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Abstract

Skipped spawning occurs in many annual spawning fish species and should be evaluated to effectively manage
their populations. We assessed plasma sex steroid concentrations and measured gonad size and ovarian follicle
diameter as metrics to nonlethally identify mass ovarian follicular atresia (i.e., skipped spawning) in Burbot Lota
lota. We maintained wild fish in captivity and exposed them to increasing water temperatures during a 3-wk
period before the spawning season to induce mass ovarian follicular atresia. We collected ovarian follicles,
blood plasma, and gonadal sonograms from fish weekly between January 28, 2018, and March 25, 2018. We
histologically analyzed ovarian follicles to confirm stage of maturity. We measured concentrations of plasma sex
steroids testosterone (T) and estradiol-17b (E2) by radioimmunoassay. We measured gonad diameter and
circumference by ultrasonography and ovarian follicle diameter by image analysis. Mean plasma T concentration
decreased from 8.94 ng/mL during late vitellogenesis to 1.83 ng/mL during atresia, suggesting that plasma T
concentrations may be used to identify mass ovarian follicular atresia. We do not recommend using plasma E2
concentrations to identify mass ovarian follicular atresia because E2 concentrations rapidly decreased during
the completion of vitellogenesis and the initiation of atresia in Burbot; therefore, plasma E2 may not accurately
identify mass ovarian follicular atresia. Mean gonad diameter measured by ultrasonography decreased from 4.05
cm during late vitellogenesis to 3.65 cm during atresia. Mean diameter of ovarian follicles decreased during the
final week of the study, suggesting that ovarian follicle diameter may be used to identify advanced mass
ovarian follicular atresia. The nonlethal tools assessed—plasma sex steroid concentrations, ultrasonography, and
ovarian follicle diameter—enable fisheries biologists to determine the occurrence and frequency of mass
ovarian follicular atresia among Burbot in Lake Roosevelt and may be applied to other Burbot populations.
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Introduction

Fisheries scientists have long recognized the impor-
tance of including indices of reproductive potential, such
as sex ratio, population reproductive structure, and
spawning periodicity, in modeling population growth
(Trippel 1999; Jørgensen et al. 2006; Morgan 2008;
Lowerre-Barbieri et al. 2011; Morgan et al. 2011; Maskill
et al. 2022). Fisheries management routinely uses
spawning stock biomass as an index of reproductive
potential to predict population growth and inform
management actions. However, spawning stock biomass
assumes that all females of a certain size or age spawn at
the most frequent interval (i.e., annual spawners spawn
annually) and does not account for variation in spawning
periodicity, first referred to as ‘‘skipping reproduction’’
(Trippel 1999) and now referred to as ‘‘skipped
spawning’’ (Rideout et al. 2005). Skipped spawning has
been documented in many fish species and is the failure
of an individual to spawn during a reproductive cycle
(Rideout et al. 2005; Rideout and Tomkiewicz 2011).
Models using spawning stock biomass (i.e., not account-
ing for skipped spawning among females) may overes-
timate future population sizes and lead to ineffective
management actions (Rideout and Tomkiewicz 2011).

Previous research has described three forms of
skipped spawning in female fish: resting, retaining, and
reabsorbing (Rideout et al. 2005; Rideout and Tomkie-
wicz 2011). Resting refers to mature (i.e., capable of
spawning) females that do not enter the reproductive
cycle by maintaining all ovarian follicles in the primary
growth stage (i.e., previtellogenic), whereas retaining
refers to mature females that produce fully developed
ovarian follicles that are never released (Rideout and
Tomkiewicz 2011). Reabsorbing refers to mature females
that enter the reproductive phase (i.e., begin vitellogen-
esis), but ovarian follicles ultimately undergo mass
atresia (Rideout and Tomkiewicz 2011).

Ovarian follicular atresia is the breakdown and removal
of ovarian follicles from the ovary to recover and recycle
the materials (Grier et al. 2009; Wootton and Smith 2014).
Ovarian follicular atresia is common in female teleosts
and is thought to maintain ovarian homeostasis by
controlling the number of developing ovarian follicles
(Tyler and Sumpter 1996; Lubzens et al. 2010). However,
increased levels of ovarian follicular atresia can be
initiated by stress, fasting, environmental contaminants,
light, temperature, confinement, or inadequate hormone
levels (Miranda et al. 1999; Lubzens et al. 2010). Mass
ovarian follicular atresia (i.e., the majority of ovarian
follicles undergoing atresia) results in skipped spawning
during a reproductive cycle (Rideout et al. 2000, 2005).

Skipped spawning is difficult to detect, often requiring
invasive or lethal sampling methods. Gonadal histology

is the most accurate method to identify mass ovarian
follicular atresia in fishes, but requires sacrificing the fish
(Rideout et al. 2005). It is possible to visualize atretic
follicles in stained histological sections (Corriero et al.
2021) or in unstained histological sections under
fluorescence microscopy highlighting lipofuscins (Medi-
na et al. 2021). Talbott et al. (2011) used plasma sex
steroid concentrations to nonlethally identify mass
ovarian follicular atresia in White Sturgeon Acipenser
transmontanus. Ovarian follicles undergoing atresia cease
to synthesize sex steroids, resulting in decreased plasma
sex steroid concentrations (Linares-Casenave et al. 2002;
Webb et al. 2002; Talbott et al. 2011) and decreased size
due to the yolk being phagocytized and resorbed
(Miranda et al. 1999).

The purpose of this study was to assess nonlethal tools
to identify mass ovarian follicular atresia in Burbot Lota
lota, a determinate and total spawning teleost. Previous
studies have documented variation in spawning period-
icity in several Burbot populations: approximately 15% of
adult female Burbot in the Tanana River, Alaska, and 30%
of adult female Burbot in the Bothnian Bay, Finland, were
thought to skip spawning during the annual reproduc-
tive cycle (Pulliainen and Korhonen 1990; Evenson 2000);
however, it is unknown whether these females initiated
mass ovarian follicular atresia. Assessing the frequency of
skipped spawning via mass ovarian follicular atresia
among female Burbot enables fisheries biologists to
monitor for nonoptimal environmental conditions that
are known to cause skipped spawning, such as
temperature alterations and environmental pollution
(Corriero et al. 2021). In addition, accounting for the
decreases in a population’s reproductive potential via
mass ovarian follicular atresia among females enables
fisheries biologists to more accurately model population
growth and establish effective harvest regulations.

Study Area

Lake Roosevelt is located in northeastern Washington
and formed after the construction of Grand Coulee Dam
on the Columbia River. It is 1–3 km wide, with a
maximum depth of 122 m, and extends 241 km
upstream from Grand Coulee Dam to the Canadian
border (Polacek et al. 2006). Lake Roosevelt supports
many recreational fisheries, including a Burbot fishery.
The Burbot fishery is relatively small, with approximately
485 angler trips (2,942 angler h) and 1,325 harvests per y,
as estimated from creel survey data (Spokane Tribe of
Indians, unpublished data). However, estimates may be
low because the creel survey design does not adequately
capture the Burbot fishery, which often occurs at
nonsurvey shoreline locations and at night. Thus, the
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Burbot fishery may be underused and able to support
greater harvest (CTCR 2018).

Methods

Fish collection and maintenance

The Confederated Tribes of the Colville Reservation
collected adult Burbot for laboratory research from Lake
Roosevelt in October 2017. They set baited cod (genus
Gadus) traps shallower than 10 m to prevent barotrauma
in captured fish and retrieved traps the following day.
They tagged each fish with a passive integrated
transponder and transferred 45 fish to the Bozeman Fish
Technology Center, Bozeman, Montana. For this study,
we kept a subset of 10 fish in two 300-L circular tanks
(91.4 3 45.7 cm) under a natural light cycle and
constantly provided fish with live Rainbow Trout
Oncorhynchus mykiss (150 mm) as feed. Burbot spawn
at temperatures of 1–48C in February or March (McPhail
and Paragamian 2000); therefore, we increased water
temperature from 5 to 118C during a 2-wk period before
the spawning season to induce mass ovarian follicular
atresia (Figure 1). We attained maximum temperature by
February 14, 2018.

Biological sampling

We repeatedly sampled 10 females in the late stages
of gametogenesis each week from January 29, 2018, to
March 25, 2018. We anesthetized fish by using 50 ppm
tricaine methanesulfonate (MS-222) and continuously
supplied fresh water to their gills during sampling. We
collected an ovarian follicle sample, blood sample, and
gonadal sonogram from each fish.

Histology
We collected ovarian follicles by inserting a flexible

catheter (Tygon tubing, 4-mm internal diameter, 6-mm
external diameter) through the urogenital pore into the
ovary and then applied suction by mouth (Rottmann et
al. 1991; Figure 2). Given that Burbot have group
synchronous gonadal development, we assumed that
the sample was representative of the entire ovary. We
preserved a subset of collected ovarian follicles (n ¼ 30)
in a 10% solution of phosphate-buffered formalin. We
then embedded ovarian follicles in paraffin wax,
sectioned them at 5 lm, and stained the sections with
hematoxylin and eosin or periodic acid-Schiff for
histological analysis (Luna 1968). We examined ovarian
follicles under a DM compound scope (3250–450; Leica
Biosystems Inc., Lincolnshire, IL) and assigned a stage of
maturity by using our previous description of gameto-
genesis in female Burbot (McGarvey et al. 2020; Table 1).
Because females assessed lethally with equal to or
greater than 50% of vitellogenic oocytes undergoing
atresia were not likely to spawn (Hunter and Macewicz
1985), we classified fish as atretic (stage 9) if histological
signs of atresia (i.e., thickened and deformed follicular
layers) were evident in more than 75% of ovarian follicles
to be conservative with our classification. We assumed as
per Rideout and Tomkiewicz (2011) that atresia contin-
ued, leading to the eventual resorption of all ovarian
follicles.

Plasma sex steroids
We collected blood from the caudal vasculature by

using a heparinized 3-mL syringe with a 22-gauge
needle (Webb et al. 2002). We separated plasma by
centrifugation (1,228 3 g for 5 min) and stored plasma
at �808C until analysis. We extracted testosterone (T)
and estradiol-17b (E2) from the plasma following the
methods of Fitzpatrick et al. (1987). In brief, we
extracted steroids twice from 100 lL of plasma with
2 mL of diethyl ether. We vigorously vortexed tubes
with ether and removed the aqueous phase by snap-

Figure 1. Thermal profile on which we maintained adult female
Burbot Lota lota at the Bozeman Fish Technology Center,
Bozeman, Montana. We increased water temperature from 5 to
118C during a 2-wk period before the spawning season (from
January 1, 2018, to February 14, 2018) to initiate mass ovarian
follicular atresia.

Figure 2. Collection of ovarian follicles by insertion of a flexible
catheter through the urogenital pore into the ovary of an adult
female Burbot Lota lota in February 2018.
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freezing in liquid nitrogen. We resuspended extracted
steroids in 1 mL of phosphate-buffered saline with
gelatin. We determined extraction recovery efficiencies
for T and E2 by adding tritiated steroids to tubes
containing pooled plasma (n ¼ 4) and then we
extracted as described above. Extraction recovery
efficiencies were 87–91% for T and 80–87% for E2.
We corrected all steroid concentrations for the
extraction recovery efficiency.

We quantified plasma T and E2 concentrations by
radioimmunoassay as described by Fitzpatrick et al.
(1986) and modified by Feist et al. (1990). We assayed
samples in duplicate. For quantified plasma sex steroid
concentrations below the minimum quantifiable con-
centration of the radioimmunoassay, we assigned the
minimum quantifiable concentration (n ¼ 1 for T; n ¼ 5
for E2; see Supplemental Material, Data S1). For plasma
sex steroid concentrations that were not quantifiable
(below the assay detection limit), we assigned half of the
minimum quantifiable concentration for statistical pur-
poses (n ¼ 0 for T; n ¼ 15 for E2; Data S1; Croghan and
Egeghy 2003). The intra- and interassay coefficient of
variation for all assays was less than 5 and 10%,
respectively.

Ultrasonography
We used an Edge ultrasound machine (SonoSite Inc.,

Bothell, WA) with a linear transducer (6–15 MHz) to
measure gonad size in anesthetized fish. We used the
Small Parts exam type with the optimization set to
general. We set the ultrasound scanning depth between
2.2 and 2.8 cm. We oriented fish ventral side up and
placed the ultrasound transducer on the abdomen to
locate the right gonad. We always measured the right
gonad for standardization. We scanned the gonad until
the perceived maximum cross section was in view
(Blythe et al. 1994; Evans et al. 2004). The gonad was
elliptical, with major and minor axes. We defined gonad
diameter as the length of the major axis and measured
gonad diameter (6 0.01 cm) by using the ultrasound

caliper function (McGarvey et al. 2021). We assigned a
value of 5.11 cm (the width of the ultrasound transducer)
if the gonad was wider than the ultrasound transducer
and unmeasurable (McGarvey et al. 2021). We measured
gonad circumference in the same location by using the
ultrasound caliper function on manual trace (McGarvey
et al. 2021). We did not measure circumference if the
gonad was wider than the ultrasound transducer (. 5.11
cm).

Ovarian follicle diameter
We collected ovarian follicles (described above) by

inserting a flexible catheter through the urogenital
pore into the ovary and then applying suction by
mouth. We preserved a subset of collected ovarian
follicles (n ¼ 20) in Ringer’s solution (Dettlaff et al.
1993). We measured 15 ovarian follicles (6 1.0 lm;
Johnson 1971) from each female by image analysis by
using SPOT Advanced software (SPOT Imaging, Ster-
ling Heights, MI).

Data analyses
We used linear mixed effects models for mean

comparisons (plasma sex steroid concentrations, gonad
diameter, and ovarian follicle diameter) among stages of
maturity and weeks (ovarian follicle diameter only) while
accounting for repeated measures among individuals
(e.g., plasma sex steroid concentration ~ stage of
maturity þ (1jfish ID)). We determined gonad diameter
and ovarian follicle diameter data to be normally
distributed by examining the fitted model residuals. We
determined steroid (T and E2) data to be nonnormally
distributed and normalized steroid data by using the loge

transformation for analyses. We followed the mixed
effect model indicating differences in ovarian follicle
diameter among weeks by a pairwise mean comparison
using a Bonferroni correction. We completed all statis-
tical analyses using R software (version 3.3.2; https://cran.
r-project.org). Data are presented as mean 6 SD.

Table 1. Description of gonadal stages of maturity in female Burbot Lota lota assigned by histological analysis of ovarian follicles
from McGarvey et al. (2020).

Sex Stage of maturity Description

Female Oogonial proliferation (1) Oogonia and potentially a few primary growth oocytes

Primary growth (2) Primary growth oocytes and oogonia

Cortical alveolar (3) Cortical alveoli on periphery of ovarian follicles

Early vitellogenic (4) Yolk granules accumulating in periphery of ovarian follicles, cortical alveoli on periphery of

ovarian follicles, one layer of zona radiata

Midvitellogenic (5) Yolk globules with a mean diameter of 7.93 lm (5.97–9.89 lm; 95% CI) accumulating toward

center or may be present throughout ovarian follicles, few cortical alveoli on periphery of ovarian

follicles, one layer of the zona radiata

Late vitellogenic (6) Yolk fusing into larger globules with a mean diameter of 19.62 lm (14.55–24.69 lm; 95% CI)

throughout ovarian follicle, one layer of zona radiata, central germinal vesicle (i.e., nucleus)

Ripe (7) Yolk fused but not completely coalesced in all ovarian follicles, offset germinal vesicle

Postovulatory (8) Postovulatory follicles present with primary growth oocytes

Atretic (9) Greater than 75% atretic ovarian follicles, no postovulatory follicles present with primary growth

oocytes
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Results

Histology
All females were late vitellogenic (stage 6) on January

28, the beginning of the study (Table 2; Data S1).
Females initiated atresia at varying times of the study. All
females were atretic (stage 9) by March 19 (Table 2).

Plasma sex steroids
Plasma T concentrations varied from 0.35 to 23.47 ng/

mL. Concentrations differed between stages of maturity
(F ¼ 94.57; df ¼ 1; P , 0.001). Plasma T concentration
decreased from 10.30 6 5.06 ng/mL (mean 6 SD) during

late vitellogenesis (stage 6) to 2.41 6 1.58 ng/mL during
atresia (stage 9; Table 3; Data S1). Plasma E2 concentra-
tions varied from nondetectable to 12.61 ng/mL.
Concentrations differed between stages of maturity (F
¼ 60.49; df ¼ 1; P , 0.001). Plasma E2 concentration
decreased from 3.34 6 2.91 ng/mL (mean 6 SD) during
late vitellogenesis (stage 6) to 0.29 6 0.31 ng/mL during
atresia (stage 9; Table 4; Data S1).

Ultrasonography
Gonad diameter measured by ultrasonography varied

from 2.55 to 5.11 cm (the maximum value capable of
being measured by the ultrasound transducer) and
differed between stages of maturity (F ¼ 7.58; df ¼ 1; P
¼ 0.008). We assigned one individual (n ¼ 1) a value of
5.11 cm for gonad diameter and no value for gonad
circumference because the gonad was too wide to be
measured. Gonad diameter measured by ultrasonogra-
phy decreased from 4.05 6 0.60 cm (mean 6 SD) during
late vitellogenesis (stage 6) to 3.65 6 0.50 cm during
atresia (stage 9; Table 5; Data S1). Gonad circumference
measured by ultrasonography varied from 6.60 to 11.10
cm and did not differ between stages of maturity (F ¼
1.10; df ¼ 1; P ¼ 0.298). Gonad circumference measured
by ultrasonography was 9.53 6 1.23 cm (mean 6 SD)
during late vitellogenesis (stage 6) and 9.04 6 1.24 cm
during atresia (stage 9; Data S1).

Ovarian follicle diameter
Ovarian follicle diameter varied from 501 to 825 lm

and did not differ between stages of maturity (F ¼ 1.73;
df¼ 1; P¼ 0.19). Ovarian follicle diameter was 677 6 43
lm (mean 6 SD) during late vitellogenesis (stage 6) and
655 6 99 lm during atresia (stage 9; Table 6; Data S1).
However, mean ovarian follicle diameter did differ during
the last week of the study (i.e., comparing mean
diameter among weeks instead of stages of maturity: F
¼ 12.66; df ¼ 8; P , 0.001).

Table 2. Number of female Burbot Lota lota by week and stage
of maturity determined by gonadal histology (n = 10 at
initiation of study). We maintained Burbot at the Bozeman Fish
Technology Center, Bozeman, Montana, and exposed them to
increasing water temperatures before the spawning season to
initiate mass ovarian follicular atresia. We collected data weekly
from January 28, 2018, to March 25, 2018, and attained
maximum temperature (118C) by February 14.

Week

Late

vitellogenic

(stage 6)

Atretic

(stage 9)

Total

by week

January 28 10 10

February 5 10 10

February 12 10 10

February 19 8 8a

February 26 6 3 9b

March 5 1 7 8c

March 12 1 6 7d

March 19 5 5e

March 25 6 6

a We could not histologically analyze ovarian follicles from two females.
b We could not collect blood from one female.
c Two females died before sampling.
d We could not analyze serum from one female.
e Two females died before sampling on this date, and we could not

histologically analyze ovarian follicles from one female.

Table 3. Plasma testosterone (T) concentrations (ng/mL) in female Burbot Lota lota exposed to increasing water temperatures
before the spawning season to initiate mass ovarian follicular atresia at the Bozeman Fish Technology Center, Bozeman, Montana.
We collected data weekly from January 28, 2018, to March 25, 2018, and attained maximum temperature (118C) by February 14. We
observed females in the late vitellogenic (stage 6) and atretic (stage 9) stages of maturity. Data are sample size (n) and mean 6 SD
(minimum–maximum). Dashes indicate no data available. Different letters (A, B) indicate differences in mean plasma T
concentrations between stages of maturity.

Week

Late vitellogenic (stage 6) Atretic (stage 9)

n Concentration n Concentration

January 28 10 10.46 6 3.08 (6.37–17.46) — —

February 5 10 13.91 6 5.56 (4.83–21.78) — —

February 12 10 11.48 6 5.26 (7.30–23.47) — —

February 19 8 7.93 6 5.02 (0.96–17.58) — —

February 26 6 6.46 6 3.47 (2.09–10.58) 3 2.84 6 1.89 (1.14–4.87)

March 5 1 6.39 7 2.87 6 1.13 (1.35–4.55)

March 12 1 6.99 6 2.40 6 2.36 (0.35–6.27)

March 19 — — 5 2.44 6 1.47 (0.68–4.62)

March 25 — — 6 1.65 6 1.28 (0.37–3.56)

Mean by stage 46 10.30 6 5.06 A 27 2.41 6 1.58 B
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Table 4. Plasma estradiol (E2) concentrations (ng/mL) in female Burbot Lota lota exposed to increasing water temperatures prior to
spawning season to initiate mass ovarian follicular atresia at the Bozeman Fish Technology Center, Bozeman, Montana. We collected
data weekly from January 28, 2018, to March 25, 2018, and attained maximum temperature (118C) by February 14. We observed
females in the late vitellogenic (stage 6) and atretic (stage 9) stages of maturity. Data are sample size (n) and mean 6 SD (minimum–
maximum). We assigned a value of 0.07 ng/mL for nondetectable concentrations. Dashes indicate no data available. Different letters
(A, B) indicate differences in mean plasma E2 concentration between stages of maturity.

Week

Late vitellogenic (stage 6) Atretic (stage 9)

n Concentration n Concentration

January 28 10 5.62 6 1.62 (2.96–8.21) — —

February 5 10 5.84 6 3.35 (1.19–12.61) — —

February 12 10 2.52 6 1.82 (0.47–6.40) — —

February 19 8 0.71 6 0.58 (0.07–1.76) — —

February 26 6 0.81 6 0.74 (0.07–163) 3 0.43 6 0.63 (0.07–1.16)

March 5 1 2.06 7 0.43 6 0.29 (0.17–0.81)

March 12 1 1.48 6 0.17 6 0.18 (0.07–0.52)

March 19 — — 5 0.29 6 0.35 (0.07–0.90)

March 25 — — 6 0.20 6 0.21 (0.07–0.21)

Mean by stage 46 3.34 6 2.91 A 27 0.29 6 0.31 B

Table 5. Gonad diameter measured by ultrasonography (cm) in female Burbot Lota lota exposed to increasing water temperatures
before spawning season to initiate mass ovarian follicular atresia at the Bozeman Fish Technology Center, Bozeman, Montana. We
collected data weekly from January 28, 2018, to March 25, 2018, and attained maximum temperature (118C) by February 14. We
observed females in the late vitellogenic (stage 6) and atretic (stage 9) stages of maturity. Data are sample size (n) and mean 6 SD
(minimum–maximum). Dashes indicate no data available. Different letters (A, B) indicate differences in mean gonad diameter
measured by ultrasonography between stages of maturity.

Week

Late vitellogenic (stage 6) Atretic (stage 9)

n Diameter n Diameter

January 28 10 4.05 6 0.56 (3.19–5.02) — —

February 5 10 3.97 6 0.70 (2.55–4.92) — —

February 12 10 3.92 6 0.71 (2.74–4.87) — —

February 19 8 4.06 6 0.50 (3.34–4.78) — —

February 26 6 4.12 6 0.46 (3.64–4.71) 3 3.89 6 0.59 (3.22–4.32)

March 5 1 4.74 7 3.90 6 0.42 (3.25–4.40)

March 12 1 5.11a 6 3.56 6 0.35 (3.11–4.10)

March 19 — — 5 3.56 6 0.64 (2.87–4.53)

March 25 — — 6 3.43 6 0.53 (3.01–4.47)

Mean by stage 46 4.05 6 0.60 A 27 3.65 6 0.50 B

a Maximum value capable of being measured by ultrasound transducer.

Table 6. Ovarian follicle diameter (lm) in female Burbot Lota lota exposed to increasing water temperatures before spawning
season to initiate mass ovarian follicular atresia at the Bozeman Fish Technology Center, Bozeman, Montana. We collected data
weekly from January 28, 2018, to March 25, 2018, and attained maximum temperature (118C) by February 14. We observed females
in the late vitellogenic (stage 6) and atretic (stage 9) stages of maturity. Data are sample size (n) and mean 6 SD (minimum–
maximum). Dashes indicate no data available. Identical letter (A) indicates no difference in ovarian follicle diameter between stages
of maturity.

Week

Late vitellogenic (stage 6) Atretic (stage 9)

n Diameter n Diameter

January 28 10 649 6 30 (588–688) — —

February 5 10 675 6 57 (593–794) — —

February 12 10 669 6 30 (603–722) — —

February 19 8 689 6 29 (650–732) — —

February 26 6 703 6 36 (637–735) 3 744 6 59 (697–811)

March 5 1 748 7 750 6 48 (669–825)

March 12 1 754 6 643 6 70 (522–729)

March 19 — — 5 607 6 83 (539–750)

March 25 — — 6 552 6 59 (501–656)

Mean by stage 46 677 6 43 A 27 655 6 99 A
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Discussion

Fisheries scientists have recognized the need to
incorporate the frequency of skipped spawning into
population models (Marshall et al. 2003; Rideout et al.
2005; Jørgensen et al. 2006; Rideout and Tomkiewicz
2011). Failing to account for mass ovarian follicular
atresia among females in a population is a possible
source of error when estimating reproductive potential
and may lead to ineffective management actions
(Jørgensen et al. 2006; Corriero et al. 2021). High rates
of mass ovarian follicular atresia may also be an indicator
of a population experiencing poor nutrition, altered
temperatures, and/or environmental pollution (Corriero
et al. 2021). Nonlethal tools to assess the frequency of
mass ovarian follicular atresia provide fisheries biologists
with alternative methods to gonadal histology and make
the assessment of mass ovarian follicular atresia more
accessible.

Several studies examined the relationship between
plasma sex steroids and ovarian follicular atresia in
commercially raised sturgeon species (e.g., Webb et al.
2001; Linares-Casenave et al. 2002; Talbott et al. 2011)
because yield and quality of caviar are negatively
affected by ovarian follicular atresia (Talbott et al.
2011). In White Sturgeon, Talbott et al. (2011) used
plasma T concentrations to identify mass ovarian
follicular atresia. They did not recommend use of plasma
E2 concentrations to identify mass ovarian follicular
atresia because plasma E2 concentrations were non-
detectable in both maturing and atretic females. We also
observed very low plasma E2 concentrations in both late
vitellogenic (stage 6) and atretic (stage 9) female Burbot.
Plasma E2 concentrations rapidly decrease once vitello-
genesis is complete in female teleosts (Scott et al. 1980;
Fitzpatrick et al. 1986; Kime 1993; Kagawa 2013);
therefore, plasma E2 concentrations may decrease with
the completion of vitellogenesis or the initiation of
atresia. We recommend the use of plasma T concentra-
tions to identify mass ovarian follicular atresia in female
Burbot because plasma T concentrations remain elevat-
ed after vitellogenesis is complete (McGarvey et al. 2020),
but decrease during mass ovarian follicular atresia.

Time is an important consideration when using plasma
T concentrations to identify atretic (stage 9) females.
Decreased plasma T concentrations can be used to
identify atretic (stage 9) females, but postovulatory
(stage 8) females also show decreased plasma T
concentrations (McGarvey et al. 2020). Collecting plasma
before spawning prevents the misidentification of
postovulatory (stage 8) females as atretic (stage 9)
females.

Plasma sex steroid concentrations (T and E2) in late
vitellogenic (stage 6) females were lower than plasma
sex steroid concentrations previously observed in late
vitellogenic (stage 6) female Burbot (McGarvey et al.
2020). In our previous description of gametogenesis in
Burbot, we observed late vitellogenic (stage 6) females
with a mean plasma T concentration of 24.36 ng/mL and
a mean plasma E2 concentration of 7.56 ng/mL
(McGarvey et al. 2020). In the current study, we observed

late vitellogenic (stage 6) females with a mean plasma T
concentration of 10.30 ng/mL and a mean plasma E2
concentration of 3.34 ng/mL. Plasma sex steroid con-
centrations observed in the current study were likely
lower than plasma sex steroid concentrations previously
observed because females had initiated atresia (i.e.,
approximately 20% of ovarian follicles exhibited signs of
atresia), but did not meet the criteria for classification as
atretic (i.e., . 75% of ovarian follicle exhibiting signs of
atresia). In White Sturgeon, several studies document
that plasma sex steroid concentrations decrease when
early signs of atresia, such as deterioration of the vitelline
envelope and zona radiata, become histologically
evident (Webb et al. 2001; Linares-Casenave et al. 2002;
Talbott et al. 2011). We classified females initiating
atresia, and therefore decreasing plasma sex steroid
production, as late vitellogenic (stage 6), accounting for
the lower plasma sex steroid concentrations.

There is typically an association of ovarian follicular
atresia with decreased fish condition (Rideout et al. 2000;
Kraus et al. 2008; Skjaeraasen et al. 2009); however, few
studies describe how gonad size and ovarian follicle
diameter change during mass ovarian follicular atresia.
Gonadosomatic index is directly related to gonad size
and was previously used by researchers with ovarian
follicle diameter as metrics to assess mass ovarian
follicular atresia in Piau Leporinus reinhardti (Miranda et
al. 1999), a total spawning teleost like Burbot. Both
gonadosomatic index and ovarian follicle diameter
decreased during mass ovarian follicular atresia, but
the complete absorption of ovarian follicles occurred
over a 4-mo period. The current study occurred over a 9-
wk period until we observed the initial signs of mass
ovarian follicular atresia in all fish. Gonad diameter
measured by ultrasonography differed between late
vitellogenic (stage 6) and atretic (stage 9) females;
however, we only observed a 0.40-cm decrease in mean
gonad diameter. We observed a 22-lm decrease in mean
ovarian follicle diameter between late vitellogenic (stage
6) and atretic (stage 9) females because we included all
stages of ovarian follicular atresia (i.e., initial to advanced)
in our study. A more marked decrease in gonad size and
ovarian follicle diameter would likely occur in females
undergoing advanced ovarian follicular atresia, when
yolk is phagocytized and resorbed (Miranda et al. 1999).
The distributions of gonad diameter measured by
ultrasonography and ovarian follicle diameter over-
lapped between late vitellogenic (stage 6) and atretic
(stage 9) females, indicating both tools may misidentify
atretic (stage 9) females. However, ovarian follicle
diameter differed during the final week of the study,
suggesting that ovarian follicle diameter may be used to
identify advanced ovarian follicular atresia in female
Burbot.

We demonstrated plasma T concentration can be used
as a nonlethal tool to identify mass ovarian follicular
atresia in female Burbot. Gonad diameter measured by
ultrasonography and ovarian follicle diameter may also
be used to identify advanced mass ovarian follicular
atresia. It would be valuable for fisheries biologists
interested in using these nonlethal tools to identify mass
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ovarian follicular atresia to perform laboratory studies to
determine plasma T, gonad diameter measured by
ultrasonography, and ovarian follicle diameter thresholds
indicative of mass ovarian follicular atresia in their
species of interest, which may vary among populations
or species. The nonlethal tools assessed in this study
enable fisheries biologist to assess the frequency of
skipped spawning among female Burbot. Incorporation
of this information into population growth models may
aid fisheries biologists in more accurately estimating
population growth and establishing effective manage-
ment actions.

Supplemental Material

Please note: The Journal of Fish and Wildlife Management
is not responsible for the content of functionality of any
supplemental material. Queries should be directed to the
corresponding author.

Data S1. Data collected to detect mass ovarian
follicular atresia by plasma sex steroid concentrations,
gonad diameter measured by ultrasonography, and
ovarian follicle diameter in Burbot Lota. We reference
column headings in metadata tab of datafile. We held
Burbot at the Bozeman Fish Technology Center, Boze-
man, Montana, and exposed fish to increasing water
temperatures before the spawning season to initiate
mass ovarian follicular atresia. We collected data weekly
from January 28, 2018, to March 25, 2018, and attained
maximum temperature (118C) by February 14.

Available: https://doi.org/10.3996/JFWM-22-018.S1 (17
KB XLSX)
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