had some advantages
over the conventional Huggins models, although it
possesses multiple limitations in its current form. If
an abundance estimate is the only desired result, as
in many monitoring programs, Huggins models
would likely be sufficient. However, these models
have limited interpretability of model parameters.
The further development of VGAM to overcome its
current limitations may offer the best of both: a rigor-
ous mathematical model capable of providing accu-
rate estimates that also allows for meaningful inter-
pretation of its parameters.

Across both modeling frameworks, the results of
this study indicate that the Altamaha River Atlantic
sturgeon population continues to demonstrate con-
sistent recruitment of age-1 fish each year. Long-
term sets of recruitment data provide managers
with insights into the effectiveness of management
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practices and allow managers to examine popula-
tion trends over time. In the Altamaha River, 17 yr
of continuous monitoring of Atlantic sturgeon re-
cruitment (2004-2007: Schueller & Peterson 2010;
2008-2020: this study) indicate that there is no con-
sistent trend (upward or downward) in recruitment.
An understanding of past recruitment can also help
with the development of realistic goals related to
species recovery and can aid in assessing the
effects of natural disasters or anthropogenic activi-
ties. Given that populations range-wide have not
seen significant increases since the 1998 morato-
rium, the conservation status of Atlantic sturgeon is
not expected to change in the near future (ASMFC
2019). However, continuous monitoring programs —
like our work in the Altamaha River—will allow
managers to access up-to-date data and make more
informed decisions as they develop future manage-
ment and recovery plans.
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