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Abstract

Cusk Brosme brosme are fished across the northern Atlantic Ocean, but even basic biological data are limited in
part by their difficult-to-sample deep and structured habitats. We sampled fish from a variety of sources across the
Gulf of Maine to provide comprehensive life history information (age and size at maturity, fecundity, sex ratio,
growth) for this data-poor species considered by National Oceanic and Atmospheric Administration Fisheries as a spe-
cies of concern. Gonad histology and gonadosomatic index data indicated peak spawning in late spring (May-June),
with limited spawning activity into summer. The histologically derived length at 50% maturity for female Cusk was
39.5 cm TL. Fecundity varied from a quarter million to four million oocytes, with a positive allometry versus size indi-
cating that larger females have proportionally higher fecundity than smaller females. Male Cusk had unusually low
gonadal investment for a gadiform, and males of all sizes examined (down to 21 cm) had spermatozoa present. Male
maturity was equivocal even when the relative proportions of sperm stages were quantified through image analysis of
gonad histology; further anatomical and physiological studies of small males are required to assess functional maturity
in male cusk. The sex ratio at length indicated more males at larger sizes, and males had faster growth and larger
size at age than females. Condition patterns also suggested lower condition for females than males after spawning and
generally less variable condition for males. Gonadal investment, relative condition, and growth patterns all suggest dif-
ferences in energy allocation between the sexes. This data-poor species has an uncertain stock status in U.S. waters;
therefore, the results of the current work provide important information to its management.

The monospecific Cusk Brosme brosme occurs through-  with rocky substrates in the Gulf of Maine (Auster and
out the North Atlantic Ocean (from the Northeast U.S. Lindholm 2005; Rountree and Juanes2010), feeding on
Shelf to the European Shelf; Knutsen et al. 2009). They crustaceans, shellfish, and benthic fishes (Cohen et al.
are found in deep, cold waters and are usually associated 1990). In the United States, commercial landings have
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declined from 500 to 2,400 metric tons per year from the
1960s to 1990s to less than 100 metric tons since 2004
(Hare et al. 2012). Although much of the decline in land-
ings was due to changes in fishing activities, there is con-
cern about the species due to their life history, preference
for cold water, and recent warming in the region (Hare
et al. 2012). In Canada, Cusk was listed as threatened in
2003 and endangered since 2012 (COSEWIC 2012), and
the biomass index reference point is currently above the
limit reference point but with a high uncertainty around it
(DFO 2019). In the United States, a status review of Cusk
was Initiated in 2007, and it is still considered a candidate
species under the Endangered Species Act by the National
Oceanic and Atmospheric Administration (NOAA)
(https://www fisheries.noaa.gov/species/cusk). Unfortu-
nately, due to their preferred (complex structured) habi-
tats, Cusk are poorly sampled by bottom trawl surveys
(e.g., Northeast Fisheries Science Center annual spring
and autumn bottom trawl surveys; Hare et al. 2012; Tal-
lack 2012; Ross et al. 2015), limiting the usefulness of bot-
tom trawl time series to evaluate population trends
(COSEWIC2012). Limited sampling of rocky habitats
preferred by Cusk has contributed to the hyperdepletion
hypothesis for Cusk, where the trawl survey index declines
faster than the population (Davies and Jonsen2011;
COSEWIC 2012). As a result, the status of the Canadian
stock is assessed using the halibut longline survey index
(DFO 2019). Perhaps related to their preferred deep and
highly structured habitats and resulting scarcity in routine
trawl surveys, many aspects of their life history in the
northwest Atlantic Ocean are poorly understood and the
stock is considered data poor.

In the northeast Atlantic Ocean, where Brosme brosme
is referred to as tusk or torsk, a few studies report various
aspects of life history, including age and growth (Bergstad
and Hareide 1996; Bergstad et al. 1998; Jennings et al.
1999) and size at maturity (Bergstad and Hareide 1996;
Magnusson et al. 1997, Magnussen 2007). Limited infor-
mation exists on the reproductive biology of Cusk in the
western Atlantic Ocean, largely limited to the work by
Oldham (1972) on the Scotian Shelf. Several aspects of
reproductive biology of Cusk (Oldham 1972) are similar to
other gadids: having group-synchronous oocyte develop-
ment, batch spawning, and determinate fecundity (Murua
and Saborido-Rey 2003). However, Cusk tend to mature
at larger sizes and older ages compared with Atlantic Cod
Gadus morhua, Haddock Melanogrammus aeglefinus, and
Pollock Pollachius virens (Magnussen 2007). Cohen et al.
(1990) indicates spawning occurs April to July on both
sides of the Atlantic Ocean. In the western Atlantic
Ocean, spawning was reported to occur from March to
November, inferred from eggs collected in ichthyoplank-
ton surveys (Fahay 2007). Although movement and migra-
tion data are lacking, Cusk are not believed to form
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spawning aggregations (Oldham 1972; Knutsen et al.
2009). A study of genetic population structure throughout
the North Atlantic Ocean indicated significant heterogene-
ity over short distances in some cases, supporting the idea
of limited adult migration (Knutsen et al.2009). In light
of the demonstrated population heterogeneity for the spe-
cies, detailed regional understanding of Cusk life history
will help our limited understanding of Cusk biology and
better inform the status evaluations and management.

The objectives of this study were to provide detailed
information on Cusk life history in the northwest Atlantic
Ocean (primarily in U.S. waters). Specifically, we sampled
intensively with multiple fishing gear types to obtain large
numbers and a wide range in size of Cusk to evaluate
spawning seasonality, maturity, fecundity, sex ratio, condi-
tion, and age and growth. This study will help address the
limited biological data for this species, which can help
inform assessments of stock status and management in the
USA and elsewhere.

METHODS

Sample collection.— Cusk samples (Table 1) were col-
lected primarily during the spring (April-May) and fall
(October—November) operations of the Northeast Fish-
eries Science Center (NEFSC) Gulf of Maine Bottom
Longline Survey (BLLS; McElroy et al. 2019) and the
NEFSC Bottom Trawl Survey (BTS; Politis et al. 2014).
Additional samples in months outside the survey periods
were obtained from commercial vessels participating in
the NEFSC Study Fleet (Jones et al. 2022). These samples
came from vessels using both bottom trawl and rod-and-
reel gear. The BLLS covers only a portion of the Cusk
range in the Gulf of Maine, but the BTS covers the entire
gulf, including portions in Canadian waters and south to
the continental shelf slope (Figure 1). The catch locations
for the limited number of samples obtained from commer-
cial fishers were not included on the map to protect the
privacy of their fishing locations but were mostly located
on the ledges of the central Gulf of Maine, with a few
along the northern edge of Georges Bank.

Fish total length (TL; +0.5 or +0.1 cm), total body mass
(TM; 40.01kg), gonad mass (GM; £0.005kg), and liver
mass (LM; +0.005kg) were measured while at sea. An
approximately 1-cm® piece of tissue was excised from the mid-
dle of one gonad and fixed in 10% neutral-buffered formalin.

The gonadosomatic index (GSI) and hepatosomatic
index (HSI) were calculated as 100-{(gonad or liver) mass
/ [TM - (gonad or liver) mass]}, respectively (Wootton
1990). The length-mass relationship was determined for
all points using a log-transformed linear model, In(TM) =
b-In(TL) + In(a), where TM is total mass in kilograms, TL
is total length in centimeters, and ¢ and b are coefficients
determined by least-squares regression. The model was fit
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TABLE 1. Cusk samples (n=3,188) summarized by sex, month, and
each source: Northeast Fishery Science Center (NEFSC) Gulf of Maine
Bottom Longline Survey (BLLS), NEFSC Bottom Trawl Survey (BTS),
and the NEFSC Study Fleet (SF) program of collaborating commercial
fishing vessels. Sample sizes for specific analyses may be smaller depend-
ing on the sample detail and quality.

Length

Source Years Sex n range (cm)
BLLS 2014-2018  Female 1,439  26.0-92.7
2014-2018  Male 1,527  27.9-91.0
2014-2018  Unknown 6  42.9-80.6
BTS 2013-2018  Female 81 11.0-75.0
2013-2018  Male 75  15.0-85.0
2013-2018  Unknown 10 12.0-49.0
SF 2013-2017  Female 26 35.0-77.0
2013-2017  Male 24 33.0-79.0

using least-squares regression in R software (version 3.5.3;
www.r-project.org). The importance of sex as a factor in
the length-mass model was evaluated using the aictab
function from the AICcmodavg package, and the best
model was selected using second-order Akaike information
criterion (AIC,) (Anderson 2008). Relative condition (K,)
was calculated as the ratio of the observed gonad-free
mass over the predicted gonad-free body mass (Le Cren
1951) using a gonad-free length-mass equation for each
sex to examine seasonal patterns.

Gonad histology.— The fixed ovarian and testes tissues
were cut to <4 mm thickness, transferred to a histology
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cassette, and returned to formalin. The tissue samples
were then dehydrated in a series of increasing ethyl alco-
hol concentrations and prepared using standard paraffin
embedding techniques. The tissue was sectioned using a
rotary microtome (5 pm), mounted on microscope slides,
and stained with Schiffs-Mallory trichrome. Histology
slides were projected onto a monitor using a microscope
and camera for viewing and image capture (4—40x).
Female histology slides were assessed for the most
advanced oocyte stage (MAOS), the presence and stage
(early or late) of postovulatory follicles (POFs), occur-
rence and stage of atresia (alpha and beta), and tunica
albuginea characteristics (Figure2). The MAOS stages
recorded were primary growth, cortical alveoli, early vitel-
logenesis, late vitellogenesis, germinal vesicle migration,
hydrated, and ovulated. Primary growth oocytes have
nucleoli visible around the periphery of the nucleus and
no cytoplasmic inclusions. Cytoplasmic inclusions are seen
in the cortical alveolar stage, appearing first as open cir-
cles and then later containing a dark staining inclusion.
Early vitellogenic oocytes have yolk granules that appear
around the periphery and advance inward until about
halfway from the nucleus. Once yolk granules are beyond
halfway and fill the entire cytoplasm surrounding the
nucleus, the oocytes are considered in late vitellogenesis.
Germinal vesicle migration (nucleus migration) begins as
the nucleus migrates towards the edge of the oocyte where
it will begin to breakdown. As the nucleus breaks
down, the yolk granules fuse, the oocytes becomes
hydrated, and the diameter increases but the oocytes

Sample Source

A\ Longline Survey
O Trawl Survey

-68
Longitude (°W)

FIGURE 1. Distribution for Cusk sampled from the bottom trawl (n=166) and bottom longline surveys (n=2,972) in the Gulf of Maine. The solid
yellow line indicates the outer boundary for the region covered by the bottom longline survey, and the dashed yellow line indicates the outer
boundary of the offshore strata covered by the bottom trawl survey. The dashed black line indicates the United States exclusive economic zone
maritime boundary. Bathymetric lines (gray) indicate increasing depth in 100-m intervals, with the darkest gray indicating 300 m. Points are scaled to
the number of fish sampled at each location for samples from both surveys. Inset map includes the 300-m bathymetric contour (solid black).
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FIGURE2. Transverse sections of Cusk ovaries with scale bars indicating (A—B) 50 pm, (C—E), (G), (I) 250 pm, and (F), (H) 500 pm. Panel (A)
shows a sample from an immature female collected in April (38 cm TL) with primary growth oocytes (PG) and a simple tunica albuginea (T), and
panel (B) shows an immature female sampled in November (43cm TL) with a few cortical alveoli (CA) cells. The next panels show developing
females sampled (C) in November (59 cm TL) with early vitellogenic oocytes (EV) and late postovulatory follicles (POFs; small arrow), (D) in May
with late vitellogenic oocytes (LV; 56cm TL) and alpha («) and beta () atresia, and (E) in May (55cm TL) with oocytes in germinal vesicle
migration (GM). The following panels show (F) a ripe female (55cm TL) captured in May with hydrated oocytes (HY) still within the follicle (small
arrow), (G) a running ripe female captured in May (61 cm TL) with ovulated (OV) eggs released from the follicle and early POFs (small arrows), (H)
a spent female (43 cm TL) sampled in November with PG oocytes, many atretic secondary growth cells (ATR), and POFs (small arrows), and (I) a
resting female (45cm TL) sampled in November with mostly PG oocytes, late POFs (small arrow), and ATR along with a complex tunica albuginea

(T).

remain inside the follicle. Ovulation occurs once the fully
hydrated oocytes are released from the follicle into the
lumen of the ovary.

The POFs were classified into two stages, early and late
(Figure 2), and were used as a spawning indicator. Early
POFs had a double-layered string-like structure loosely
arranged with a lumen (larger than primary growth
oocytes). Late-stage POFs still appeared double layered
but were more compact and much smaller than primary
growth oocytes. Atretic cells were characterized as either

alpha atresia, identified by the collapse and breakdown of
the zona pellucida and yolk granules, or beta atresia,
which had no yolk remaining and were reduced in size
(smaller than primary growth oocytes; Figure2). Tunica
albuginea contains connective tissue and smooth muscle
(McMillan 2007), and it was classified as either simple or
complex. Simple tunica was thin with few layers of
smooth muscle in cross section, while complex tunica was
thicker, with multiple layers of smooth muscle present
(Tholke et al. 2019).
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Female maturity classes were defined similarly in both
seasons, as POFs and hydrated oocytes were evident in
both spring and fall (Table2). For immature fish, the
MAOS was usually primary growth or sometimes the
early portion of the cortical alveoli stage (14 of 67 imma-
ture fish); all but 2 of these were in October and Novem-
ber. Oocyte development is protracted, with cortical
alveoli appearing in summer soon after spawning and
moving into early vitellogenesis for most mature fish by
fall; therefore, we did not consider the presence of cortical
alveoli as an indicator of maturity for the calendar year of
collection. The complexity of the tunica was the key crite-
ria distinguishing immature from resting classes, and the
absence of POFs provided additional confirmation. The
complex tunica of fish that had spawned previously was
thicker with multiple layers of smooth muscle present. The
resting class was the most similar to the immature fish,
with an MAOS of cortical alveoli or occasionally primary
growth (9% of resting fish) and the complex tunica distin-
guishing them from immature fish.

The early stages of vitellogenesis of the next year’s
cohort first appeared in the fall; therefore, the developing
stage was divided into two classes. Early developing were
defined by an MAOS of early vitellogenesis, and late
developing had an MAOS of late vitellogenesis, with some
fish showing signs of starting germinal vesicle migration
(particularly in spring). The spent female class was distin-
guished from other classes using the MAOS (primary
growth or cortical alveolar), POF presence, and the scale
of atresia of remaining advanced oocytes (>50% of
remaining secondary growth oocytes in alpha atresia). The

TABLE 2. Histological characteristics used to define female maturity classes.
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ripe and running ripe classes were defined by the presence
of hydrated and ovulated oocytes, respectively. Maturity
was evaluated with samples from all seasons due to the
presence of spawning activity and spawning markers from
spring into late fall. Female maturity classification was
considered relative to the calendar year of collection,
which corresponded to ages assigned with a January 1
birthdate. A generalized linear model with a logit-link
function was fit to binary (immature/mature) maturity
data and TL.

Male histology slides were assessed for the most
advanced spermatogenic stage, the dominant spermato-
genic stage, and tunica development (Figure 3). Additional
characters noted included the interstitial tissue (connective
tissue seen throughout the teste section) and lumen (open
space within the interstitial tissue). Four spermatogenic
stages were identified. Spermatogonia were characterized
by a large spherical germ cell with light granular cyto-
plasm and a spherical nucleus. Spermatocytes still had
spherical cells but were smaller than spermatogonia. They
divide to form spermatids. Spermatids were also character-
ized by a spherical cell but were smaller than spermato-
cytes. Spermatids do not divide but transform into
spermatozoa. Spermatozoa become mobile due to the
development of a flagellum. The dominant spermatogenic
stage was the stage that composed >50% of cells in the
section, even if spermatozoa was the most advanced stage
present.

Macroscopic evaluation of Cusk revealed small testes
that varied little in size seasonally, as indicated by the
GSI. Microscopic evaluation of testes revealed advanced

Maturity class

Characteristics

Immature

Most advanced oocyte stage is either primary growth (PG) or cortical alveolar (CA). Ovary

compact with limited space between cells, no postovulatory follicles, and simple tunica
albuginea without multiple layers of smooth muscle.

Early developing

Most advanced oocyte stage is early vitellogenic. May have older postovulatory follicles

remaining from spawning in previous season.

Late developing

Ovaries with late vitellogenic oocytes as the most advanced stage. Final oocyte maturation

may be just beginning, indicated by germinal vesicle migration. Some postovulatory
follicles and/or atretic cells may be present. The tunica may be simple or complex.

Ripe
present.

Running ripe

Spent (regressing)

Hydrated or germinal vesicle breakdown oocytes present. Postovulatory follicles may be

Hydrated oocytes present outside the follicle (ovulated).
Most advanced oocyte stage of PG or CA. Stages that are more advanced present but are

resorbing with a majority of viable oocytes in PG and CA stages. A majority (>50%) or all
of the advanced oocytes are atretic. Postovulatory follicles present.

Resting (regenerating)

Most advanced stage of PG or CA with any or all of the following: a complex tunica that has

multiple smooth muscle layers, older postovulatory follicles, atretic of vitellogenic oocytes

may be present.
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sperm stages (i.e., spermatozoa) in small gonads of the
smallest-size fish evaluated. Therefore, to better evaluate
the functional maturity of males, we determined the sper-
matogenic maturity index (SMI, n=90), which describes
the area fraction of various cell stages, following Tomkie-
wicz et al. (2011). Nonoverlapping images (four to seven
images per fish) from histological sections were evaluated
using a point grid (24 points) overlaid on each image
using the Grid function in Image] software (version 1.52d;
National Institute of Health) with the Analyze and
Object] (version 1.04; University of Amsterdam) plugins.
This included all (z=19) small males (<40cm TL) col-
lected in the spring (April-June) with a sufficient slide
quality and a subset of males >40cm TL (n=71; range =
41-87cm TL). The spermatogenic cell stage, interstitial
tissue, lumen, tunica, and any open space (due to tissue
mounting) were recorded at each point on the grid (a
cross was used as the grid point symbol; the tissue type
that was present in the upper right quadrant was
recorded). The area fraction of each cell type was calcu-
lated as the number of grid points for each cell type
divided by the total number of points for testis tissue
(Tomkiewicz et al.2011). The tunica, lumen, and open
space were excluded. The area fraction of each cell stage
is then multiplied by a weighting factor to quantify the
progression of spermatogenesis. The weighting factors
used were interstitial tissue=0, spermatogonia=0.25,
spermatocyte = 0.5, spermatids =0.75, and spermatozoa =
1.0. The resulting SMI can range from O (only interstitial
tissue present) to 1 (only spermatozoa).

Fecundity.— Fecundity was estimated for prespawn
females with a MAOS in late vitellogenesis or germinal
vesicle migration (2014: n=43; 2015: n=52; 2016: n=47).
Females were excluded if there were signs of spawning
activity (germinal vesicle breakdown, hydrated oocytes, or
postovulatory follicles). Gravimetric measurements of
oocyte density (NG =number of oocytes per gram of
ovary) were made from subsamples of fixed ovarian tissue
that were patted dry and weighed (40.0001 g), and a sub-
sample size of 300-600 oocytes was targeted (~0.05-0.10
g). Subsamples were manipulated to separate the individ-
ual oocytes into a single layer, and images were taken
with transmitted light using a dissecting scope and digital
camera at 1.5%. ImageJ software with the Object] plugin
was used for image processing. Processing of images was
made consistent between samples by use of a macro in
Object] modified from one developed for Atlantic Mack-
erel Scomber scombrus (A. Thorsen, Institute of Marine
Research, personal communication). The macro automati-
cally filtered the images and measured the oocyte diame-
ters. Subsequent inspection of the processed image
allowed correction of erroneously identified and measured
particles (e.g., connective tissue or oocytes adhering to
each other but not identified as separate objects). To avoid
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potential size bias, the diameters of oocytes damaged dur-
ing sample processing were not included in the estimation
of the mean, but the number of damaged cells was
included in the total oocyte count for the subsample den-
sity (NQG) in gravimetric subsamples.

The autodiametric relationship, oocyte density as a
function of the mean oocyte diameter (OD), was modeled
with a power function fit by least-squares regression. The
autodiametric relationship was determined and reported to
facilitate future fecundity estimates for the species. We
modeled potential annual fecundity (PAF) as a function
of fish length (TL) by the following: In(PAF) = f;-In(TL) +
o, where a and B; are coefficients determined by least-
squares fit regression. Fish TL was used as the measure of
fish size as the total mass of fish is dynamic leading up to
spawning. A base model with just TL was tested against a
model including mean oocyte diameter of the leading
cohort (ODyc): In(PAF)=p;eIn(TL)+ f,¢(OD )+,
where a, By, and B, are coefficients determined by least-
squares fit regression. The ODyc serves as an indicator
for the individual time until spawning and therefore
should account for some of the down-regulation that
occurs in the lead up to spawning. The coefficient of slope
for length of the final regression was tested against an iso-
metric slope (B, =b, where b is the slope determined for
the length-mass relationship) using a Wald test.

Age and growth.— Cusk sagittal otoliths were collected
from the reproductively sampled fish as well as additional
fish in 2016 and 2017 for age determination (n=1,041).
Otoliths were baked in an oven at 400°C for 1 min. They
were read whole with a Leica M60 stereomicroscope using
transmitted light at a magnification between 8x and 20x.
A subsample of 52 samples were reread blindly to estimate
percent agreement, coefficient of variation, (Campana
and Jones 1992), and bias (Bowker 1948). The observed
length-at-age data were fitted to the von Bertalanffy
model (Ricker 1975). Likelihood ratio test (Kimura 1980)
was used to determine if differences existed between
growth parameter estimates between sexes for mean
length-at-age data.

RESULTS

Size Distribution and Sex Ratio

The size distribution of the BLLS fish ranged from 26
to 93 cm but with most (97%) of the fish between 35 and
80 cm (Figure 4). The BTS samples were fewer in number,
but they covered a broader length range (11-85cm). The
BTS accounted for most of the fish <30 cm (21 of 26 fish),
and the BLLS accounted for most of the fish >80 cm (50
of 51 fish). The samples from the Cooperative Research
Branch Study Fleet were intermediate in length (36-79
cm).
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FIGURE 3. (A—B) Macroscopic images of whole testes and (C—D) transverse microscopic sections of a presumed immature and mature Cusk testes.
Scale bars indicate (A—B) 2 cm, (C) 200 pm, and (D) 400 pm. Panels (A) and (C) show a presumed immature male (37 cm TL) collected in November
with advanced sperm stages present, and panels (B) and (D) show a mature male (68.1cm TL) collected in November with numerous lobules of
spermatozoa. The spermatogenic stages labeled are spermatogonia (SPG), spermatocytes (SPY), spermatids (SPT), and spermatozoa (SPZ). Dashed
boxes indicate the location of the inset image.
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The length distributions by sex differed, with females
peaking from 45 to 60 cm and male length numbers peak-
ing from 60 to 80cm (Figure4). The mean length for
females was 53.4cm (SD =9.5; n=1,634) and was 5.6cm
below that of the male mean length of 59.0cm (SD=11.9;
n=1,538), which was significant (Student’s = —14.6, df =
2,933.7, P<0.01). The sex ratio was skewed towards
females (66-76%) between 42 and 56 cm (using 2-cm bins).
The sex ratio was variable around 50% below 40cm,
although sample sizes were more limited (Figure4). The
ratio skewed towards males (>65%) starting at 62 cm and
stayed above this, although the ratio fluctuated above 74
cm as sample sizes became smaller. Females were
observed up to the largest sizes sampled.

Length—Mass Relationship

The length-mass relationship (Figure 5) for all sampled
Cusk was In(TM)=-12.1731 +3.1695-In(TL), where TM
is total fish mass in kilograms and TL is fish length in cen-
timeters (n=3,160; SE «=0.0333, SE b=0.0083; °=
0.98). A length model including sex as a factor (only those
fish with sex recorded: n = 3,144) was not an improvement
over a model without sex (AAIC,. =2.0; without sex model
weight =0.73).

Female Reproductive Seasonality

The majority of samples were obtained from fishery
independent surveys and concentrated in the spring and
fall, with fewer fish sampled outside those months (Figure
6). Female spawning activity (ripe and running ripe fish)
was observed starting in the middle of April (April 18 was
the earliest spawning-active female sampled). Sample sizes
in certain months limit the ability to precisely define the
earliest or peak spawning activity, but based on the GSI,
MAOS, and POFs, peak spawning was in late May and
June. The majority of females in the spring were late
developing. Spawning activity continued well into summer
and even into fall. A few ripe females were observed in
October and November (latest spawning-active fish was
November 8), but most females were in a postspawning
condition (spent or resting) or beginning the development
of the next year’s clutch in the fall (early developing).
Early vitellogenesis was the most prevalent MAOS in the
fall (Figure 6). The GSI was highest in April through
June, but some females with higher GSI (>5) persisted
into the fall months and, along with the MAOS, indicated
protracted spawning by some individuals. The majority of
females in the fall have a GSI < 3.

Spawning markers were present in females through the
summer and fall, aiding the identification of mature
spawning participants even after peak spawning season.
Postovulatory follicle presence increased progressively
into summer and persisted into the fall; POFs were pre-
sent in 41.6% of mature females from October samples
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and 35.8% of November samples. Atresia (alpha and
beta) was also present in most mature females (94.5%)
sampled in October and November, with 28.8% of the
females having alpha atresia present. Spent females were
characterized based on presence of POFs and a high per-
centage (>50%) of remaining advanced oocytes in an
alpha atretic state. Most spent females were observed
during the fall (Figure 6), towards the end of the spawn-
ing season, and they composed 11-12% of the fish in
October and November. Two females in May were classi-
fied as spent (0.8% of May fish), having already com-
pleted spawning for the year (mean GSI=3.21). This was
also the case for the four resting females observed in
April and May (1.5% and 1.2% of fish in those months,
respectively; mean GSI=0.36 for resting females in both
months combined).

Immature females were more readily distinguished in
spring when no mature females were observed with pri-
mary growth as the MAOS, and only two immature fish
had early cortical alveolar oocytes as the MAOS in spring.
In fall, both primary growth and cortical alveoli were
observed in immature and resting females. The composi-
tion of the tunica was an important character for distin-
guishing these classes, and the presence of POFs often
further distinguished most resting females.

More of the female Cusk classed as immature based on
histology came from the later 6 months of the year (n=
49) than in the first half of the year (n=18). The smallest
mature female was 35cm, and the largest immature
female was 52 cm. The low number of immature fish from
the spring surveys limited the ability to fit a seasonally
specific model for size at maturity. However, the pro-
tracted spawning season of female Cusk and continued
presence of spawning markers allowed the identification of
mature spawning participants throughout the year. There-
fore, histologically determined maturity from all months
were used in determination of the final female maturity
ogive. The final ogive model (Figure 7; slope =0.454 [SE
=0.051], intercept = —17.910 [SE = 2.147], n =817, residual
deviance =201.540) for female Cusk had a length at 50%
maturity (Lso) =39.468 cm (95% CI = 38.718-39.947).

Fecundity

Gravimetric fecundity estimates were obtained for 142
female Cusk prior to spawning. The autodiametric rela-
tionship was NG =(9.250 x 10'%) x (OD>*), with a
deviance explained of 0.930 (SE ¢=2.810% 10'°, SE b=
0.048; OD range =399-759 pm). Cusk PAF was estimated
for females from 38 to 82cm TL (Figure8). The fecun-
dity—length model including OD{c had a lower AIC.
(AAIC,=4.255; weight =0.894) than the base model with
only length. The resulting full model, In(PAF)=(3.791 x
TL) +[(—=7.940 x 107*) x OD; ¢] — 0.760, had an r*=0.824
(n=142; RSE=0.289; SE p;=0.147, SE=3.143x 107*,
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FIGURE4. (A) Stacked length frequency distributions in 1-cm bins for all Cusk (n = 3,188) that were captured using different fishing gear types from
the bottom trawl survey (n=166), the bottom longline survey (n=2,972), and the Study Fleet commercial samples, which were predominantly using
rod-and-reel gear with a few fish from bottom trawls (z = 50). Panel (B) shows the length frequency distributions by sex for fish where it was available
(n=3,172), and panel (C) shows the proportion of females at each 2-cm increment shown for all length bins with greater than five individuals.

SE =0.618). The slope of the length coefficient had signifi-

cant positive allometry (B; >

(t=4.209, P<0.001). The fecundity model estimates and

3.170) relative to total length

length ranges in the current study were similar to those
reported for Cusk on the Scotian Shelf in the 1960s (Fig-
ure 8; Oldham 1972).
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FIGURES. Plot of all total length and total mass data for sampled Cusk during 2013-2018 (n=3,160). The solid blue line is the predicted model,
and the dashed red lines indicate the 95% confidence region for the predicted model.

Male Reproductive Seasonality

Males had generally low GSI values (rarely >1.0)
throughout the year, and the testes had spermatozoa pre-
sent in all months examined. Measured spawning activity
inferred from elevated GSI was greater in the spring but
was also evident in later months (Figure 9). The majority
(>60%) of males sampled each month from January to
July had spermatozoa as the dominant stage in the testes,
whereas in the fall, spermatogonia were the dominant
stage in more than half of the samples (October and
November). The GSI in males increased from April to
June relative to other months, with the median being
above 0.3 (Figure9) and the lower quartiles being higher
than the upper quartile of most other months. The
observed range of male GSI in April and May was
broader and more males exceeded 0.5 than in other
months.

Spermatozoa were present in all male Cusk examined,
including the smallest males sampled (21 cm TL; 10 fish
<30 cm), some of which were examined in detail in the
laboratory to obtain macroscopic images to accompany
histology (Figure 3). The testes on these small males were
thin, poorly vascularized, and translucent. Spermatozoa
were present but composed less of a proportion of the
testes than in the larger males. The SMI analysis sup-
ported this, with most of the smallest males (25-35cm)
having an index <0.3, and the majority of the fish with an
index >0.4 were >40cm TL (92%, n=71; Figure 10). The
majority of males (eight out of nine fish) with the lowest
SMI values (SMI <0.3) were <37 cm, but there was some

overlap of males with high and low SMI, particularly
from ~33 to 40 cm TL. The limited testicular development
when coupled with low GSI raises questions about
whether these smaller males are “functionally” mature.
However, the SMI still did not provide a clear differentia-
tion in testes structural development across the length
range examined. Due to the low numbers of clearly imma-
ture males based on histological criteria, a maturity ogive
was not generated for males.

Hepatosomatic and Relative Condition

The hepatosomatic condition of Cusk was variable
within months, with seasonal changes evident for both
sexes. The median and quartiles of HSI were lower from
April to June during the peak of spawning activity for
both sexes, with the upper quartiles <4 and medians ~3
(Figure 11). The sample sizes were low, but the few
winter-sampled fish were the highest (>5 HSI), and fish in
the fall had interquartile ranges in HSI that were typically
3 to 5. The median and interquartile range of HSI within
nearly all months was higher for females than males, with
June being the exception.

Relative condition (gonad-free K,) was also variable,
and the interquartile range overlapped with 1.0 in all
months that had a sample size greater than five (Figure
11). The median K,, for both sexes was at or below 1.0
(average condition) in April through June during this peak
spawning period, with the lowest of the year for both
being in June (female median K, =0.949-0.961; male med-
ian K, =1.002-1.016). Relative condition was low for
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FIGURE 7. Model prediction (solid line) and 95% confidence interval (dashed lines) for proportion mature at length (1 = mature and 0 =immature)
for female Cusk determined using ovarian histology. The length at 50% maturity (Lsp) is 39.47cm (n=2817). Also shown are the frequency
distributions in 1-cm bins for immature (dark gray; n=67) and mature females (light gray; n=750).
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FIGURES8. Potential annual fecundity (PAF) for Cusk plotted at length
with both total length and PAF on a natural log scale. The solid line
indicates predicted PAF at length for Cusk from the current study with a
model including oocyte diameter of the leading cohort (prediction
estimates made using ODpc=800pm). Predicted fecundity at length
(dashed line) based on the model reported by Oldham (1972) is shown for
the length range sampled in that study.

males in February, but only six samples were obtained.
Males had a less variable K, than females, and monthly
medians were always above 1.0 (Figure 11). November
had the highest median of all months with a sample size

greater than 10 fish (female median K,, = 1.000; male med-
ian K,=1.039), and the limited samples during winter
suggested that condition was higher then.

Age and Growth

Overall Cusk age estimates were precise as within-
reader agreement achieved 71%. The average within-
reader CV was 3%, and there was no systematic bias
between original age and test ages (test of symmetry: y* =
9.33, df =7, P=0.23). Comparisons between the von Ber-
talanffy curves demonstrated that the null model, which
assumed common growth coefficients for females and
males, was significantly different (X2= 1,705, df=3, P=
0.0001) than models with separate parameters by sex (Fig-
ure 12). Therefore, growth parameters for both males and
females were estimated separately, with parameters for
males of L,=8579cm, k=0.15, and #,=0.37 and for
females of L, =112.54cm, k=0.05, and 7, = —3.73.

DISCUSSION

The results of the current study provide the most com-
plete biological data available for Cusk in the western
North Atlantic. This study is the first to utilize gonad his-
tology to evaluate maturity and spawning seasonality for
Cusk. To be useful for management, life history parame-
ters need to be from the appropriate region, accurate, and
current. Therefore, the results herein are valuable to man-
agement and the stock assessment for this data-poor
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FIGUREY. Seasonal pattern in male Cusk based on the (A) dominant stage of spermatogenesis and (B) gonadosomatic index (GSI). Sample sizes are
displayed above each month. See Figure 6 for a definition of box plot elements.

species with an uncertain population status in U.S. waters
(Tallack 2012).

Reproductive Seasonality

Cusk in the Gulf of Maine have a protracted spawning
season that peaks in spring and extends into summer.
Although seasonal coverage was variable, a high occur-
rence of spawning activity was identified in the spring
(particularly May) and some sporadic spawning fish were
identified throughout the summer and even into early fall.
The spawning seasonality we observed is similar to earlier
studies in the region and elsewhere. Bigelow and Schroe-
der (1953) reported Cusk in the Gulf of Maine spawning
in spring and early summer, commonly into July. Cusk
eggs in the Gulf of Maine and Georges Bank were col-
lected from March until November, with peak egg abun-
dance in May and June (Berrien and Sibunka 1999).

On the Scotian Shelf, spawning timing may be similar
or with a slightly later onset and peak. Oldham (1972)
reported spawning from May until August, with a peak in
late June, and spawning was distributed over the whole
region with no distinct spawning aggregations. Ichthy-
oplankton surveys from 1976 to 1982 (reported in Harris
et al. 2002) captured Cusk eggs at Scotian Shelf stations
May through September, with the highest occurrence May
to July. European studies report similar April to June
spawning, including off Iceland, Ireland, the Faroe
Islands, and the Norwegian shelf (Magnusson et al. 1997).

Female Maturity

We present the first assessment of maturity for this spe-
cies using ovarian histology, which has the benefit to
improve the accuracy of maturity classification. Because
the samples were predominantly captured via longline
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FIGURE 10. The spermatogenic maturity index (SMI) of male Cusk in relation to Cusk total length sampled in April and May (n=90). For
comparison, the Lsy determined in the current study for female Cusk is shown (dashed red line).

with hook size targeting larger individuals, gear selectivity
may have biased the collection of immature fish (e.g., only
catching larger immature individuals). Combining samples
from multiple gear types (e.g., trawl survey samples)
helped to reduce this potential bias and improved the size
distribution sampled. However, future work should focus
on evaluation of smaller Cusk to improve the precision of
the size at first maturity.

The female size at maturity found here is consistent
with previous reports in the region based on macroscopic
data (e.g., 37 cm for females and 44 cm for males; Tallack
2012). Earlier more comprehensive maturity work in the
1960s on the Scotian Shelf that included eastern portions
of the Gulf of Maine (Oldham 1972) found a larger Lsg
for females of 50.7cm (aged 6.5years) than the current
study. Later work on the Scotian Shelf by Beacham (1982)
found a lower size at maturity for females in the more
eastern Northwest Atlantic Fisheries Organization subdivi-
sion 4X region (Lso=47cm) than the 4W region (56 cm).
The size at maturity from macroscopic survey data from
the 1950s-1970s did not differ significantly among decades
when sample sizes were sufficient to compare (Beacham
1982). More recent analyses of macroscopic data reported
an Lsy for Canadian Fisheries and Oceans Canada data of
42cm and 39cm for the U.S. NEFSC data (COSEWIC
2012). These estimates based on macroscopic determina-
tions are similar to the present study using ovarian histol-
ogy. The differences in size at maturity between the
earliest available data and more contemporary reports
could be related to geographic or methodological differ-
ences as well as temporal changes. Differences in observed

maturity over time and among regions could be influenced
by changes in the population size, environmental factors,
intrinsic population differences, fishing mortality rates, or
other abiotic or biotic factors (Olsen et al.2005; Nash
et al. 2010; Miller et al.2018). Future work should focus
on collecting and characterizing the maturity and age data
across the Gulf of Maine and Scotian Shelf to evaluate
regional and temporal variation across both U.S. and
Canadian waters.

Reports from the eastern Atlantic Ocean on Cusk
maturity are also limited but indicate similar size at matu-
rity as found in the western Atlantic Cusk. From com-
bined sampling efforts by Norway, Iceland, and the Faroe
Islands, Magntsson et al. (1997) reported Cusk mature at
8-10years (40-45cm). Bergstad and Hareide (1996)
reported an age at 50% maturity (As9) of 6-7years for
females, and although they did not report an Ls,, based
on their reported size at age, this would have been
approximately 35-45cm depending on the region. They
sampled from commercial long-liners throughout the year
and indicated that macroscopic determination of the
immature and resting/recovering classes of fish was chal-
lenging at certain times of the year. These limited esti-
mates of size at maturity come from disparate fishing
locations, and finer-scale sampling is required to evaluate
variation in maturity within both the eastern and western
Atlantic Ocean populations.

Fecundity
The best fecundity model developed in the present
study included OD of the leading cohort, similar to
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FIGURE 11. The (A) hepatosomatic index (HSI) and (B) relative condition of female and male Cusk by month sampled. Female data are for only

mature fish, whereas male data include all fish sampled. Relative conditio
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free fish mass. Reference lines of “average” condition (K, =1.0) and the calculated average HSI (3.66) are shown. Sample sizes are shown above each

month. See Figure 6 for a definition of box plot elements.

fecundity studies on other species that show a general
decline in PAF as ODjc increases (McElroy et al. 2016).
The OD serves as a proxy for the individual level of
clutch development, and including it should partially
account for the down-regulation (as indicated by the nega-
tive slope of the ODc term) on the estimates of PAF.
The inclusion of ODj ¢ in the model results in estimates of
potential fecundity being closer to realized fecundity. The
use of ovarian histology to identify fish that had started

spawning and ODpc from oocyte size frequencies to
account for down-regulation both improved the accuracy
of the PAF estimates. The autodiametric relationship
reported here enables more efficient estimation of fecun-
dity for exploring spatial and temporal patterns in fecun-
dity over larger scales.

The fecundity-at-length relationship reported here is
remarkably similar to the only previous data in the west-
ern Atlantic Ocean by Oldham (1972), which was
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conducted on the Scotian Shelf. The results were similar
despite 50 years and the previous work not having the
benefit of ovarian histology to omit any fish that had com-
menced spawning. Cusk fecundity ranged from a quarter
million to over four million eggs, which was also compa-
rable to other large gadoids with group-synchronous
oocyte development in the region. Fecundity of Atlantic
Cod on Georges Bank ranges from a few hundred thou-
sand to over five million eggs, and Haddock on Georges
Bank and the Grand Banks can have a fecundity from
100,000 to just under three million eggs but achieve a
smaller maximal size than Atlantic Cod (Almeida et al.
2009; Rogers et al. 2019).

The fecundity of Cusk has positive allometric
increases, which were greater than just proportional to
increasing fish size. This relationship of fecundity rela-
tive to fish size should be taken into consideration when
examining the reproductive potential for a species. It
emphasizes the importance of the largest females to the
reproductive output of a population (Hixon et al. 2014;
Barneche et al. 2018), although the scale of the impact
on population reproductive output may only be ~10%
when taking into account population demographics
(Andersen et al. 2019). The scaling of the fecundity and
body size relationship has been found to vary, but noni-
sometric scaling with body size has been reported in a
variety of fish taxa (Stafford et al. 2014; Barneche et al.
2018; Lefebvre et al.2019). Fecundity scaling does not
account for other reproductive attributes of large(r)
females such as egg size or energy content, which can
also have benefits for larval size and survival (Berkeley
et al. 2004; Trippel and Neil 2004; Hixon et al.2014).
The increased relative fecundity for larger females indi-
cates that both spawning stock biomass and stock
demographics ultimately determine stock reproductive
potential.

Male Maturity

In contrast to females, male Cusk appear to have lower
reproductive investment (as indicated by GSI) compared
with other gadids in the region. The GSI of male Cusk
during the spawning season was always below 2, whereas
male Atlantic Cod GSI is typically >2 and can be as high
as 15 (Trippel and Morgan 1994). It is unlikely that we
missed actively spawning males having a higher GSI
entirely due to some gear or behavioral selectivity, for the
following reasons. First, we sampled with multiple gears
(having different selectivity) and caught many male fish in
the same months (and locations) as developing and spawn-
ing females. While spawning males may not have been
feeding, and thus missed, this would result in an increase
in percentage females at size (during spawning months),
which is the opposite of what we observed. Second, if
prespawning males are not feeding (i.e., taking hooks), it
seems highly unlikely that, given our large sample size, we
would not have collected some fish at least beginning to
ramp up their GSI. The GSI of Atlantic Cod is elevated
for several months prior to spawning (Almeida et al.
2009); therefore, we feel it is unlikely (1) that male Cusk
do not feed for many months of the year and (2) that we
would not have caught at least some that were ramping
up. If mature males do not feed for many months of the
year, we would expect their growth to be slower, which is
not supported by the size at age data presented, and
assuming we collected postspawning fish, their relative
condition would be reduced following spawning, which
was also not evident. Third, we find it unlikely that so
many males would be nonparticipatory (i.e., excluded
from actively spawning by cryptic male spawners) given
that males of most species (including gadids) mature at
earlier ages and smaller sizes than females do, and we col-
lected many large males up to the largest sizes sampled
during the spawning season. Low GSI of male fish is
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sometimes associated with low fecundity, nest guarding,
or internal fertilization, but Cusk have pelagic eggs and
no secondary structures associated with internal fertiliza-
tion. Males defending females or spawning sites often have
low levels of sperm production compared with high sperm
production in species with higher sperm competition
(Petersen and Mazzoldi 2010). High fertilization rates (and
low GSI) have been associated with species that spawn in
pairs and in nests or confined habitats that may retain
sperm for long periods (Petersen and Mazzoldi 2010).
Cusk have been observed (e.g., via remotely operated
vehicle) to inhabit complex rocky structures, such as boul-
ders and ledges, or to find refuge among corals and
sponges (Auster and Lindholm 2005; Kutti et al. 2015;
Ross et al. 2015). In addition, given the low temperatures
preferred by Cusk, sperm are likely viable for over an
hour as for Atlantic Cod (Trippel and Morgan 1994).
Although the eggs of Cusk are pelagic, it is possible that
spawning or mating or fertilization occurs in a manner
(pairs) and confined “nests” that permit high fertilization
rates with low sperm production. The mating behaviors of
Cusk are unknown but warrant investigation to under-
stand why males have such low GSI.

Regardless of the reasons for low GSI in males, this has
implications with respect to energy allocation. The lower
reproductive investment by males could make more energy
available for growth or spawning behavior (guarding
females or breeding site) or enable spawning over a more
protracted spawning season. Significant migration and
movement has been suggested as unlikely for Cusk in multi-
ple regions (Bigelow and Schroeder 1953; Johansen and
Neavdal 1995; Knutsen et al. 2009); however, their seasonal
movements are not well known, without any known tagging
studies on the species to date. The low GSI of males and
limited seasonal change in gonad size and appearance com-
plicate macroscopic classification. The histological analysis
of males was also equivocal due to the presence of advanced
sperm stages in even the smallest males examined. Despite
the presence of advanced sperm in these small males, the
small size of the gonad and lower percentage of area with
advanced sperm make it unlikely that these individuals are
functionally mature. The SMI calculations provided a
means to quantify this, and although the results are some-
what ambiguous, there is an increase in SMI for males
around 35-40cm, corresponding to the size at onset of
maturity in females. Oldham (1972) reported male maturity
at 43.5cm and 4.7 years based on macroscopic criteria. We
found that traditional macroscopic and microscopic meth-
ods failed to provide definitive diagnosis of the onset of
maturity in males, but the data suggest the vast majority of
males collected were mature.

The sex-specific differences in growth are likely the
result of this differential reproductive investment, with
males expending less energy towards reproduction and
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more to growth. Both sexes showed similar seasonal pat-
terns in HSI and relative condition, and scale of HSI was
relatively similar between the sexes and comparable to
that of other gadids in the region (Atlantic Cod HSI=
1.86-9.96, Haddock HSI=1.56-8.46; Alonso-Fernandez
et al. 2009). Female Cusk had slightly higher HSI, which
may be related to the energetic requirements of vitel-
logenin production. The gonad-free K, of male Cusk was
consistently higher than that of females and did not show
as dramatic a decline during or after spawning in spring.
The more stable K, of males throughout spawning and
the entire year may be indicative of the limited energetic
investment to reproduction compared with females.

Sex Ratio

The change in sex ratio at increasing lengths may be
influenced by several factors, including sex-specific selectiv-
ity of the surveyed habitat and fishing gear (where larger
males are captured more efficiently), sex-specific differences
in mortality (where females have lower survival), or sex-
specific differences in growth (where males grow faster and
achieve larger size at age than females). The latter is the
most parsimonious explanation and is supported by our
observations on reproductive investment, condition, and
size at age. Oldham (1972) also reported higher proportions
of males among the larger sizes of Cusk on the Scotian
Shelf. Interestingly, Bergstad and Hareide (1996) did not
find strong differences in growth between the sexes in the
eastern Atlantic Ocean. Larger male size may be advanta-
geous (i.e., selected for) if they guard females or sites during
spawning (as in many protogynous hermaphrodites). More
information on gear selectivity, spawning behaviors, and
mortality of this enigmatic species would help to affirm
these results on size composition.

Growth

Cusk otoliths are difficult to interpret. Baking the
whole otolith did increase the contrast between the annuli,
which in turn increased interpretation and precision. Over-
all, our precision of 70% for this species is much higher
than the 30% to 40% achieved previously (Bergstad and
Hareide 1996; Bergstad et al. 1998). Our differences in age
estimates were mostly within 1 year (88% agreement +1
year). Unlike Bergstad and Hareide (1996) and Mag-
nussen (2007), our data showed there was a clear differ-
ence of mean age at length between sexes, with males
growing larger at age. When estimating growth using the
von Bertalanffy model, model fits were poor and had diffi-
culty converging and the female growth curve ended up
closer to linear than asymptotic, probably due to the lack
of younger ages. Overall, our mean length at age was lar-
ger than other studies conducted in the eastern Atlantic
Ocean (Bergstad and Hareide 1996; Jennings et al. 1999;
Magnussen 2007). However, changes in the processing of
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otoliths to increase precision of age estimates elsewhere
could help confirm the differences in growth between sexes
and across regions presented here.

Management Implications

Cusk are a managed species in U.S. waters but cur-
rently lack a formal stock assessment due to deficiencies in
long-term data and remain a NOAA species of concern.
There are currently no size or quota limits on this species.
Contemporary data on the maturity, sexual dimorphism,
age and growth, and spawning seasonality are valuable to
the development of sustainable management for this spe-
cies. These data will inform managers if they look to
establish minimum sizes and other regulations in the
future. The life history, limited movements, and preference
for rocky habitat and cold water by Cusk make it of
increased vulnerability to climate change (Hare et al. 2012,
2016). Cusk are considered to have a high biological sensi-
tivity and climate exposure, and their overall climate vul-
nerability in U.S. waters is expected to be in a negative
direction (Hare et al. 2016). Obtaining current data on the
life history is necessary for monitoring how these parame-
ters may respond to a changing environment. The data
presented here fill substantial gaps in our understanding of
Cusk biology and advance the information available for
status assessments of this data-poor species in U.S. waters.
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