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Abstract—Accurate maturity-at-age
data are necessary for estimating
spawning stock biomass and setting
reference points for fishing. This
study is the first on age at matu-
rity of female sablefish (Anoplopoma
fimbria) sampled in Alaska during
their winter spawning period, when
maturity is most easily assessed.
Skipped spawning, the situation
where fish that have spawned in the
past do not spawn during the cur-
rent season, was documented in fe-
male sablefish for the first time. De-
termination of age at maturity was
heavily influenced by whether these
fish that would skip spawning were
classified as mature or immature;
age at 50% maturity was 6.8 years
when fish that would skip spawning
were classified as mature, and 9.9
years when classified as immature.
Skipped spawning was more com-
mon on the continental shelf, and
rates of skipped spawning increased
with age through age 15. Estimates
of age at maturity were similar for
samples collected in winter and
summer, when fish that would skip
spawning sampled during winter
were classified as mature. When
fish that would skip spawning were
considered immature in the sable-
fish population model for Alaska,
estimates of spawning biomass de-
creased. Relative fecundity did not
change with size and age, verifying
the assumption made in the Alaska
sablefish stock assessment that rela-
tive reproductive output is linearly
related to female spawning biomass.
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Maturity-at-age data are used in
stock assessments to estimate repro-
ductive output of fish populations.
Commonly, these data are collected
without the aid of histological analy-
sis and often during surveys that do
not correspond with the time of the
reproductive cycle when maturity
can be gauged with the greatest ac-
curacy, the time just before spawn-
ing (Hunter et al., 1992). These dis-
crepancies can result in the misclas-
sification of maturity and in inaccu-
racies in estimations of age at ma-
turity. Misclassifying maturity can
result in over- or underestimation
of spawning stock biomass (SSB),
which is used as a proxy for egg
production in population models. An
inaccurate estimation of SSB can af-
fect management decisions. In some
cases, egg production is not linearly
related to SSB, a situation that oc-
curs when relative fecundity changes
with age or size (e.g., Hislop, 1988).
If relative fecundity is not constant,
incorporating the assumption that
SSB is linearly related to fecundity
in population models will lead to
bias in estimates of productivity.

Although it is generally assumed
that marine fish in northern lati-
tudes reproduce on an annual cy-
cle, it is not always the case. For
example, it has been documented
that a portion of mature Atlantic
cod (Gadus morhua) skips spawn-
ing annually; therefore, the repro-
ductive cycle for some individu-
als is longer than 1 year (Marshall
et al., 2000). In the North Pacific
Ocean, the Pacific halibut (Hippo-
glossus stenolepis) has been thought
to also skip spawning on the ba-
sis of their movements during the
spawning season (Loher and Seitz,
2008). Skipped spawning, which oc-
curs when mature fish that have
spawned in prior seasons do not
spawn in the current season, is
likely to be a more common phenom-
enon than previously thought (Ride-
out and Tomkiewicz, 2011), hav-
ing been documented in at least 30
freshwater and marine fishes (Secor,
2008; Skjeeraasen et al., 2012).

Sablefish (Anoplopoma fimbria)
are part of a commercially impor-
tant resource in the North Pacific
Ocean; the fishery in Alaska is val-
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ued at more than $100 million annually (Fissel et al.!).
In Alaska, the sablefish population is assessed annu-
ally with a split-sex, age-structured population model
(Hanselman et al.2). Age at maturity is an integral
component for estimating female SSB, which is used
to set target biological reference points for this stock.
The current female age-at-maturity model is based on
data collected during surveys conducted in the sum-
mers of 1978-1983 (Sasaki, 1985). Because these data
were collected more than 30 years ago, it is important
to re-assess the age at maturity of female sablefish.
In addition to potentially being outdated, those age-
at-maturity data are from summer samples for which
maturity was evaluated macroscopically and was not
confirmed with histological examination. These ma-
turity data were also categorized by fish length, the
values of which were later converted to ages for stock
assessments, introducing further error through the use
of an age—length key.

The sablefish is a batch spawner with group syn-
chronous oocyte development and determinate fecun-
dity. This species spawns during the winter or early
spring in Alaska. Before this period, immature fish
can be unambiguously distinguished from fish that
will spawn, and total fecundity can be calculated. Dur-
ing the summer, gonads may be resting and may not
show obvious signs that sablefish will spawn in the
coming winter; therefore, fish that will skip spawning
are difficult to distinguish from fish that will spawn
if they are sampled during the summer. If maturity is
consistently misclassified when summer samples are
used, then estimates of maturity at age can be biased.
Skipped spawning has not been documented in sable-
fish, but skipped spawning rates that have been ob-
served in other species have ranged from 9% to 86%
(Secor, 2008).

Since 1996, maturity classifications and age data
have been collected during the annual summer long-
line surveys conducted by the NOAA Alaska Fisher-
ies Science Center (AFSC) in Alaska to sample the
slope of the Gulf of Alaska, the eastern Bering Sea,
and the Aleutian Islands from the end of May through
the end of August. Approximately 1000 females are as-
sessed for maturity each year, and about 600 of them
are aged. These data have not been incorporated into
estimates of age at maturity for stock assessment, but
they continue to be collected annually. Until our work

1 Fissel, B. M. Dalton, R. Felthoven, B. Garber-Yonts, A. Haynie,
A. Himes-Cornell, S. Kasperski, J. Lee, D. Lew, L. Pfeiffer, J.
Sepez, and C. Seung. 2012. Stock assessment and fishery
evaluation report for the groundfish fisheries of the Gulf of
Alaska and Bering Sea/Aleutian Islands area: economic sta-
tus of the groundfish fisheries off Alaska, 2011, 299. Alaska
Fish. Sci. Cent., Natl. Mar. Fish. Serv., NOAA, Seattle, WA.
[Available at website, accessed July 2014.]

Hanselman D. H., C. R. Lunsford, and C. J. Rodgveller. 2013.
Assessment of the sablefish stock in Alaska. In Stock as-
sessment and fishery evaluation report for the groundfish
resources of the Gulf of Alaska, p. 267-376. North Pacific
Fishery Management Council, Anchorage, AK. [Available at
website, accessed July 2014.]
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occurred, there had been no studies of sablefish ma-
turity in winter to compare with the estimates of age
at maturity in summer, and there are no estimates of
fecundity for sablefish in Alaska.

There were multiple objectives for this study. The
first objective was to estimate the age at maturity for
prespawning female sablefish caught near the epicen-
ter of their distribution in Alaska and to determine
whether females reproduce annually. The second objec-
tive was to compare estimates of age at maturity based
on histological data from samples collected in winter
with estimates of age at maturity based on macroscopic
examination of samples collected in summer. The third
objective was to determine whether SSB is proportion-
al to fecundity, as is assumed in the population models
for sablefish.

Materials and methods
Winter sampling

The study area was located off Kodiak Island in the
Gulf of Alaska between latitudes 59°03" and 56°30'N
and longitudes 148°26" and 154°35’E. A commercial
trawl vessel, the FV Gold Rush, was chartered to con-
duct 10 days of fishing beginning 12 December 2011, a
period that was estimated to be within the prespawn-
ing period for sablefish. To locate specimens for the full
range of ages and lengths of mature and immature fe-
males, trawling operations were planned for sampling
over a wide range of depths and topography, including
the continental slope (depths of 500-700 m) and the
shelf (depths shallower than 300 m), which included
bays, gullies, and troughs. Locations were chosen on the
basis of catches from commercial fisheries and AFSC
bottom trawl surveys. Because of inclement weather,
only 4 tows were conducted on the slope, whereas 37
tows were completed on the shelf.

Maturity samples were collected on the basis of
a length-stratified sampling design in which up to 7
sablefish were sampled for each centimeter of total
length. Each specimen was weighed with the stomach
evacuated, and the sagittal otoliths were collected for
aging. Both ovaries were excised and weighed. Ova-
ries were preserved in 10% formalin. Personnel of the
AFSC Age and Growth Program aged otoliths by using
standard validated methods (Fargo and Chilton, 1987;
Kimura and Anderl, 2005; Kimura et al., 2007).

Maturity classification during winter

We prepared histological samples from the posterior re-
gion of the ovaries for all fish sampled. In addition, for
a subsample of specimens representing a range of ova-
ry sizes, the consistency of oocyte development within
the ovaries was assessed by using sections from the
medial and anterior areas of one ovary and from the
posterior section of both ovaries. In another subsample
of fish, posterior sections were taken from both ovaries.
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Table 1
Microscopic (histological) and macroscopic (visual) descriptions of oocyte stage and ovarian maturity of female sablefish
(Anoplopoma fimbria) sampled before spawning in the central Gulf of Alaska during December 2011. For the histological
classification of ovarian maturity, the most advanced stage of oocytes present is described followed by the maturity stage of
the ovary. The stages that were observed are marked with an X.
Structures defining maturity Oocyte stage Maturity Observed
Microscopic classification of ovarian maturity
Oocytes with multiple nucleoli or perinucleolar; Primary growth Immature X
thin ovarian wall.
Oocytes with multiple nucleoli or perinucleolar; Primary growth Mature; X
thick ovary wall; thick stroma; blood vessels present. skipped spawning
Yolk accumulated within eosinophylic spheres (vitellogenesis). Secondary growth Mature X
Yolk spheres have coalesced and yolk has fused. Oocyte maturation Mature X
Ovulatory follicles remain in the ovary after ovulation. Postovulatory follicle Mature
Macroscopic classification of ovarian maturity
Ovaries thin and tubular; no oocytes visible. Immature X
Ovaries tubular in shape, contain transparent oocytes,
which appear indistinct through ovary wall. Immature
Ova opaque, white, and clearly discernible through
the distended, transparent ovary wall. Mature X
Ovaries engorged with free-flowing, translucent eggs. Mature; spawning X
Ovaries large, flaccid, and may be bloodshot. Spent
Ovary small, flaccid; oocytes not discernible. Mature; X
skipped spawning

Ovarian tissues were embedded in paraffin, sectioned
at 5—6 pm, stained with hematoxylin, and counter-
stained with eosin.

Histological slides were examined microscopically
by 2 readers, and maturity was classified according to
the most advanced ooctye stage or structure contained
in the ovary, as well as other features (Table 1) (e.g.,
Hunter et al., 1992; Stark, 2007). Ovaries with pri-
mary growth oocytes as the most advanced stage were
classified as immature. However, if ovaries had 1) pri-
mary growth oocytes accompanied by a thick stroma
and structural reorganization (loose structure of oo-
cytes with tissue surrounding oocytes), 2) blood ves-
sels within the lamellae, and 3) a thick tunica (ovarian
wall), the ovaries were classified as resting. Because
sampling was conducted immediately before spawning,
fish with resting ovaries were classified as fish that
would skip spawning in the current spawning season.
The presence of thick tunica and stroma before the
spawning period has been used as criteria for identify-
ing skipped spawning in multiple fish species, includ-
ing winter flounder (Pseudopleuronectes americanus
[Burton and Idler, 1984]) and Atlantic cod (e.g., Burton
et al., 1997; Rideout et al., 2000, 2005; Rideout and
Tomkiewicz, 2011). Mature females that had vitellogen-
ic oocytes, hydrated oocytes, or postovulatory follicles

were characterized as females that were expected to
spawn in the current spawning season. Ovarian wall
widths were measured on images taken from the slides
used for histological examination. Five measurements
were taken and averaged for each fish.

Macroscopic determination of maturity during summer

Macroscopic determination of maturity has been com-
pleted and accompanying otoliths have been collected
for aging annually since 1996 during AFSC summer
longline surveys, which are conducted from the end of
May through the end of August. Sampling stations are
spaced systematically 35—-55 km apart along the conti-
nental slope of the Gulf of Alaska, the eastern Bering
Sea, and the Aleutian Islands (Sasaki, 1985). At each
station in the Gulf of Alaska, 7200 hooks are set. For
this study, we examined only samples collected in the
central Gulf of Alaska (17 stations) for comparison with
samples collected during the winter survey. The fish
were collected by using a random, systematic method
so that samples were taken from all depth strata (100—
200-m intervals from depths of 200-1000 m).

During the summer, fish are classified as immature,
or juvenile, if ovaries are string-like or are slightly en-
larged and are clear or pink and contain no visible oo-
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cytes. They are considered mature if ovaries are large,
are turning white but still may have a pinkish hue,
and veins are developing. For ovaries classified as ma-
ture, small oocytes are sometimes discernible and are
firmly attached to the tissue. Fish are spawning if eggs
are loose or extruding, and they are considered to be
resting, or spent, if ovaries are flaccid; spent or resting
ovaries may also have a dark coloration. Interpretation
of these various stages involves some subjectivity, but
technicians are trained to standardize their interpreta-
tion of juvenile and mature ovaries.

Estimation of age at maturity

Age at maturity of female sablefish, for both the his-
tologically analyzed winter samples and the visually
analyzed summer samples, was modeled with a logistic
function. The 2-parameter logistic function is given by
the following equation:

Do =1/ +e @ %0)), 1)

where P, = the estimate of the proportion of mature fish
at age;
0 = the parameter that describes the slope
(the speed at which maturity approaches
100%); and
asog = the parameter that describes the age at
which 50% of the fish are mature.

The observed proportion at age was calculated as

Pa="2, 2)
na
where m, = the number of mature fish observed at age

a; and
ny = the total number of fish at age a.

We used the binomial likelihood to fit the observed pro-
portion of mature fish at age with the logistic model
given in equation 1 in AD Model Builder.? vers. 11.2
(Fournier et al., 2012), with an additional penalty that
accounted for maturity at age 0 being 0%.

Age at maturity was estimated for the winter sam-
ples in 2 ways: 1) fish that would skip spawning were
classified as mature, and 2) they were classified as im-
mature. In actuality, fish that would skip spawning are
not immature but have spawned in the past. In the de-
termination of maturity during all previous collections
of sablefish in Alaska, fish that would skip spawning
were either not distinguished from immature fish or
could have been considered mature. For comparison
with these data sets, we ran maturity-at-age models
with the winter data in which sablefish that would
skip spawning were classified as either immature or
mature.

Age at maturity was analyzed for all samples pooled
and stratified by area, shelf (depths less than 300 m),
and slope (depths of 500-700 m), to identify possible

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

differences between these habitats. To examine the
relationship between age and skipped spawning the
proportion of fish that would skip spawning, by age,
was examined for the shelf, where fish that would skip
spawning were much more common; ages for which
there was only one sample were excluded from this
analysis.

Biomass and reference points for target fishing

Several logistic maturity models were used within the
age-structured population model currently used for sa-
blefish in Alaska for determining SSB (Hanselman et
al. 2): these included the logistic model fit to the age-at-
maturity data from the trawl survey conducted in the
winter of 2011, the summer longline survey conducted
in 2011, the mean fit to all data from annual summer
longline surveys, and the maturity curve currently
used in stock assessment.

A time series of female SSB was estimated when
each maturity curve was input into the sablefish popu-
lation model. In short, SSB is calculated in the assess-
ment model with the age structure of the population
and the age-at-maturity curve (see Hanselman et al.2).
In addition, Fy¢, the fishing rate that reduces SSB
per recruit (lifetime egg production) to 40% of the un-
fished level, was estimated, for the most current year
in the time series, when each of the 4 maturity curves
was used to determine SSB in the sablefish population
model.

Fecundity

Ovaries were chosen for estimation of fecundity if they
had advanced vitellogenic oocytes and if no postovula-
tory follicles were identified in histological cross sec-
tions; postovulatory follicles would indicate that partial
spawning had occurred. In ovaries with these features
an advanced (mature) cohort of oocytes was clearly sep-
arable from the early developing (immature) cohort on
the basis of oocyte size and appearance, as described
for sablefish by Mason et al. (1983) and Hunter et al.
(1989). This clear separation indicates that sablefish
have determinate fecundity, in which there is only one
cohort of maturing oocytes within a spawning season.
Fecundity was measured with the gravimetric method
(Murua et al., 2003), whereby a subsample of mature
oocytes is weighed and the number of oocytes is count-
ed. The number of eggs per gram in the subsample is
multiplied by the ovary weight to obtain a total fecun-
dity. Samples were taken from the anterior, middle,
and posterior sections of both ovaries, and the 6 mea-
surements were averaged to estimate overall fecundity.

As ovaries develop, oocytes enlarge and the number
of oocytes per gram of sample weight decreases. Such
a decrease will not affect estimates of fecundity un-
less the decrease is caused by a loss of oocytes through
batch spawning or atresia. To confirm that spawning
had not commenced, a linear regression of oocytes per
gram of subsample weight and fecundity was computed
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and histological slides were examined for
postovulatory follicles. Determinations of
any oocyte loss due to atresia were done
by examination of histological slides. The
number of oocytes per gram was also
compared for 2 categories of mature fish:
younger (age <12 years) and older (age
>12 years) fish. Age 12 is approximately
the age at which female sablefish were
100% mature in most maturity curves in
our study. Differing values of the num-
ber of eggs per gram of sample weight
would indicate a larger egg size for one
age group. Additionally, the relationship
between relative fecundity (the number
of mature oocytes per gram of ovary-free
fish weight) and age was examined for in-
dications that relative reproductive out-
put changes with increasing age.

Gonad weight in relation to body
weight (gonadosomatic index [GSI], go-
nad weight/body weightx10) of fish that
would skip spawning, as well as spawn-
ing and immature fish was determined to
see if it could be used to predict spawn-
ing status during the winter.

Relative frequency

Results
Distribution of fish on shelf and slope

Because of weather, sampling in the win-
ter of 2011 was restricted primarily to

The frequency (in numbers) of female sablefish (Anoplopoma fimbria)
sampled in December 2011 on the continental shelf or slope in the
central Gulf of Alaska, by (A) age and (B) length.

Age

Length (cm)

Figure 1

the shelf; there were 37 tows on the shelf

and 4 tows on the slope. In total, 393 fe-

male sablefish were sampled: 320 on the shelf and 73
on the slope. The majority of fish from the shelf were
smaller and younger than those sampled on the slope
(Fig. 1). The average total length of fish was 628 mm
on the shelf and 747 mm on the slope. Of the samples
from the shelf, 90% (290 of 320) were age 1-7; 15% (11
of 73) of the samples taken on the slope were age 2-7,
and no age-1 fish were collected on the slope.

Maturity classification for fish sampled during the winter

Ovarian development was uniform throughout both
ovaries for individual fish. Oocyte stages were consis-
tent within the 33 specimens that were assessed at 3
regions in both ovaries. Development of both ovaries
was the same in the 188 specimens for which samples
were taken from the posterior end of both ovaries. Im-
mature gonads contained only primary growth oocytes
and macroscopically looked thin and tubular and had a
pinkish hue. Gonads were easily determined to be ma-
ture on the basis of the presence of mature, advanced
vitellogenic oocytes (Table 1). Without the aid of histo-
logical examination, it could be seen that these ovaries

were engorged with white, opaque oocytes (Table 1).
The cortical alveoli stage was absent from all ovaries.

The second category of mature fish was composed of
fish that would skip spawning. These fish had a much
thicker tunica than immature fish and sometimes con-
tained atretic primary growth oocytes that had mean
wall width of 35 pm (95% confidence intervals [CI] 30—
41) for immature fish and of 318 pm (95% CI 267-370)
for fish that would skip spawning (Fig. 2). They also
had thick stroma and blood vessels in the lamellae be-
tween oocytes, whereas immature ovaries had tightly
packed oocytes with little tissue in between. These
characteristics indicated that sablefish exhibit the rest-
ing type of skipped spawning, in which vitellogenic oo-
cytes are not produced. Macroscopically, fish that would
skip spawning had small ovaries, more similar in size
to an immature ovary than to an ovary with yolked
oocytes, but they were more flaccid than immature ova-
ries and had a red coloration. Without adequate experi-
ence, or the aid of histological examination, fish that
would skip spawning could be mistaken easily for im-
mature fish.

Of 110 mature fish, 23 fish (21%) were fish that
would skip spawning (here, the number of mature fish
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Figure 2
Histological preparations of thin sections of ovaries from sablefish (Anoplopoma fimbria) sampled in the
central Gulf of Alaska in December 2011. (A) An ovarian section from an immature fish that has a thin
ovarian wall and thin lamellae without blood vessels. (B) An ovarian section from a fish that will skip
spawning and has a thicker ovarian wall, thicker lamellae that surround the oocytes, and many blood ves-
sels. In both specimens, there are no maturing, vitellogenic oocytes.

was the sum of the numbers of those that would skip
spawning and fish that would spawn in the current
season). The great majority of those that would skip
spawning (20 out of 23, 87%) were caught on the shelf,
specifically in troughs at stations adjacent to the slope.
Most of the fish on the slope were mature (fish that
would either spawn or skip spawning, 90%), but only
4.5% of mature fish were fish that would skip spawn-
ing (3 of 63). Only 14% of the fish on the shelf were
mature and 43% of these mature fish (19 out of 44)
were fish that would skip spawning. Skipped spawn-
ing was observed in fish ranging in age from 4 to 17
years, although sample sizes for fish (both mature and
immature) >17 years of age were often limited to 1 or
2 fish. There was a significant, positive correlation be-
tween age and the proportion of mature fish that would
skip spawning on the shelf, where the great majority
of those that would skip spawning were found (Fig. 3).
For that analysis, only fish that were age 4 and older
were included, because that age was the first age at
which skipped spawning was observed; in addition,
only those ages that had a sample size of at least 2
fish were included (ages 4-15) (Fig. 3).

Age at maturity

The age at maturity of sablefish on the shelf when fish
that would skip spawning were classified as mature
was dramatically different from the age at maturity
when fish that would skip spawning were classified
as immature (Fig. 4A). The 95% CI of each maturity
curve did not encompass the other curve. Classifying
fish that would skip spawning as mature increased the

proportion of fish mature at age. On the slope, age at
maturity was also higher when fish that would skip
spawning were classified as mature; however, there
was not a significant difference (Fig. 4B). The large Cls
for slope data can be at least partially attributed to
smaller sample sizes.

As with maturity data collected on the shelf, the age
at maturity of the pooled samples was significantly dif-
ferent when fish that would skip spawning were clas-
sified as mature as opposed to immature (Fig. 4C, solid
lines). The agpq was 6.8 years when fish that would
skip spawning were classified as mature, compared
with 9.9 years when they were classified as immature
(Fig. 4C, solid lines). When fish that would skip spawn-
ing were classified as immature, ages at maturity on
the slope and shelf were different. Pooled age at ma-
turity was intermediate between the slope and shelf
(Fig. 4C, gray lines). When fish that would skip spawn-
ing were classified as mature, age at maturity on the
shelf and slope matched closely (Fig. 4C, black lines).
The similarity between the 2 age-at-maturity curves
indicates that fish in both habitats are mature at the
same age but that the majority of fish that would skip
spawning reside on the shelf, at least during winter.
When fish that would skip spawning were classified as
either mature or immature, the pooled data were clos-
er in value to the shelf data because there were more
samples on the shelf.

The logistic model fits to the age-at-maturity data
from AFSC annual summer longline surveys were vari-
able; asgq ranged from 5.5 to 8.6 years and the slope
parameters ranged from 0.6 to 1.3 (Fig. 5A). In the
winter survey, the proportion of mature fish at age was
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Proportion of fish that had skipped spawning on shelf

Age (yr)
Figure 3

is also provided.

Proportion of mature female sablefish (Anoplopoma fimbria) by age
that would skip spawning on the continental shelf in the central
Gulf of Alaska in December 2011. Immature fish are not included.
The great majority of fish that would skip spawning were found on
the shelf. The correlation coefficient (r) with its associated P-value

fied as mature, 8.0 years for samples collect-
ed during the summer, and 9.9 years in the
winter when fish that would skip spawning
were classified as immature. Unlike the ma-
jority of curves based on data from the an-
nual summer longline surveys, estimates of
the proportion of mature fish in the summer
of 2011 were very similar to those from the
winter at young ages (Fig. 5B). The differ-
ence in the curves based on data from the
winter and summer surveys conducted in
2011 can be attributed more to a difference
in asog than to a difference in slope.

The estimates of maturity at age current-
ly used in the stock assessment for sablefish
in Alaska, determined from samples taken
during the summer in the early 1980s, were
higher than the estimates from the winter
survey at younger ages (6 years), when fish
that would skip spawning were classified as
mature (Fig. 5C), but were similar at older
ages. The pooled maturity at age for fish
captured during the summer longline sur-
veys (from 1996 to 2012) was also higher at
younger ages, but it was lower at older ages
(Fig. 5C). This pattern can be attributed
primarily to differing slopes (Table 2). This
trend is the same one that was apparent in
the majority of curves fitted to data from
the annual summer longline surveys (Fig.
5A). The age-at-maturity values currently

more similar to the proportion in the annual summer
longline surveys, when fish that would skip spawning
were classified as mature, than when they were classi-
fied as immature (Fig. 5A). When fish that would skip
spawning were classified as mature (Fig. 5A, black
line), the annual estimates of maturity from the sum-
mer longline surveys were similar to the estimates
from the winter survey at moderate ages (Fig. 5A).
At younger ages, the annual estimates of the propor-
tion of mature fish from summer surveys were higher
than the estimates from the winter survey; conversely,
at older ages, the proportion of mature fish was lower
in estimates from the summer survey. When fish that
would skip spawning were classified as immature in
the winter survey (Fig. 5A, gray line), the estimated
proportions of mature fish at each age from the sum-
mer surveys were discernibly higher in all years (Fig.
5A).

The logistic curve fitted to samples taken during the
summer of 2011, the year in which the winter survey
occurred, was intermediate between the curves from
the winter where fish that would skip spawning were
classified as mature and the curve where fish that
would skip spawning were classified as immature, and
the fit was dissimilar to both, especially at moderate
ages (Fig. 5B, Table 2). The asgq was 6.8 years in the
winter when fish that would skip spawning were classi-

used in the stock assessment of sablefish in

Alaska and the mean age at maturity from
the annual summer longline surveys were much higher
than the values from the winter survey, when fish that
would skip spawning were classified as immature (Fig.
50C).

Biomass and target-fishing reference points

The estimates of SSB were similar when the Alaska
sablefish population model was run with the matu-
rity curve fitted to data from the winter survey con-
ducted in 2011 (when fish that would skip spawning
were classified as mature), the mean age at maturity
across all summer longline surveys, or the maturity
curve currently used in stock assessment (base mod-
el) (Fig. 5). Estimates of SSB were lower when ma-
turity data were used from the summer longline sur-
vey conducted in 2011, and lowest when data were
used from the winter survey conducted in 2011 and
fish that would skip spawning were classified as im-
mature (Fig. 6). Compared with the base model, the
maturity curves based on data from winter and sum-
mer 2011 caused larger dips in SSB in years when
model projections included large recruitment. The
dips in SSB occurred because these maturity curves
had lower estimates for the proportion of mature fish
at young ages, and such low proportions translate to
fewer mature fish when there are more young fish
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Figure 4

Observed and estimated maturity at age of female sablefish (Anoplopoma fimbria)
collected in the winter of December 2011 on the (A) continental shelf, (B) slope, or (C)
both shelf and slope (pooled). Fish that would skip spawning were classified as either
mature (black points and lines) or immature (gray points and lines). Larger, gray
points indicate that data did not differ at that age because there were no fish that
were going to skip spawning. Logistic regression models and 95% confidence intervals
at each age are presented. In panel C, solid lines indicate the age at maturity for the
pooled samples. The maturity curves (dashed lines) for the shelf and slope, from pan-
els A and B respectively, are also included in panel C for a comparison with pooled
data. The x-axis was truncated at age 20 because the proportion mature at ages older
than 20 all remained at 100% and had increasingly small confidence intervals.

in the population. The F499 in the most recent year
(2013) followed the same pattern: the value from the
base model, the mean of summer longline surveys,
and value from the winter survey (when SS were
classified as mature) were similar: 9.40%, 9.45%, and
9.30%, respectively. The data from the summer long-
line survey conducted in 2011 provided a lower esti-
mate (8.45%), and the estimate from the winter sur-
vey (when fish that would skip spawning were clas-
sified as immature) was the lowest (7.45%). A lower
F4p9 translates to more conservative management
and lower allowable catches.

Fecundity

Fecundity was calculated for 47 sablefish. Total fecun-
dity, measured as the total number of oocytes per fish
that will be spawned in the current season, ranged
from 214,577 to 900,700. There was no evidence of
batch spawning (postovulatory follicles) or atresia in
any ovaries containing maturing, vitellogenic oocytes.
The mean number of oocytes per gram of sample
weight was significantly higher for younger fish (ages
<12), with a mean of 10,667 (standard error [SE] 467)
than for older fish (ages >12), with a mean of 8804 (SE
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Figure 5

Logistic regression model fitted to the proportion of female sablefish (Anoplopoma
fimbria) mature at age based on data from a survey conducted in winter (December
2011) (all graphs), (A) on data from annual summer longline surveys conducted by
the NOAA Alaska Fisheries Science Center in 1996-2012, (B) on the maturity-at-age
data currently used in the Alaska sablefish stock assessment, and (C) on the mean
maturity at age data collected from annual summer longline surveys (mean of annual
estimates in panel A). Graph B provides a comparison of data collected in surveys con-
ducted in summer with data collected in winter 2011. Fish that would skip spawning
were classified as either mature or immature and were identified only in the winter.

231) (¢-test assuming unequal variance: P=0.001), indi-
cating that, on average, younger fish have smaller ma-
turing oocytes. The range in number of eggs per gram
of sample weight was greater for younger fish than for
older fish.

The relationship between relative fecundity and age
was not significant. Very little of the variation in fe-
cundity was explained by age (coefficient of determina-
tion [r2]=0.02), and the regression was not significant
(slope: -0.49, P=0.37; intercept=123). Relative fecun-
dity ranged from 66 to 205 per gram.

The GSI of fish that would spawn (mean=7.361, 95%
lower confidence interval [LCI]=6.908, 95% upper con-
fidence interval [UCI]=7.814) was much higher than
the GSI of fish that would skip spawning (mean=1.064,
95% 1L.CI=0.936, 95% UCI=1.191) and of immature fish

(mean=0.486, 95% LCI=0.471, 95% UCI=0.502). Fish
that would skip spawning had a higher GSI than im-
mature fish (there was no overlap of the 95% Cls),
although there was some overlap in the raw data
(skipped spawning range=0.486-1.659; immature
range=0.145-1.110)

Discussion

We found that the logistic models that were fitted to
the pooled age-at-maturity data collected during sum-
mer longline surveys and to the data currently used in
the stock assessment, also collected during the sum-
mer, were similar to the maturity curve from the win-
ter data, when fish that would skip spawning were
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Table 2

not looked for in the summer.

Slope and age at 50% maturity (a509) determined from logistic models of age at ma-
turity for female sablefish (Anoplopoma fimbria) sampled before spawning during
winter (in December 2011) in the central Gulf of Alaska, during summer (May—Au-
gust), 1996-2012, in the central Gulf of Alaska, and during the summer, 1978-1983,
in the Gulf of Alaska. For the winter surveys, fish that would skip spawning were
classified as either mature (m) or immature (i). Fish that would skip spawning were

variability in skipped spawn-
ing (e.g., Secor, 2008; Brooks,
2013). As more data on the
consistency of skipped spawn-
ing in the sablefish population
in Alaska become available, a
complete evaluation of alter-
native methods for incorporat-
ing skipped spawning into the
assessment is warranted.

Survey Year Slope aso The most direct comparison

of estimates of age at maturi-
Winter (m) 2011 1.14 6.77 ty for summer and winter was
Winter (i) 2011 0.56 9.88 between the samples collected
Summer 2011 0.76 7.97 in the winter and summer of
Current assessment 1978-1983 0.84 6.60 2011. The data from summer
Mean (summer longline survey) 1996-2012 0.70 6.98 2011 provided estimates of the
Range (summer longline survey range) 19962012 0.60-1.30 5.5-8.6 proportion of mature fish at

age that were similar to the

classified as mature. Additionally, the asgq parameters
of these logistic models (ranging from 6.60 to 6.98
years) were very similar to recent estimates of age at
maturity from the U.S. West Coast that were based on
histological findings (6.86 years) (Head et al., 2014). It
is unknown if any fish that would skip spawning were
sampled in those studies. In our study, the small differ-
ences in the maturity curves at young ages caused dif-
ferences in estimates of female SSB when there were
larger than average recruitment classes (see Hansel-
man et al. 2 for a time series of recruitment). A lower
SSB translated to lower fishing rates (F4¢4). Compared
with data that are currently used in the assessment,
the data from the surveys conducted in winter 2011
provided a slightly lower F4p9 when fish that would
skip spawning were classified as mature (0.18%) and
an F4gq that was 1.95% lower when these fish were
classified as immature. A similar situation has been
reported for Atlantic cod, where an overestimation of
egg production, by 8-41%, resulted from not accounting
for fish that had skipped spawning (Rideout and Rose,
2006). For both species this reduction in SSB should
result in a lower allowable biological catch.

For all maturity curves in this study, we used the
standard model (i.e., a logistic function with asymptote
at 100%). The standard model was chosen because it
illustrates how differences in age at maturity would
impact sablefish management if current methods were
used. Although we found that skipped spawning in-
creases with age, our data do not necessarily negate
the use of the standard logistic model. The standard
model still could be applicable because the increase in
skipped spawning occurred at younger ages (4-15), the
logistic curves reached 100% around age 12 (close to
age 15), and fish commonly reach ages >50. There are
many potential methods for incorporating the loss in re-
productive output due to skipped spawning depending
on how skipped spawning is related to age, the longev-
ity of the species of interest, and the annual or spatial

values based on data from the

winter survey for fish at young
ages (<5 years) and that were intermediate between
the 2 winter curves for fish at ages 5-13 years. Use of
the maturity curve based on data from summer 2011,
therefore, produced estimates of SSB, and Fyy¢ that
were also intermediate. It is possible that during the
summer some fish that would skip spawning during
the upcoming winter were classified as mature and
some as immature, and that is why the resulting sum-
mer curve was intermediate. It is also possible that
fewer fish that would skip spawning were encountered
during the summer surveys. The winter survey cov-
ered areas on the shelf that were not covered by the
summer longline survey in 2011, and the shelf was the
area where the majority of these fish were found in the
winter. More winter sampling is needed for comparison
of winter data with summer data to determine whether
the difference we saw in data for 2011 is consistent
over time.

It is important to note that we pooled samples
from the shelf and slope to produce an overall matu-
rity curve. To test for any bias due to disproportionate
sampling in relation to the distribution of the popu-
lation, we weighted our calculations according to the
abundance of fish in each area; abundance values were
calculated with data from AFSC bottom trawl surveys
conducted in summer. There was little difference be-
tween the values from these calculations and the un-
weighted results, indicating that our results are reflec-
tive of the population in Alaska as a whole.

Movement and habitat use during the spawning
season have been reported to indicate whether a fish
is spawning or has skipped spawning for Pacific hali-
but (Loher and Seitz, 2008) and Atlantic cod (Hiissy et
al., 2009; Jonsdottir et al., 2014). Sablefish are highly
migratory throughout their lives; in Alaska, 11% of
tagged fish have been recovered at locations more than
2000 km from their release sites (Echave et al., 2013).
However, preliminary data from tagging sablefish dur-
ing the winter survey in 2011 indicate that sablefish do
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Ratio of SSB tp base SSB

Figure 6

Ratio of the estimates of spawning stock biomass (SSB) when different female maturity
curves were incorporated into the population model for sablefish (Anoplopoma fimbria) in
Alaska in relation to the SSB when maturity data currently used in the stock assessment
of sablefish (base SSB) are used. The maturity curves used in the model included data col-
lected in winter 2011 when fish that would skip spawning were classified as mature (Win-
terSSM), in winter 2011 when fish that would skip spawning were classified as immature
(WinterSSI), in 2011 during the annual summer longline survey conducted by the NOAA
Alaska Fisheries Science Center (AFSC) (LL2011), and the mean of data collected during
AFSC annual summer longline surveys, 1996-2012.

not move large distances during the spawning season.
During the winter survey, we deployed popoff satellite
tags on 4 fish >850 mm in fork length. We assumed
that the tagged fish were female because, in summer
longline surveys, only 0.5% of fish >850 mm in fork
length have been male. Tags were preprogrammed to
pop off fish within the current spawning season (35-52
days after release), and the geolocation of a tag was re-
corded when it was released from a fish. The 2 fish that
were released where they were caught on the shelf re-
mained within 1 km of their tagging location, and the
2 fish that were captured on the slope but released 75
km away on the shelf moved to locations in the vicinity
of their capture site (within 0.5 km or 9 km).

As with Pacific halibut and Atlantic cod, habitat use
by sablefish during the spawning season may be re-
lated to spawning. Data on sablefish movement in the
winter is greatly lacking because there are no surveys
or directed fisheries in the winter. The use of popoff
satellite tags enables research on movement to occur
during this period. Future research on habitat use and
movement related to spawning of sablefish is badly
needed both for identifying spawning areas and for
tracking the movement of fish that skipped spawning
and those that spawned.

Rates of skipped spawning are highly variable
among species; a range from 9% to 86% has been re-
ported in 21 freshwater and marine species (reviewed
in Secor, 2008). Rates are higher for species that have
to make large-scale, energetically costly migrations be-
cause fish that skip spawning can forgo these migra-
tions. Skipped spawning rates are also hypothesized to
be higher for long-lived species because they have the
ability to skip spawning to increase their survival and
growth and, thereby, to maximize their lifetime repro-
ductive output (Rideout et al., 2005). For example, stur-
geons (Acipenseridae), Pacific halibut, and Atlantic cod
are long-lived fish that make large-scale spawning mi-
grations and have skipped spawning rates of 10-86%
(Loher and Seitz, 2008; Skjeeraasen et al., 2012; Kuha-
jda, 2014). Sablefish move long distances during their
lives, but it is unknown whether their movements are
related to spawning. However, they are long-lived and
have a maximum age similar to that of other species
that skip spawning.

Skipped spawning is related to energy reserves (i.e.,
relative liver weight) and body condition (the ratio of
body weight to length) for Atlantic cod, and rates of
skipped spawning can vary by year (Skjeraasen et al.,
2009; Skjeraasen et al., 2012). Both of these factors
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indicate that skipped spawning rates may be related
to annual environmental conditions and that skipped
spawning should be monitored in the future before any
conclusions are made on rates in the Alaska population
of sablefish. Measurements of relative liver size during
the summer may be a good indicator of whether a sa-
blefish will spawn in the coming winter; relative liver
size could prove to be a good alternative to histological
analysis during the summer. We intend to explore the
relationship between energy reserves, spawning, and
egg production in the future by sampling both during
summer longline surveys and during the winter pre-
spawning period.

Maturity status determined during the summer may
be reasonably close to that determined from observa-
tions made in the winter, but maturity values based on
summer longline surveys are not as accurate. The vari-
ability we observed in the estimates from annual sum-
mer longline surveys may be attributed to sample size,
subjectivity of maturity classification, or fluctuations in
the age at maturity or skipped spawning. Inaccuracy
in estimates from summer longline surveys could also
be the result of survey timing; some fish macroscopi-
cally classified as immature during summer surveys
may become visibly mature later in the fall and win-
ter, closer to spawning. Another factor that may have
caused inaccuracy in estimates is that examination for
skipped spawning was not part of the sampling proto-
col on summer sampling cruises.

It is unknown when fish that would skip spawning
stop progressing in development and become distin-
guishable from spawning fish. For example, in Atlan-
tic cod, fish that would skip spawning could be distin-
guished histologically at approximately 3 months be-
fore spawning but not before (Skjeeraasen et al., 2009).
If sablefish have a similar development time, this pe-
riod for distinguishing fish that would skip spawning
would fall around October or November, a time that
is several months after the end of the annual sum-
mer longline surveys. In the future, it will be impor-
tant to determine the months when immature, skipped
spawning, and prespawning sablefish can be differenti-
ated from one another—in order to accurately classify
maturity during portions of summer longline surveys,
which extend from May through August. Because they
exhibited the resting type of skipped spawning and
never developed maturing oocytes, fish that will skip
spawning can be identified by the absence of vitellogen-
ic oocytes and a thick ovarian wall. Sablefish that will
spawn may also have greater energy reserves before
spawning; therefore, measurements of body condition
and relative liver weight may be useful for predicting
spawning (as seen in Atlantic cod, Skjeeraasen et al.,
2009; Skjeraasen et al., 2012).

The GSI of fish that would skip spawning and im-
mature fish were significantly different for sablefish in
this study. The observation of such a difference may
not be useful in other species; for example, GSI could
not be used to separate skipped spawning and imma-
ture Atlantic cod (Skjeeraasen et al., 2012). However,

this measurement holds great promise for separating
immature from skipped spawning sablefish. Although
both of these maturity categories showed only early
developing, immature oocytes, the additional tissue,
such as stroma, blood vessels, and ovarian wall, that
we found in the ovaries of fish that would skip spawn-
ing, is likely to contribute to the difference observed in
GSI values. More data is needed on the GSI of fish that
skip spawning to improve our confidence in the use of
GSI as a tool for determining maturity.

Comparing the maturity data from the annual sum-
mer longline surveys conducted in the Gulf of Alaska,
the Aleutian Islands, and the eastern Bering Sea would
be beneficial because each fixed station is sampled on
the same date each year. Differences in estimates of
age at maturity for sablefish from these areas may be
a function of the phase of the reproductive cycle when
fish were collected. For example, the Bering Sea is sam-
pled in early June, whereas the western Gulf of Alaska
is sampled in late August. Ovaries sampled in late Au-
gust will be more developed and are likely to result in
different estimates of age at maturity. Because of the
bias that may be introduced as a result of sampling
date, winter sampling in multiple areas also is needed
to determine whether there is truly geographic vari-
ability in maturity at age and skipped spawning. Dif-
ferences in the age and length at maturity have been
documented in sablefish off the coast of the United
States, south of Canada (Head et al., 2014); therefore,
it will be important to consider geographic differences
farther north in Alaska as well.

Our estimates of fecundity were similar to those for
sablefish off California (Hunter et al., 1989), but they
were higher than estimates from a study off of British
Columbia, Canada (Mason et al., 1983). We compared
the fecundity of females that were 700 mm in total
length in our study with fecundity determined from
other studies because this length is approximately the
average female size in the longline fishery for sablefish
in Alaska (Hanselman et al. 2). The average fecundity
for females 700 mm in total length was 412,000 eggs—
a level that was very similar to an estimate from Cali-
fornia of 416,000 eggs (Hunter et al., 1989) but more
than double the estimate of 182,000 eggs from the Brit-
ish Columbia study (Mason et al., 1983). A microscopic
examination of ovarian tissue samples for evidence
of postovulatory follicles was not undertaken in the
Canadian study; therefore, batch spawning may have
occurred but was undetected. If batch spawning oc-
curred, it would decrease the estimated total fecundity
and would explain why other studies found higher es-
timates. Batch spawning was documented for sablefish
off central California (Hunter et al., 1989) and likely
also occurs in other geographic areas.

We found no significant relationship between rela-
tive fecundity and age. This verifies the assumption
made in the Alaska sablefish population model that
relative reproductive output is linearly related to fe-
male spawning biomass and does not change with age.
There were few fish older than 25 years (3 fish out of
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47) (sablefish maximum age is reported to be 94 years
[Kimura et al. 1998]); data from older fish are needed
to further test this model assumption.

Although the relative reproductive output did not in-
crease with age, mature oocyte size did. Mature oocyte
size could have increased with age because older fe-
males have more energy reserves for reproduction than
have younger females. These energy reserves could be
contributed to development of oocytes, and more energy
put to that end would result in larger oocytes. If larger
eggs in sablefish increase larval fitness, older females
(212 years, the age at which almost 100% of fish are
mature) may contribute more to the population than
do younger females. For example, an increase in energy
reserves and survival of larval black rockfish (Sebastes
melanops) has been observed for offspring from older,
larger females (Berkley et al., 2004). Alternatively,
older females may initiate oocyte development earlier
than younger sablefish and, therefore, have larger oo-
cytes. Earlier development may also indicate an ear-
lier spawning date for older females, as has been seen
in other marine fish species (Stark, 2007; Wright and
Trippel, 2009; Rodgveller et al., 2012). Mason’s (1984)
study of sablefish fecundity indirectly supports the hy-
pothesis that older females spawn earlier than younger
females. A decrease in relative fecundity with length
could have been caused by an earlier spawning time
of larger females. If larger females initiated matura-
tion earlier than smaller females and had spawned at
least 1 batch of eggs, the result would be a decrease in
relative fecundity with length. Mason may have missed
evidence of batch spawning in larger fish because there
was no microscopic examination for classification of
ovaries in that study.
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