
METHODS, TOOLS, AND TECHNOLOGIES

Calculating adult sex ratios from observed breeding sex ratios for
wide-ranging, intermittently breeding species

J. E. KAHN ,1,� J. C. WATTERSON,2 C. H. HAGER,3 N. MATHIES,3 AND K. J. HARTMAN
4

1National Marine Fisheries Service, Silver Spring, Maryland 20910 USA
2U.S. Department of the Navy, Naval Facilities Engineering Command, Atlantic, Norfolk, Virginia 23508 USA

3Chesapeake Scientific, Williamsburg, Virginia 23185 USA
4Division of Forestry and Natural Resources, West Virginia University, Morgantown, West Virginia 26506 USA

Citation: Kahn, J. E., J. C. Watterson, C. H. Hager, N. Mathies, and K. J. Hartman. 2021. Calculating adult sex ratios from
observed breeding sex ratios for wide-ranging, intermittently breeding species. Ecosphere 12(5):e03504. 10.1002/ecs2.3504

Abstract. A sex ratio is one of the most basic demographic estimates produced because it is easy to col-
lect and provides deeper insight into population dynamics for the species under consideration. For incon-
sistently or intermittently breeding species, the breeding sex ratio (BSR) and adult sex ratio (ASR), both
reported as the proportion of males, can be quite different. The entire adult population of some wide-rang-
ing species may never be present and capable of being sampled in the same time and place. We explore
equations to indirectly estimate ASRs and annual abundance estimates from annual surveys of BSRs. We
sampled Atlantic sturgeon (Acipenser oxyrinchus oxyrinchus) from 2013 through 2019 and implanted acous-
tic transmitters during those sampling periods. The BSRs calculated during capture from 2015 through
2019 were 0.65, 0.75, 0.69, 0.75, and 0.64 each year. Relying on telemetry detections from the lowest poten-
tial spawning region, the expected BSRs in the same years were 0.64, 0.74, 0.67, 0.69, and 0.60, suggesting
telemetry is a reliable and passive way to estimate BSR. The BSRs were used to indirectly estimate ASR to
be approximately 0.51 (95% confidence limits of 0.43–0.58). Estimates of annual abundance derived
through sex ratios matched previously published mark–recapture estimates of the same breeding popula-
tion, but provide additional detail on abundances of each sex. For populations where BSR is more accessi-
ble, ASR and abundance estimates can be estimated with capture data and acoustic telemetry.
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INTRODUCTION

A sex ratio is a commonly used demographic
metric, typically easy to collect that provides dee-
per insight into population dynamics for species
ranging from human to wildlife. Identifying and
understanding the sex ratio of endangered popu-
lations may be particularly important because

skewed ratios in very small populations can
increase the risk of extirpation (Hays et al. 2010,
Morrison et al. 2016). The sex ratio for many spe-
cies may change through different life stages
when sex-specific mortality risks (Hairston et al.
1983, Ramula et al. 2018, Bennett et al. 2019) or
differences in longevity between sexes exist
(Austad and Fischer 2016, Cheng and Nelson
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2018, Daugherty et al. 2019). Therefore, sex ratios
at birth may not reflect adult sex ratios (ASRs;
Donald 2007), and depending on breeding strate-
gies employed, breeding sex ratios (BSRs; also
called operational sex ratios) may be dissimilar
from ASRs (Smith et al. 1984, Smith 1985, Collins
et al. 2000, Hays et al. 2010, Lasala et al. 2018,
Hager et al. 2020). Studying the two simultane-
ously can help researchers understand the rela-
tionship between ASR, BSR, and breeding
strategies (Székely et al. 2014).

Estimation of ASR and BSR can vary in com-
plexity depending on the species and/or popula-
tion being studied. When every adult individual
from the population is present in a finite location,
identifying ASR and BSR is straightforward
(O’Leary and Kynard 1986, Patricio et al. 2017).
Alternatively, species may have naturally skewed
BSR if males and females have different repro-
ductive intervals (Collins et al. 2000, Hays et al.
2010, Hager et al. 2020) or migratory behaviors
(Morrison et al. 2016). For commercially har-
vested species, sex ratios are often estimated
from harvest data (Brown et al. 1995, Wang et al.
2003, Arocha and Bárrios 2009) but these esti-
mates are not necessarily the same as the ASR
due to selective capture bias. Bias is even more
pronounced for sexually dimorphic species with
sex-dependent growth rates or sizes. To keep sex
ratios in more understandable terms, Ancona
et al. (2017) suggest estimating ASR as the male
proportion of the total population,

ASR¼ Nm

NmþNf
(1)

where Nm and Nf are the numbers of males and
females collected from within the population.

For most species, estimating ASR or BSR can
be complicated by a variety of challenges. Many
migratory fish, reptiles, birds, and mammals
temporally occupy non-reproductive habitats
where many distinct populations of the same
species overlap (Hays et al. 2010, Wheeler et al.
2016, Covino et al. 2017, Quillfeldt et al. 2017,
Freshwater et al. 2019, Turbek et al. 2019, Ponti
et al. 2020). Sexually monomorphic species may
require invasive sampling to estimate ASR
(Ancona et al. 2017). Sexual dimorphism may
create bias in capture or detection probability
(Smith et al. 1984, Smith 1985, Wang et al. 2003,
Donald 2007, Arocha and Bárrios 2009,

Rodrigues and Coelho 2016, Ancona et al. 2017).
Bias can be addressed with increased sampling
(Rodrigues and Coelho 2016) or accounting for
unequal capture or detection probability
(Ancona et al. 2017). A number of species may
have individuals that skip breeding events or
never aggregate to allow for ASR to be esti-
mated.
For this study, we sampled the endangered

Atlantic sturgeon, Acipenser oxyrinchus oxy-
rinchus, a highly migratory, iteroparous, anadro-
mous fish that exhibits intermittent breeding
(NMFS 2012). Historically, this species likely
spawned in 35 river systems from Hamilton
Inlet, Canada, to St. Johns River, Florida, but
now may be limited to approximately 22 (NMFS
2007, ASMFC 2017, Kahn et al. 2019). Atlantic
sturgeon have several distinct life stages, consist-
ing of river resident juveniles, migratory sub-
adults, and adults (Bain 1997). Determining the
sex ratio of river resident juveniles, despite a
closed population, is not possible because gona-
dal differentiation does not occur until ages 1–5
(Van Eenennaam and Doroshov 1998). Once
juveniles move offshore and become migratory
sub-adults, they are no longer available as a pop-
ulation to sample in the same time and place.
Adults eventually return to their natal streams to
make spawning runs, typically with males
maturing at younger ages and maturity being
related to size rather than age (Scott and Cross-
man 1973, Smith 1985, Caron et al. 2002, Dads-
well et al. 2017).
Annually, reproductive aggregations of Atlan-

tic sturgeon can be sampled to estimate BSR fol-
lowing the equation above, but because some
adults skip spawning events, all adult individu-
als from a single population are never present
in the same place at the same time to sample. In
the population of Atlantic sturgeon presented
here, males return approximately once every
1.13 yr and females once every 2.19 yr (Hager
et al. 2020). Estimates of the BSR of Atlantic
sturgeon in the Edisto River, South Carolina,
and Hudson River, New York, suggest 0.75–0.80
may be typical (Collins et al. 2000, Kahnle et al.
2007). Here, we present annual BSR considering
different capture probabilities, which we then
use to estimate spawning abundance of each sex
and ultimately indirectly estimate ASR of the
entire population.
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METHODS

As an endangered species, all research on
Atlantic sturgeon followed federal and state per-
mit requirements as well as standard research
protocols (Kahn and Mohead 2010).

Telemetry implantation and tracking
A select group of adult sturgeon received inter-

nal VEMCO V16P-4H, V16P-6x, or V16-6x
telemetry transmitters with 6- to 10-yr batteries.
The surgical implantation process is described in
Hager et al. (2020). The deployed transmitters
were programmed to transmit a 69 kilohertz
(kHz) signal every 70–150 s. Once lost and failed
transmitters, identified by recapturing individu-
als, were removed from the analysis, we tracked
31 male and 39 female adults.

The implanted transmitters were passively
tracked within the freshwater and saline reaches
of the York River system, a tributary to the Che-
sapeake Bay in the eastern United States, year-
round from 2014 through 2019 (Fig. 1). Passive
Vemco VR2W-69 kHz receiver stations within
the York River system helped identify the indi-
vidual transmitters present at the spawning
grounds. Because of the narrow width (most
locations <25 m) of the Pamunkey River, a tribu-
tary to the York River used preferentially by
Atlantic sturgeon for spawning, the receivers
acted as gates where every fish that passed a
receiver would be within a detectable range, veri-
fied through range studies presented by Hager
(2016). Atlantic sturgeon were determined to be
on a spawning run if they moved at least 20 km
upriver of the saltwater interface (Van

Fig. 1. Sampling location and acoustic telemetry receiver placement within the York River system, Virginia,
USA.
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Eenennaam et al. 1996, Kynard and Horgan
2002) and spent at least 17 consecutive days in
freshwater based on ad hoc observations (Hager
et al. 2020).

Capture and breeding sex ratio estimation
Atlantic sturgeon were sampled from the

spawning grounds (Pamunkey River kilometer,
Prkm, 74, York River system kilometer, Yrkm
129; Fig. 1) of the Pamunkey River during the
spawning season (August–October) from 2013
through 2019. The saltwater interface moves
depending on river flow and tides, but the fresh-
water line is generally between Prkm 29 and 34.
Sampling was conducted with custom-made gill
nets that extended from bank to bank (~91 m
long) and surface to bottom (>7 m). Nylon gill
nets had twine ranging from 0.9 to 1.2 mm and
ranged from 23 to 41 cm stretched mesh to
ensure a wide range of adult sizes were sampled.
Three nets of varied mesh sizes were set in
sequence in a 0.35-km section of river, such that
the largest mesh was set downstream and small-
est mesh in the middle. Individuals were sexed
during surgical procedures or by expressing
gametes via application of pressure to the ventral
surface moving from the anterior to posterior
ends, ending at the vent.

We calculated observed BSR (OBSR) from the
spawning grounds each year following Ancona
et al. (2017):

OBSRi ¼ Nbmi

Nbmi þNbfi
, (2)

where Nbm and Nbf are numbers of breeding males
and breeding females captured on the spawning
grounds while i refers to the year of sampling. If
capture probability is the same for each sex, then
the OBSR is reflective of the true BSR. However,
for many species, including Atlantic sturgeon, cap-
ture probability between size-differentiated sexes
is not constant. To account for this, we can incor-
porate the capture probability of each sex into Eq.
2 to produce an estimate of BSR, which is more
accurate than our estimate of OBSR.

The values for capture probability by sex were
calculated using the proportion of fish captured
of a known abundance, in this case, acoustic
telemetry transmitters that returned to the river
each year:

pxi ¼
TCxi

TRxi
, (3)

where p is the capture probability of, x, the sex
being considered each year of sampling, i. The
variable TR is a count of transmitters returning
to spawning grounds, and TC is a count of the
number of transmitters captured during sam-
pling. Transmitters were implanted into the adult
Atlantic sturgeon over the course of each spawn-
ing season. Only males were telemetered in 2013,
so the first year both sexes received transmitters
was 2014 and the first year transmitters in both
males and females returned to spawning
grounds was 2015.
We considered BSR estimates using annually

calculated capture probabilities for each sex (pxi;
Eq. 3) and also mean capture probability for each
sex (px; Eq. 4). The equation for px is

px ¼
∑
a

i¼1

TCxi
TRxi

a
, (4)

where most variables are defined in Eq. 3 and the
value, a, refers to the number of years with at
least 10 transmitters available for capture. The px
estimate limited the stochastic interannual vari-
ability observed for pxi that arose from few trans-
mitters being available for capture on the
spawning grounds some years. When we intro-
duce capture probability (pxi or px) in Eq. 2, we
produce abundance estimates of males and
females in the spawning population following
the canonical abundance estimator:

bN¼N
p
, (5)

where bN is an estimate of abundance, N is the
total number of sturgeon captured on a particu-
lar spawning run, and p is the capture probabil-
ity. We used the abundance estimates produced
in Kahn et al. (2019) to validate the use of pxi or
px, which showed px produced the most consis-
tently reliable abundance estimates, which in
turn produce more reliable BSR calculations
(Ancona et al. 2017):

BSRi ¼
Nbmi
pm

Nbmi
pm

þNbfi
pf

� � : (6)
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Here, Nbm and Nbf are still counts of breeding
males and breeding females captured and the
addition of pm and pf for each year, i, estimates
the abundance of males or females.

The 95% confidence limits (CL) of the capture
probabilities were calculated by using a standard
estimate of variance:

s2 ¼
∑
a

i¼1
pxi��px
� �2
a�1

, (7)

where each variable has been defined in the pre-
vious four equations. The 95% CLs were then
estimated from a t table using the standard devi-
ation (SD):

95%CL¼ SD� tð0:975, a�1Þ (8)

Calculation of adult sex ratio
For migratory species that reproduce intermit-

tently, resulting in a situation where all adults are
never in the same place at the same time, a calcu-
lation must be made to correlate the BSR to the
ASR. Here, we rely on telemetry observations
with assumptions to calculate the proportion of
males and females that reproduce each year. The
assumptions were that (1) transmitters are in natal
individuals and at sufficient numbers to be repre-
sentative of the population; (2) those individuals
are behaving normally; and (3) all transmitters are
detected. The individuals telemetered were veri-
fied genetically to be from the York River popula-
tion, appear to be behaving normally, and all
were detected based on the fact that if a transmit-
ter was detected once, it was detected over 1000
times. The ratio of transmitters implanted was
skewed because we did not know the sex ratio in
the population and females return less frequently
so more were needed to achieve at least 10 teleme-
tered females spawning each year.

The relationship between BSR and ASR is
described in Hays et al. (2010), who note a
skewed ASR for male loggerhead sea turtles of
approximately 0.3, but a BSR of roughly 0.5,
because the male sea turtle reproductive interval
is approximately 2.6 times as frequent as females.
We employ a similar equation here. The calcula-
tion of BSR in a given year is shown in Eq. 6 and
the average of each year’s BSR, BSR, is produced
following the methodology from Eq. 4.

An estimate of the expected BSR (EBSR) can be
produced by assessing transmitter returns dur-
ing a given year using the equation:

EBSRi ¼
TRmi
TALmi

TRmi
TALmi

þ TRfi
TALfi

� � , (9)

where TR is the number of transmitters returning
and TAL is the number of transmitters at large
for each sex, during each year, i. Transmitters at
large were inferred from the final detection
recorded for each transmitter, such that a detec-
tion of a transmitter implanted in August of 2014
and last detected in October of 2019 was known
to be at large during 2016 even if there were no
detections of that transmitter during that spawn-
ing season. Expected BSRs were calculated based
on transmitters returning to a lower station
(Prkm 49; approximately 20 km above the salt-
water interface), a middle station (Prkm 74), and
upper station (Prkm 89). As in Eq. 4, the average
EBSR, EBSR, can be calculated.
The number of males to each female for the

entire population is a ratio of mean calculated
BSR, derived from OBSR and corrected with cap-
ture probabilities, p, to the mean expected BSR,
EBSR. When we apply this ratio to Eq. 1, which
calculates ASR for a population, we produce the
following equation:

ASR¼
BSR
EBSR

BSR
EBSR

þ1
� � , (10)

This equation produces an estimate of ASR for
populations even when all members of the popu-
lation are never present in the same place at the
same time.

RESULTS

From 2014 through 2019, a minimum of 44 and
maximum of 86 unique Atlantic sturgeon were
captured each year (Table 1). Observed BSRs
were corrected for differences in capture proba-
bility between sexes. At least 10 telemetered
males returned every year during the 5 yr from
2015 through 2019 and in 2018 and 2019 at least
10 telemetered female sturgeon returned
(Table 2). Male capture probability in those years
was 0.38, 0.50, 0.45, 0.29, and 0.35 for a mean
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male capture probability of 0.39 (95% CL,
0.56–0.23). Female capture probability in 2018
and 2019 was 0.20 and 0.33 for a mean capture
probability of 0.27 (95% CL, 0.45–0.08).

The BSR, presented as proportion male in
Table 1, ranged from 0.64 in 2019 to 0.75 in 2016
and 2018. When correcting BSR, we produced
estimates of male and female abundance on
spawning runs in those years, which were vali-
dated with estimates from Kahn et al. (2019) in
the table. Point estimates of spawning run abun-
dance and 95% CLs from 2014 through 2019
were produced for each sex participating in those
runs (Table 1). Spawning abundance most years
typically ranged from 150 to 225 adults.

From 2015 through 2019, 22, 19, 20, 21, and 20
male transmitters, respectively, and 2, 2, 3, 10,

and 16 female transmitters, respectively, returned
to spawning habitats in the Pamunkey River.
During those years, 25, 23, 26, 25, and 26 male
transmitters and 4, 7, 8, 26, and 29 female trans-
mitters were present in the population (Table 2).
The calculated BSR values (Eq. 6) were 0.65, 0.75,
0.69, 0.75, and 0.64 for the same time period
(Table 1).
The expected BSR values at Prkm 49, 74, and

89 varied based on the number of telemetered
sturgeon that made it to each station (Table 2).
Eq. 9 produces expected BSR values at the low-
est possible spawning location of 0.64, 0.74, 0.67,
0.69, and 0.58 from 2015 through 2019 (Table 3).
These expected BSR values increase moving
upriver as males are more often detected at all
stations. A comparison of expected to calculated

Table 1. Annual record of numbers of males and females captured, resulting abundances of each sex when
capture probability (Eq. 4) is considered, breeding sex ratio (Eq. 6), spawning run abundance calculated in this
study, and validated by published estimates in Kahn et al. (2019).

Year Males Male abundance Females Female abundance BSR N/p 95% CL Jackknife† 95% CL†

2014 46 117 11 41 0.74 158 127–189 152 115–215
2015 49 125 18 68 0.65 192 154–230 182 145–243
2016 44 112 10 38 0.75 149 120–179 219 166–298
2017 59 150 18 68 0.69 218 175–260 215 167–292
2018 36 92 8 30 0.75 122 98–145 154 112–222
2019 60 153 23 86 0.64 239 192–286 330 257–434

Note: Abbreviations are BSR, breeding sex ratio; N, number captured; p, capture probability; CL, confidence limits.
† From Kahn et al. (2019), presenting the optimal model suggested for estimating abundance and including the 2019 spawn-

ing abundance.

Table 2. Identification of male (a) and female (b) transmitter returns (TR) at Pamunkey rkm 49, 74, and 89 and
transmitters at large (TAL) during that spawning season, used to produce rates of return for each sex at each
location.

Year TR Prkm 49 TR Prkm 74 TR Prkm 89 TAL Rate Prkm 49 Rate Prkm 74 Rate Prkm 89

(a) Male
2014 8 8 6 9 0.89 0.89 0.67
2015 22 22 15 25 0.88 0.88 0.60
2016 19 19 18 23 0.83 0.83 0.78
2017 20 20 15 26 0.77 0.77 0.58
2018 21 21 20 25 0.84 0.84 0.80
2019 20 20 18 26 0.77 0.77 0.69

(b) Female
2014 0 0 0 0 NA NA NA
2015 2 2 1 4 0.50 0.50 0.25
2016 2 2 1 7 0.29 0.29 0.14
2017 3 3 0 8 0.38 0.38 0.00
2018 10 10 8 26 0.39 0.39 0.31
2019 16 12 5 29 0.55 0.41 0.17

Note: NA is not applicable.
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BSR values (Fig. 2) shows consistent values at
the lower and middle stations, but males are
more common in upriver locations. At Prkm 49
and 74, observed BSR values are very similar to
expected BSR values. Relying on expected BSR
values at lower Pamunkey River stations to
ensure detection of all individuals on the spawn-
ing run, Eq. 1 produces an overall population
ASR of 0.51 with 95% CLs between 0.43 and
0.59.

DISCUSSION

For highly migratory species with intermittent
reproduction, resulting in an adult population
that is never congregated in the same time and
place, estimating the adult sex ratio can be

accomplished indirectly by observing the breed-
ing sex ratio and proportion of the telemetered
individuals participating in each breeding sea-
son. For the York River Atlantic sturgeon popula-
tion, males make up approximately 51% of the
adult population with 95% confidence limits
ranging from 43% to 58%. Each year, the calcu-
lated BSR values (Eq. 6) were always slightly
higher than the expected BSR values (Eq. 9)
despite correcting for differences in capture prob-
ability (Tables 1, 2). Had we not addressed cap-
ture probability, the ASR calculations would
have been more heavily skewed. Because only
two years of at least 10 female transmitters
returning were available to determine female
capture probability, our estimate likely does not
encompass a full range of variability around the
true mean capture probability. However, the
agreement in abundance estimates produced
here and in Kahn et al. (2019) suggests the esti-
mate of capture probability is likely accurate
(Table 1).
Using telemetry to estimate BSR produces esti-

mates that are very similar to the observed BSR
produced through extensive and expensive cap-
ture recapture efforts (Tables 1, 3). For Atlantic
sturgeon, we found females spawned in different

Table 3. Expected BSR at the lower, middle, and upper
Pamunkey River stations between 2015 and 2019.

Year Prkm 49 EBSR Prkm 74 EBSR Prkm 89 EBSR

2015 0.64 0.64 0.71
2016 0.74 0.74 0.85
2017 0.67 0.67 1.00
2018 0.69 0.69 0.72
2019 0.58 0.65 0.80

Fig. 2. Expected BSRs at Prkm 49 (gray triangle), Prkm 74 (gray diamond), and Prkm 89 (gray circle) along
with calculated BSR (yellow square) for each year.
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locations throughout the spawning reach while
males seem to cover nearly the entire area seek-
ing ovulating females. This is important because
it suggests male movements can be used to
define spawning areas in a particular year, but
for calculating the BSR in that year, a station(s)
with all adults present is best. The Pamunkey
River is narrow and effectively linear, meaning
all sturgeon pass the lowest station on their way
to further upriver locations where more males
are detected. Calculating the BSR in the lowest
reach where all individuals meet the pre-deter-
mined definition of spawning is most accurate.
For other species with large, three-dimensional
study areas, it is important to be able to detect all
telemetered reproductive individuals to produce
the best BSR estimate. The other problem our
limited female transmitters from 2015 through
2017 helped identify was that individual variabil-
ity can have an outsized effect on BSR when few
transmitters are present. In 2018 and 2019, when
more than 10 telemetered males and females
returned to spawn, the BSR estimates in upper
and lower stations were more similar to what we
observed during capture events (Table 3, Fig. 2).

We had anticipated the ASR would be slightly
skewed toward males because males reach sex-
ual maturity at a younger age (Dovel and Bergg-
ren 1983, Smith 1985). The sex ratio can become
skewed if there are differences in age at matura-
tion, survival between the sexes, selective mix-
ing/migrating, small population sizes, or
selective harvest removal (Hays et al. 2010, Cole-
man et al. 2011, Székely et al. 2014, Morrison
et al. 2016, Ancona et al. 2020). Survival in this
population, estimated over a 6-yr period, ranges
within 95% confidence limits for males and
females from 91.4% to 99.8% and 83.4% to 99.4%
(J. E. Kahn et al., unpublished manuscript). If
adults have high annual survivorship until
senescence, a 6-yr study design would not have
detected whether females live longer than males.
However, if females live longer and males
mature earlier, that would balance the ASR. We
are not aware of studies suggesting female Atlan-
tic sturgeon longevity differs from male, but this
may be an interesting topic of future research.

As Székely et al. (2014) note, studying BSR and
ASR simultaneously can shed light on breeding
strategies employed by species. In the case of
Atlantic sturgeon, BSR differs considerably from

ASR due to their breeding strategy. Skewed BSRs
are often considered evidence of population
stress (Lens et al. 1998, Ingraldi 2005, Steifetten
and Dale 2006). However, for a highly fecund
species like Atlantic sturgeon (Mitchill et al.
2020), such an approach may be more likely to
increase genetic diversity, particularly when eggs
are fertilized externally. Female sturgeon release
their eggs directly above the benthos and the
nearest male has the highest likelihood of suc-
cessfully fertilizing the most eggs. Therefore,
males battle to be in close proximity, either
beside or above the female in the act of spawn-
ing. This implies a BSR exceeding 0.75 may be
sub-optimal as a breeding strategy for the popu-
lation. When Atlantic sturgeon BSR exceeded
0.75, as an estimate of 0.8 in the Hudson River
(Kahnle et al. 2007), there was a simultaneous
recruitment failure (Peterson et al. 2000) and fish-
ery closure (ASMFC 1998). In addition, Atlantic
sturgeon females require 2.19 yr between spawn-
ing events, while males need only 1.13 yr (Hager
et al. 2020), so a population-level balance of a
roughly even ASR maintains this BSR (Hays
et al. 2010, Székely et al. 2014). Similar BSRs have
been estimated for other Atlantic sturgeon
spawning populations (Collins et al. 2000) but
are notably different from those reported from
commercial harvest (Smith et al. 1984, Dadswell
et al. 2017).
Incorporating capture probability into the cal-

culation of BSRs also produces an estimate of
annual breeding abundance. Kahn et al. (2019)
examined 11 different closed population models
to estimate annual breeding abundance of this
population, confirming the modeling done by
Grimm et al. (2014) that the jackknife model (Mh)
produced the most reliable estimates. Table 1
shows the estimate produced using the capture
probability derived in this study with the jack-
knife model used previously (Kahn et al. 2019)
and reveals the point estimates and 95% confi-
dence limits are very similar. Additionally, the
estimates relying on capture probability provide
estimates of the abundance of each sex of Atlan-
tic sturgeon during a breeding period for the first
time since the commercial fishery (Kahnle et al.
2007), which is critical to understanding popula-
tion dynamics and recovery potential. In addi-
tion to being difficult to estimate ASR for adults
of a population that is never in the same place at
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the same time, it is also difficult to estimate the
total adult abundance. Kahnle et al. (2007)
demonstrated it is possible to estimate the total
adult abundance by calculating the capture prob-
ability from the entire population (Kahnle et al.
2007) but it may also be possible to estimate total
abundance indirectly using ASR in the same way
we were able to estimate ASR indirectly from
BSR.

Estimating BSRs each year can be labor-inten-
sive. This study shows expected BSRs (Eq. 9)
were nearly identical to BSRs (Eq. 6) each year.
As various forms of acoustic and radio telemetry
continue to improve animal movement data
across diverse taxa (Iverson et al. 1996, Steward
1997, Kjellén et al. 2001, D’Angelo et al. 2005,
Schofield et al. 2009, Fossette et al. 2014), a
greater insight into the BSRs for various species
will emerge. This study provides validation that
over time relatively few telemetry transmitters
can provide similar sex ratio estimates as higher
intensity mark–recapture studies.
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Székely, T., F. J. Weissing, and J. Komdeur. 2014. Adult
sex ratio variation: implications for breeding sys-
tem evolution. Journal of Evolutionary Biology
27:1500–1512.

Turbek, S. P., E. S. C. Scordato, and R. J. Safran. 2019.
The role of seasonal migration in population diver-
gence and reproductive isolation. Trends in Ecol-
ogy and Evolution 2332:1–12.

Van Eenennaam, J. P., and S. I. Doroshov. 1998. Effects
of age and body size on gonadal development of
Atlantic sturgeon. Journal of Fish Biology
53:624–637.

Van Eenennaam, J. P., S. I. Doroshov, G. P. Moberg, J.
G. Watson, D. S. Moore, and J. Linares. 1996.
Reproductive conditions of the Atlantic Sturgeon
(Acipenser oxyrinchus) in the Hudson River. Estuar-
ies 19:769–777.

Wang, S.-P., C.-L. Sun, and S.-Z. Yeh. 2003. Sex ratios
and sexual maturity of swordfish (Xiphias gladius
L.) in the waters of Taiwan. Zoological Studies
42:529–539.

Wheeler, C. R., A. J. Novak, G. S. Wippelhauser, and J.
A. Sulikowski. 2016. Using circulating reproductive
sex hormones for sex determination of Atlantic stur-
geon (Acipenser oxyrinchus oxyrinchus) in the Saco
River estuary, Maine. Conservation Physiology 4:1–9.

 v www.esajournals.org 11 May 2021 v Volume 12(5) v Article e03504

METHODS, TOOLS, AND TECHNOLOGIES KAHN ETAL.


