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ABSTRACT: Gaining insight on how species relate to their environment and other members of the
trophic community is critical for their management. We investigated habitat use, seasonal patterns
of abundance and population structure of the broadnose sevengill shark Notorynchus cepedianus
in the marine temperate environment of a northern Patagonian bay (Argentina). We expected
N. cepedianus to exhibit strong seasonality in the bay driven by the seasonal occurrence of impor-
tant marine mammal prey. However, an alternative or complementary hypothesis arose from the
possibility that N. cepedianus uses the area seasonally as mating grounds. To explore these hypo-
theses, a suite of baited remote underwater video stations and catch per unit effort data indices
were used to estimate the seasonal relative abundance of the species inside the bay. Reproductive
hormone levels were measured to determine reproductive status and maturity stages of the pop-
ulation. Results indicated that N. cepedianus uses the bay year-round, showing a peak abundance
during spring when individuals aggregate, likely for feeding and mating purposes. Male and
female total lengths at maturity were 170 and 190 cm, respectively. Contrary to other studies in the
Southwest Atlantic, population composition remained similar throughout the seasons, with adults
dominating over juveniles, and adult females prevailing in the population at all times. Considering
the historical abundance decline recently reported for the species, protection and enforcement
within protected areas across the Southwest Atlantic must remain of high priority in government
initiatives.
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INTRODUCTION

Understanding habitat use and seasonal dynamics
of marine species and gaining insight on how they
relate with their environment and other members of
the community are critical for their management

*Corresponding author: alejo@cenpat-conicet.gob.ar

(Ferretti et al. 2010, Bird et al. 2018). In the case of
threatened marine top predators, such as many large
sharks, this type of information is important for the
conservation of the marine environment because it
allows us to understand their capacity to influence
communities via trophic and behavior-mediated in-
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teractions (Heithaus et al. 2008, Barnett et al. 2012).
However, this type of information remains deficient
when assessing shark populations because of the
inherent difficulty of gathering high-quality data on
these animals (Heithaus et al. 2008, Heupel et al.
2015). Compared with other marine animal groups,
in general large sharks occur in low densities, have
elusive behavior and are distributed over large areas
that are usually inaccessible by standard research
methods (Heithaus et al. 2008).

The broadnose sevengill shark Notorynchus cepe-
dianus Péron, 1807 belongs to a particular lineage
of ancient large sharks (Hexanchiformes) that share
ancestral characteristics, including a set of 7 pairs of
respiratory gills from which they derive their com-
mon name (Last & Stevens 2009). The species is
highly migratory and exhibits a worldwide antitrop-
ical distribution (except North Atlantic and Indian
Oceans) in temperate coastal and continental shelf
marine environments (Compagno 2005, Last & Ste-
vens 2009). These sharks reach up to 300 cm in total
length and consume a variety of large prey such as
bony fish, other chondrichthyans and marine mam-
mals (Ebert 1991, Crespi-Abril et al. 2003, Lucifora
et al. 2005, Braccini 2008). Due to its high consump-
tion of marine mammals, the species has been
ranked as a high trophic level predator (Cortés
1999). Furthermore, Barnett et al. (2012) character-
ized the relevant roles of N. cepedianus and the
other hexanchids as apex predators in marine eco-
systems, since they lack sympatric shark species
consuming the same prey.

N. cepedianus has been classified as Data Deficient
by the IUCN Sharks Specialist Group Red List due to
a general lack of information (Compagno 2005).
However, the species is highly vulnerable to over-
fishing in many parts of the world as a consequence
of exposure to intensive coastal fisheries. For exam-
ple, in coastal areas of Argentina, studies using dif-
ferent data sources and methods reported a serious
decline in N. cepedianus abundance over the last 4
decades (Barbini et al. 2015, Irigoyen & Trobbiani
2016). Off eastern Australia, historical catch per unit
effort (CPUE) indices of sevengill shark abundance
increased, suggesting a greater interaction of these
animals with fisheries and shark meshing programs
(Reid et al. 2011). Biological life-history traits includ-
ing slow growth and long-term maturation (Com-
pagno 2005) raise further concern about its conserva-
tion status. N. cepedianus grows slowly (Braccini et
al. 2010) and exhibits a viviparous lecithotrophic re-
productive mode (Awruch 2015), characterized by a
biennial cycle, involving a 6 to 12 mo ovulation

period, followed by a 1 yr gestation period (Ebert
1989, Awruch et al. 2014).

In the Southwest Atlantic, N. cepedianus is distrib-
uted from Cananéia, Brazil (25° S, Sadowsky 1969) to
Dungeness Cape, Chile (52°S, Guzmén & Cam-
podonico 1976). Scarce and scattered evidence sug-
gests that N. cepedianus uses the coastal waters of
Argentina for feeding, mating and nursing purposes
between spring and early autumn (Lucifora et al.
2005, Cedrola et al. 2009, Irigoyen et al. 2015, Iri-
goyen & Trobbiani 2016, De Wysiecki et al. 2018).
Catch and effort analyses indicate that juveniles and
adults reach maximum abundance from January to
April along the coastal areas of northern Patagonia
(40°-42.5°S, Lucifora et al. 2005, Irigoyen et al.
2015). In southern Patagonian waters (47.5°-49.5°5S),
N. cepedianus occurs from November to March as
reported from fishing tournaments and recreational
fisheries data (Cedrola et al. 2009). Although large
pregnant females are rarely recorded (only 1 record
found in Gadig 2001), neonates were frequently
reported during late spring and summer in northern
areas (36.5°-40°S; Lucifora et al. 2005, Irigoyen &
Trobbiani 2016), and only a few specimens were
found along southern Brazilian coasts (Vooren et al.
2005). Therefore, data on the population dynamics
and structure of N. cepedianus still remains scare in
this region of the world.

Advances in the knowledge of life history,
migration patterns and key habitats are priorities for
the conservation and sustainability of N. cepedianus
in the Southwest Atlantic. Theory in ecology indicates
that seasonal patterns of abundance of fish are com-
mon in temperate environments because of fluc-
tuations in environmental conditions (e.g. water tem-
perature) and food availability (Fryxell & Sinclair
1988, Berthold 1999, Block et al. 2011). Accordingly,
Barnett et al. (2010) concluded that prey abundance
variations driven by water temperature fluctuations
directly influence N. cepedianus seasonal movements
in Tasmanian bays. Thus, we expected N. cepedianus
to exhibit strong seasonality in a northern Patagonian
bay (Caleta Valdés, Argentina) driven by the seasonal
occurrence of important prey. Marine mammals com-
prise one of the most relevant groups of prey items in
the diets of large sharks (Ebert 1991, Crespi-Abril et
al. 2003, Lucifora et al. 2005, Braccini 2008). South
American sea lions Otaria flavescens and southern
elephant seals Mirounga leonina aggregate in great
numbers in breeding colonies in the area during
spring and summer seasons (Dans et al. 2004, Lewis
et al. 2004, Ferrari et al. 2009). Therefore, a high
abundance of pinniped pups is likely to be a strong
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driver for N. cepedianus abundance patterns because
these are easy-to-catch, nutritious targets. In contrast,
it is unlikely that the sharks use this area as a nursery
ground. Neonates and nursery areas of N. cepedianus
have been reported to occur within estuarine envi-
ronments (e.g. Menni & Garcia 1985, Lucifora et al.
2005), not in shallow marine habitats such as Caleta
Valdés (Estevez & Varela 1991). Nonetheless, an
alternative or complementary hypothesis could be
related to the possibility that N. cepedianus uses
the area seasonally as mating grounds. To explore
these hypotheses, we aimed to determine the habitat
use, seasonal pattern of abundance, demographic
structure and reproductive status of N. cepedianus
in Caleta Valdés, using a combination of fishery-
independent methods over a period of 2 yr. Addition-
ally, we include a more comprehensive estimation of
length-weight relationships than the one that is
currently available (Cedrola et al. 2009) to provide
valuable information for this data-deficient species.

MATERIALS AND METHODS
Study site

Sampling was conducted at Punta Bajo, Caleta
Valdés, Argentina (42°25'S, 63°37'W) a northern
marine bay in Patagonia, which is part of the Valdés
peninsula (Fig. 1), an area recognized in 1999 by
UNESCO as a World Heritage Site because of its con-
centration of marine mammals and birds. The bay is
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Fig. 1. Sampling location (circle) at Punta Bajo (Caleta Val-
dés), Argentina

characterized by a narrow (between 200 and 700 m)
and long water intrusion bounded by a gravel bank
that is 35 km long (Fig. 1). As a result of a small
mouth and shallow waters (maximum depth of 13 m
at high tide) in the bay, tides produce strong currents
of changing direction throughout the day. Water tem-
perature fluctuates seasonally between a minimum
value of 9°C in August and a maximum of 18°C in
February (data taken in the field). Along the gravel
bank and islands located at the end of the bay, ele-
phant seals, penguins and other marine bird colonies
are densely distributed (Dans et al. 2004, Lewis et al.
2004, Ferrari et al. 2009, Lisnizer et al. 2011, Pozzi et
al. 2015). Adult southern elephant seals display sea-
sonal variation in abundance with a peak during
spring (September—October) when females arrive to
breed and molt (Lewis et al. 2004, Ferrari et al. 2009).
Weanling pups stay up until December when they
move offshore for the first time. Magellanic penguins
Spheniscus magellanicus and kelp gulls Larus do-
minicanus are also present in the area by late spring
and summer to reproduce (Lisnizer et al. 2011, Pozzi
et al. 2015). Furthermore, colonies of South American
sea lions are located a few kilometers north and
south of Caleta Valdés (Dans et al. 2004). Despite the
information available regarding marine mammals
and birds, baseline ecological knowledge to support
marine planning in the area is very limited, espe-
cially for chondrichthyans.

Field methods and sampling design

Daily sampling trips were conducted on a bi-
monthly basis between June 2015 and February
2017. Site, moon phase and tide variables were fixed
to avoid effects on relative abundance estimates. The
sampling site (Punta Bajo) was chosen for its accessi-
bility by land with motor vehicles. Sampling dates
were set on full moon days with the high tide occur-
ring at midday (between 11 and 14 h). Three approa-
ches were used to collect samples, as follows.

Longline fishing

Longline fishing sessions were conducted in order
to calculate a CPUE index of relative abundance.
Longlines consisted of 140 m lead-core mainline
with 0.8 m stainless steel snoods and 20 hooks
(Mustad 2330-DT, size 1). Atlantic chub mackerel
Scomber colias was used as bait. Lines were set
from a small inflatable boat and then operated from
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the coast between 12 and 23 h. The total number of
longline settings each day varied depending on
soak time, weather and personnel availability. Soak
time ranged between 30 and 120 min (average
73 min).

Rod and reel fishing

One fishing session per sampling day was per-
formed from the coast in order to calculate an addi-
tional CPUE index of relative abundance. Fishing
sessions varied between 10 and 12 h long and were
conducted between 11 and 24 h using either 4 or
5 fishing rods depending on available personnel.
Each rod and reel possessed 1 hook (Mustad 2330-
DT, size 1) baited with S. colias. Fishing lines were
cast close to the shore between 5 and 20 m. An addi-
tional rod and reel fishing session—not included in
the sampling design—was performed on 5 Novem-
ber 2016 with the purpose of increasing the number
of sharks tagged and sampled in this study. Data
obtained on this additional sampling trip were in-
cluded in the demography analysis but not included
in the CPUE analysis because it was conducted at a
different tide level, moon phase and site, probably
influencing CPUE (see next section).

Baited remote underwater video stations (BRUVS)

BRUV deployments were conducted to calculate
fishing-independent indices of relative abundance in
order to corroborate those estimated by fishing meth-
ods. BRUVS consisted of iron poles and a trestle-
shape frame, enclosing a GoPro® camera (models
Hero 3" and Hero 4). Detachable bait arms of 150 cm
in total length (25 mm O plastic conduit) had a bait
holder of 63 mm @ and 20 cm long perforated conduit
stuffed with 600 g of chopped S. colias. BRUVS were
positioned between 4 and 9 m deep with 16 mm
polypropylene ropes, and polystyrene surface buoys
between 1 h after and 1 h before high tide. The first
60 min (approximately 30 min before and after high
tide) of video imagery were analyzed to ensure the
most stable physical conditions at high tide on each
session. This strict deployment and video analysis
procedure was based on pilot tests that determined
significantly higher currents at intermediate levels of
tide which modified visibility (and probably other
parameters such as bait odor plume, which are diffi-
cult to measure with BRUVS) and could introduce
bias for index calculations (Marsh & Sinclair 1989,

Harvey et al. 2013). Deployment sites were randomly
selected along a 6 km portion of the bay, northward
and southward from the fishing site. The BRUVS
were established at least 500 m apart from each other
to ensure independence between samples. Three
indices of relative abundance were calculated for
each video session:

(1) Nmax: the maximum number of Notorynchus
cepedianus observed in a single video frame;

(2) NmaxIND: the cumulative number of different
N. cepedianus identified by spot patterns and other
particular characteristics (i.e. size, sex, scar or tag).
The relevance of this index in elasmobranch studies
was recently described by Sherman et al. (2018). For
the estimation of this index, every time a given shark
entered the field of view, snapshots of the individual
were taken. After visual inspection of all snapshots,
the number of unique individuals were determined
as NmaxIND;

(3) Nocc: the total number of occurrences of N. ce-
pedianus in the field of view over the entire video
record session.

Animal handling

Regardless the fishing method used, each N. cepe-
dianus caught was carefully brought to the shoreline
while keeping the gills underwater. Blood samples
(5 ml) were taken via caudal venipuncture using pre-
heparinized syringes fitted with 14- or 18-gauge
needles depending on the size of the shark. Blood
samples were transferred to plastic vials and placed
onice for 4-10 h, followed by centrifugation for 5 min
at 1000 x g. The plasma was collected and stored at
—20°C until it was thawed for analysis. After blood
extraction, basic biological parameters were recor-
ded, including sex, total length (Lt to the nearest cm,
using a fiberglass tape), total weight (Wt to the
nearest kg, using a hanging digital balance and a
stretcher to hold each shark) and clasper length in
males (Lc to the nearest mm, from the distal end of
the metapterygium to the tip). Two additional sour-
ces of qualitative evidence were sought while han-
dling the animals to facilitate inference regarding the
use of the bay as mating or feeding grounds: (1) pres-
ence of fresh mating scars on females, and (2) prey
items as a result of gastric eversion under fishing/
handling stress. Lastly, all sharks were tagged on the
dorsal fin with a plastic spaghetti dart tag (Floy tags)
before being safely released back into the water. The
whole procedure was accomplished in an average
time of 4.98 min (range 2-10 min).
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Determination of size at maturity and
reproductive stages

As has been previously done with other elasmo-
branch species, including N. cepedianus from Aus-
tralian waters (Awruch et al. 2014), sex steroids were
used to determine the size at maturity and address the
reproductive stages for both sexes. Briefly, in vivipa-
rous elasmobranch females, the main role of 173-
estradiol (E,) is the synthesis of hepatic vitellogenin
regulating follicle development, while testosterone
(T) is a precursor of E, and is associated with E, fluctu-
ations and likely with maturational stages of follicle
growth (Awruch 2013). Progesterone (P,) plays an im-
portant role in suppressing vitellogenin production to
stimulate maturational stages and ovulation of ovarian
follicles that have completed their development. Cir-
culating P, levels were also linked to early stages of
pregnancy in previous studies on N. cepedianus
(Awruch 2013, Awruch et al. 2014). In elasmobranch
males, T seems to be the primary androgen associated
with testicular development and mating, E, may be
associated with modulating early to middle stages of
spermatogenesis, and P, may play a role in spermio-
genesis and spermiation, and/or only reflecting the
rate at which it was being converted to downstream
steroid metabolites such as T (Awruch 2013).

Plasma levels of T, E, and P, were measured in the
laboratory by radioimmunoassay. Testosterone anti-
serum was purchased from Novus Biologicals®, and
reconstituted by diluting 1:10 in phosphate-buffered
saline assay buffer containing 0.1% gelatin and
0.01 % thiomersal. The remaining assay reagents (E,
and P, antiserums and tritiated T, E, and P,) and assay
protocol used were as described by Awruch et al.
(2014).

In addition, for females, weighted averages of the
predictive variables Ly, T, E; and P, were used to
obtain discriminant function scores (D) to distinguish
sexually immature juveniles from sexually mature
adult sharks (Awruch et al. 2008). Briefly, D was cal-
culated as follows:

D = B0+B1X1+B2X2+...+Bin (1)

where Xj is the value of each independent variable
(i), and B; is the coefficient estimated from the data.
From D, it was possible to obtain the probability that
a shark was either a juvenile or adult. This probabil-
ity P(Gi/D) was estimated by:

P(D/Gi)P(Gi)

zg P(D/Gi)P(Gi)

i=1

P(Gi/ D)=

where P(Gi)is the prior probability and is an estimate
of the likelihood that a shark belongs to a specific
group, G, where i = juveniles or adults. The condi-
tional probability P(D/Gi)is the probability of obtain-
ing a particular value of D if the shark belongs to a
specific group. Each shark was known to belong to a
particular group, and the conditional probability of
the observed D score given membership in the group
was calculated. The predictive function was built
using Excel and SPSS (IBM SPSS® Statistics 24).

For many elasmobranch males, an abrupt increase
in Lc in relation to Lt marks the onset of sexual matu-
rity (Conrath 2004, Awruch et al. 2014); thus, the
relationship between these 2 measurements was
plotted and assessed.

Population structure and seasonal variation

Catch- and BRUV-derived estimates were used to
investigate N. cepedianus population structure and
seasonal fluctuations of abundance in the study site.
The CPUE was defined as the number of N. cepedi-
anus caught divided by the number of hooks and
soak time for each daily longline and rod and reel
fishing session. Given that the 2 fishing gears are
part of distinct fishing techniques with different asso-
ciated fishing effort, they were analyzed separately.
Juveniles and adults were differentiated by taking
into account size at the onset of gonadal maturity
estimated in this study. The sex ratios (female:male)
of juvenile and adult stages were calculated for each
season of the year. Further, analyses of similarity
(ANOSIM) were used to identify any major sexual
(female-male) and maturity-stage (adult—juvenile)
composition differences in the catch rates between
fishing gears, and between seasons for each fishing
gear. The response variable (CPUE) was fourth-root-
transformed to reduce variance. Values close to 1 in-
dicate very different compositions, whereas values
near 0 indicate small differences (Clarke & Warwick
2001).

Length-weight relationships

Additionally, length—-weight relationships of the
population were estimated with Ly and Wy values
taken as part of this study plus 2 other complemen-
tary sources of data: (1) specimens captured in exper-
imental and commercial longline fishing conducted
in northern Patagonian gulfs (42°-43°S, Elias 1998)
(n =27, range = 99-244 cm L, mean = 132 cm Lt) and
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San Clemente del Tuyu (37°S, A. Jaureguizar
unpubl. data) (n = 34, range = 39-186 cm Ly, mean =
126 cm Ly), all caught between 1994 and 2005, and
(2) records from recreational catches in Rawson
(43°S, N. Bovcon unpubl. data) between 2010 and
2015 (n = 13, range = 148-236 cm Ly, mean = 180 cm
Lt). All complementary specimens were measured to
the nearest cm and weighed to the nearest 0.1 kg
using electronic scales. Before fitting the models, an
Lt—Wr plot was explored to detect outliers in length—
weight relationships as suggested by Froese (2006).
In order to decide whether a linear regression on log-
transformed data or a non-linear regression on raw
data described the relationship more suitably, the
error distribution (additive vs. multiplicative) of the
whole data set by a likelihood analysis was evaluated
(see Xiao et al. 2011 for details). As the assumption
of multiplicative log-normal error better supported
the data (result not shown), the parameters of the
length—-weight relationship (Wr = a Lt®, where a and
b are growth parameters) were estimated by fitting
a linear regression to the log-transformed data
(log[Wr] =log[a] + blog[Lt]) as applied by Venerus et
al. (2016). All analyses were performed with R (R
Core Team 2017).

RESULTS

Over the course of the study, a total of 198 sharks
(145 females and 53 males, sex ratio close to 1:3)
were sampled and safely released back into the
water. A total of 78 individuals were captured by
longline (55 females and 23 males) and 120 by rod
and reel (90 females and 30 males).

Females ranged from 152-253 cm Ly

and males from 145-222 cm Ly. The 20
frequency distribution presented sig-
nificant differences between sexes
(p = 0.02, Wilcoxon rank test) with
females being larger than males
(Fig. 2). No evident differences in size
range were found between sharks
caught through fishing or spotted on
BRUVS.

Frequency (n)
2 &

[&)]
1

Size at maturity and reproductive 0+ o
stages

A total of 82 (60 females, 22 males)
blood samples were processed and
analyzed in the study. Blood samples

AR AR AR X
ABYT G\ (10

and Lc measurements were incorporated into the
study during the last year, March 2016 to January
2017. Although most individuals had blood drawn,
the priority was to release a healthy shark back into
the water. Therefore, if the blood-drawing procedure
took more than 5 min, the procedure was stopped and
blood was not taken, although this situation only
occurred in a handful of cases. In some other situa-
tions, too many sharks were caught at the same time.
In those cases, we did not have enough people in the
field to be able to take blood from every shark without
delaying the process for more than 5 min.

Females were considered to reach sexual maturity
at 190 cm Lt (Fig. 3a). Females smaller than 190 cm
Lt never reached steroid levels higher than 3 ng m1™!
E, 2ng ml~! P, and 0.7 ng ml~! T, indicating sexually
immature females. Females larger than 190 cm Lt
exhibited higher steroid values, likely corresponding
to sexually mature females. Thus, females smaller
than 190 cm Lt were categorized as sexually imma-
ture juveniles and those 2190 cm Lt were considered
sexually mature adults. Within these larger females,
the 3 hormones showed a wide range of levels at a
similar Lt, indicating different reproductive stages
for a given length. Adult females with medium to
high E, levels are likely experiencing the middle—
late vitellogenesis stages of the ovarian cycle, while
females with high P, levels are likely undergoing the
ovulatory phase of the ovarian cycle and possibly
maintaining the first stages of pregnancy. Further-
more, by using 190 cm as a cut-off point to separate
sexually immature juveniles from sexually mature
adult females, the linear discriminant predictive
analysis showed significant differences between

19 ,\%‘5 ,\g‘b ,LQQ ,L\‘b ,erb ,Lrb"b "Lb‘g ,L(o%
,\Q,Q ,\90 %00 %\0 %@0 %50 'lb‘g %60

Total length (cm)

Fig. 2. Size frequency (n) distribution of Notorynchus cepedianus females
(light bars) and males (dark bars) in Punto Bajo (Caleta Valdés)
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Fig. 3. Maturity stages in Notorynchus cepedianus. (a) Rela-

tionship between reproductive hormones and total length in

females (<190 cm, n = 10; 2190 cm, n = 50). (b) Relationship

between total length and clasper length in males. (c) Re-

lationship between reproductive hormones and total length

in males (n = 22). T: testosterone, E,: 17B-estradiol, Py:
progesterone

juvenile and adult sharks (Wilk's lambda, x2 =0.473,
p <0.001). From the D score generated by the predic-
tive variables Ly, T, E; and P, (D = -11.82 + 0.51 x
L+ 0.63 x [T] + 0.18 x [E;] + 0.086 [P,]), 98.3 % were
correctly classified within the sexually mature stage
group.

The lack of small males made it impossible to eval-
uate onset of maturity by looking into the L- and Lt

relationship (Fig. 3c). Furthermore, males began to
show high T levels from 175 cm Lt, but only few
males smaller than 175 cm Lt were caught during the
sample period (Fig. 3c). Thus, it was not possible to
assess the cut-off point of Lt for sexually mature
males. However, similar to females, the 3 hormones,
in particular T, showed a wide range of levels at a
similar Ly, suggesting males undergoing different
reproductive stages for a given length.

By looking into the reproductive hormones of adult
females by season, although a smaller range of T, E,
and P, levels were observed in winter, a wider range
was displayed throughout spring to autumn indica-
ting a multi-annual reproductive cycle within the
population (Fig. 4a). Testosterone levels were the
lowest of the 3 reproductive hormones (<1.2 ng ml™}),
showing the highest values in spring and summer.
These highest levels are in concordance with the
presence of females bearing fresh mating scars, sug-
gesting a possible role of T during the mating period
and/or the maturation of the ovarian follicles in
preparation for ovulation. Both high and low E, levels
were observed from spring to autumn, reaching only
low values in winter; however, the sample size dur-
ing the cold months was low. The wide range of cir-
culating E, indicates that adult females are experi-
encing different stages within the ovulatory cycle.
While some females with medium and high E, levels
are actively undergoing vitellogenesis, females with
low E, are not actively developing ovarian follicles,
likely being in a resting stage of the ovulatory cycle
or just at the very beginning of it. Progesterone levels
slightly peaked during spring and summer, although
high values were also observed in autumn and win-
ter. One female showed an important peak in P, dur-
ing summer, suggesting that this female was in the
ovulation phase. At least 30% of adult females pre-
sented fresh mating scars on pectoral fins in spring
and early summer (Fig. 5). During the other seasons,
no mating scars were registered. Given that fresh
mating scars were registered at the end of spring
towards the beginning of summer, these slight in-
creases in P, could be related to the ovulatory period,
remaining elevated during autumn and winter sup-
porting the initial stages of pregnancy.

Circulating T levels in males (5-22 ng ml™!) were
much higher than in females (0.2-1.1 ng ml™?), also
showing a wide range of values suggesting that
males produce sperm in most seasons (Fig. 4b). How-
ever, apart from 1 point in autumn that could be an
atypical value (twice the highest value of the season),
T levels reached the highest values in spring and
summer, reflecting a possible mating period and the
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role of T triggering the copulatory behavior in very high P, level found in winter could be linked to
males. Plasma E, and P, levels also showed a wide the antagonistic effect between E, and P4, which is
range of values throughout spring to autumn. The evident in winter by the low level of E, and very high

highest E, levels were observed in spring, and the level of Py.
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0.071). Overall, catches were domi-
nated by adults (56.2-92.6%) and
females (56-81%) (Fig. 7). The sex
ratios (female:male) of juvenile and
adult stages were >1 for most sea-
sons (spring = 13 and 3, summer =
6.5 and 5.2, autumn = 3 and 1.6, re-
spectively); male juveniles were
equally as abundant as female juve-
niles only in winter (juvenile = 1,
adult = 2.5). Most sex-stage cate-
gories showed the highest CPUE in
spring and the lowest in winter, in

Fig. 5. Female Notorynchus cepedianus observed during the study showing
fresh mating scars on pectoral fins (arrows). The image on the left is from a
baited remote underwater video record, and the image on the right was taken

during a longline operation

Population structure and seasonal
variation

N. cepedianus CPUESs (longline and
rod and reel fishing) and BRUV-derived
relative abundance indices showed a
strong seasonal pattern over the 2 sea-
sonal cycles of the study (Fig. 6). Maxi-
mum CPUEs, Nmax, NmaxIND and
Nocc values occurred in spring, as op-
posed to autumn when minimum rela-
tive abundances were registered. Long-
line and rod and reel CPUEs showed
similar patterns, ranging from 0.02 to
0.22, and 0.05 to 0.46 sharks hook™ h™*,
respectively. Sharks were not observed
at BRUVS between March and May
2016. In the other seasons (winter and
summer), relative abundances showed
intermediate values.

Besides sevengill sharks observed at
BRUYVS, schools of silversides Odontes-
thes smitti and O. argentinensis were
usually abundant and were registered
in all video sessions, whereas solitary
individuals of papamoscas Nemadac-
tylus bergi, Brazilian sandperch Pin-
guipes brasilianus and Patagonian
blennie Eleginops maclovinus were
registered only on a few occasions.

Sharks showed no significant dif-
ferences in the maturity-stage com-
position in any of the fishing gears
(longline, rod and reel), either
throughout the year (ANOSIM, R =
0.009, p = 0.351) or by season (long-
line ANOSIM, R = 0.088, p = 0.32;
rod and reel ANOSIM, R = 0.27, p =

accordance with Fig. 6.
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Fig. 6. Seasonal variation in Notorynchus cepedianus relative abundance
indices in Punta Bajo (Caleta Valdés) from June 2015 to February 2017.
Indices derive from baited remote underwater video deployments (see
‘Materials and methods: Field methods and sampling design' for detailed
definitions of Nmax, NmaxIND and Nocc) and catch per unit effort (CPUE)
data (longline and rod and reel). Note that the Nocc index was divided by 10
to match the scale of the other 2 indices; the factor 'hook’ in CPUE relates to
different effort in each fishing method; sampling occurred mostly on a
bimonthly basis
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Qualitative prey data

have occurred before sharks were being
carried to the coast.

Length-weight relationships

The length—weight relationship was
constructed from a total of 151 N. cepe-
dianus specimens ranging from 39 to
252 cm Lt and 0.3 to 90 kg Wr (Table 1).
The comparison between analysis of co-
variance (ANCOVA) models suggested
the occurrence of sexual dimorphism in
the length—weight relationship (differ-
ence in Akaike's information criterion
[AAIC] = AIC i, — AICax = 5.24), with
females being heavier and showing
wider length range compared to males
(Table 1).

Recaptures

During the study, 15 sharks were re-
captured at the same tagging site, for a
total recapture rate of 7.58 %. Seven re-
captures occurred at short time scales,
i.e. within 4 mo after tagging (average =
2.2 mo). Eight occurred at longer time
scales between spring and early summer

sampling periods, i.e. from 6 to 13 mo (average =

In total, 30 (15.2 %) individuals regurgitated stom-
ach contents as a result of gastric eversion during
handling on the shore. Only in spring and early sum-
mer, 24 individuals regurgitated chunks of southern
elephant seals. At different times of the year, 6 in-
dividuals regurgitated whole fish or pieces (2
were identified as plownose chimaera Callorhinchus
callorynchus, 1 as Eleginops maclovinus, 2 as non-
identified bony fishes, and 1 as a non-identified
skate). It is important to note that the regurgitation
rate was probably underestimated because it may

8 mo). The 7 individuals recaptured at short time
scales were all females (4 adults and 3 juveniles). The
8 individuals recaptured at longer time scales were
adults (3 males and 5 females). To date, no recaptures
by fishermen have been reported.

DISCUSSION

This study suggests that Notorynchus cepedianus
uses Caleta Valdés year-round and aggregates in
spring for feeding and mating purposes. The 3

Table 1. Length—weight relationships for females, males and all individuals of sevengill sharks Notorynchus cepedianus from
Argentina, Southwest Atlantic. Samples were collected between 1994 and 2016. Lt: total length, Wr: total weight

Sex n Lt (cm) Wr (kg) Regression parameters (95% CI) —— R?
a b

Female 100 39-252 0.3-90 0.0023 (0.0015-0.0035) 3.127 (3.043-3.211) 0.982

Male 51 81-221 2.3-42 0.0034 (0.0016-0.0075) 3.032 (2.879-3.184) 0.970

All 151 39-252 0.3-90 0.0023 (0.0016-0.0035) 3.116 (3.041-3.190) 0.979
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methodologies used to estimate relative abundance
during the study period showed a consistent and
strong seasonal pattern of abundance of sevengill
sharks inside the bay. The peak of abundance in late
spring coincides with the occurrence of regurgitated
pieces of southern elephant seal, supporting the
hypothesis that fluctuations in prey availability drive
N. cepedianus seasonal patterns of abundance. At
this time of the year, elephant seals arrive at Valdés
peninsula to breed and molt, and by late spring pups
enter the sea for the first time (Lewis et al. 2004, Fer-
rari et al. 2009) and hence are vulnerable to preda-
tion by sharks. In addition to using the area as a feed-
ing ground, the presence of mating scars registered
on large females supports the complementary hypoth-
esis that N. cepedianus also uses the bay for mating.

The seasonal aggregation of N. cepedianus in bay
environments was also described at Humboldt and
San Francisco Bays in California, USA (Gotshall et al.
1980, Ebert 1989), Willapa Bay and Grays Harbor in
Washington, USA (Williams et al. 2012), Norfolk Bay
in Tasmania, Australia (Barnett et al. 2010, Barnett &
Semmens 2012), False Bay in South Africa (de
Necker 2017) and Anegada Bay, Ria Deseado and Rio
de la Plata in Argentina (Lucifora et al. 2005, Cedrola
et al. 2009). These studies all agreed that spring
appearances or species aggregations in coastal areas
are related to feeding and mating activities driven by
seasonal fluctuations in prey abundance. Prey abun-
dance is believed to be among the main factors deter-
mining distribution of sharks (Speed et al. 2010,
Schlaff et al. 2014). This conclusion is consistent with
our results, as N. cepedianus, despite having been
registered year-round in the study site, was more
abundant in late spring, which coincides with the
mating season and maximum prey availability (i.e.
elephant seal pups). This is further supported by the
fact that during the summer—autumn period, N. ce-
pedianus presented intermediate abundances, prob-
ably as a result of sharks leaving Caleta Valdés to
feed on other seasonally abundant prey outside the
bay, including sea lions (Dans et al. 2004), plownose
chimaera (Di Gidcomo 1992) and migratory bony fish
(e.g. Scomber colias, A. Irigoyen pers. obs.).

The wide range of the 3 reproductive hormone lev-
els from spring to autumn indicates a simultaneous
occurrence of adult females at different reproductive
stages, suggesting a trend in temporal periodicity of
the reproductive cycle. The high hormone values dis-
tinguish those females ready to ovulate from females
with very low hormone levels that are likely in the
resting stages or beginning of the ovulatory cycle. It
can then be suggested that N. cepedianus females

exhibit an annual ovulatory cycle followed by a preg-
nancy period and subsequent rest, although the
length of these 2 periods remains unknown. The
higher androgen levels found in adult males during
spring and summer would indicate a reproductive
synchrony in female and male cycles, with males
actively producing sperm and prepared for mating
during spring and summer. It is therefore likely that
the warm and shallow waters of the Caleta Valdés
provide a prime habitat for feeding but also for mat-
ing in sexually active individuals.

Although strong seasonal fluctuations of N. cepedi-
anus abundance were found in Caleta Valdés, popu-
lation structure remained constant throughout the
seasons, with no evident differences in sex-stage
composition. Females outnumbered males year-
round in the area, as also observed during warm
months in northward (Lucifora et al. 2005) and south-
ward locations (Cedrola et al. 2009). Conversely to
these studies, however, adult individuals outnum-
bered juveniles in the bay, probably as a conse-
quence of intraspecific exclusion for food resources
(Ebert 2002), or due to an artefact of the methods
used in the study. Furthermore, no young-of-the-year
or neonates were registered in the catches, observed
at BRUVS or reported by fishermen during informal
interviews (A. Irigoyen unpubl. data). Further sam-
pling along the entire study area is necessary to rein-
force this conclusion.

All recaptures occurred inside the bay, suggesting
both long- and short-term site fidelity in the timescale
covered by the study (i.e. between field trips, and sea-
sons). Similar results were obtained for N. cepedianus
conventional tagging conducted in Tasmania, with a
15% recapture rate occurring almost exclusively in
the original tagging location (Barnett et al. 2010). In
South Africa, the recapture rate of N. cepedianus was
lower (4.2%) and did not show evidence that site fi-
delity was occurring, probably because individuals
were tagged in open coasts (Ebert 1996). Furthermore,
large migrations (>1000 km) were also reported asso-
ciated with the exit from coastal areas in winter to-
wards warmer areas (Barnett et al. 2011). At a finer
scale, the different movement pattern found for males
and females in Tasmanian bays is explained by adult
females using coastal habitats earlier and for longer
periods of time than males (Barnett et al. 2011). The
prevalence of females inside Caleta Valdés at all
times may be a result of fine-scale sex-specific differ-
ences in habitat use, as found in Tasmanian bays.
Satellite tracking studies should be conducted in
Caleta Valdés to address this hypothesis and gather
information of potential migration routes.
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Visual census based on BRUVS imagery showed
that sevengill sharks and silversides dominated the
fish assemblage in Caleta Valdés. No other chon-
drichthyan species was registered in 50 h of video
imagery, and few other bony fishes were observed.
Despite the fact that the single-camera BRUV method
used in this study could not be used to measure fish
length (as opposed to stereo-BRUV systems; Harvey
et al. 2002), N. cepedianus individuals observed were
visually estimated to fall within the range of lengths
of sharks caught by fishing, suggesting that smaller
or larger individuals were not present. The constrain-
ing dimensions of the bay and the high concentration
of large sevengill sharks likely caused the exclusion
of other species by predation pressure (e.g. Papasta-
matiou et al. 2006), including young N. cepedianus.

The maximum Lt reported here (253 cm) is smaller
than previously reported in North American (283 cm,
Williams et al. 2011), Tasmanian (296 cm, Barnett et
al. 2010) and South African waters (280 cm, Ebert
1996). Despite a lower sample size in the present
study (particularly in males), previous maximum total
length registered for Argentinian waters from scien-
tific surveys (253 cm, Lucifora et al. 2005) and expert
fishermen records (250 cm, A. Irigoyen unpubl. data)
suggest that N. cepedianus individuals grow to
smaller sizes in the Southwest Atlantic. In concor-
dance, it is not surprising to observe that the size at
sexual maturity in females also seems to be smaller
than previously reported for N. cepedianus from
other regions. In the present study, females reached
sexual maturity at 190 cm L, compared to 210 cm Lt
reported from Tasmania (Awruch et al. 2014), 230-
250 cm Ly from North America (Ebert 1989, Williams
et al. 2011) and 220 cm Lt from South Africa (Ebert
1996). It is interesting to note the differences in size
at sexual maturity between the far north end of
Patagonia (224 cm Lg with the largest immature
female of 220 mm Lt and the smallest adult female of
214 mm Ly, Lucifora et al. 2005) and the present
study, considering that both areas reported similar
maximum Lt. As reproductive hormones regulate all
processes of reproduction (Awruch 2013), it has been
suggested that physiological reproductive parame-
ters may provide a more accurate estimate of sexual
maturity than morphological reproductive character-
istics, as has also been suggested for N. cepedianus
from Tasmanian waters (Awruch et al. 2014). It was
not possible to determine the onset at sexual maturity
in males because of the lack of small-sized individu-
als during the last year of the sampling period. How-
ever, all males at 170-175 cm Lt presented a wide
range of hormones, suggesting that these males were

sexually mature. This would be in agreement with
the Lyso reported for N. cepedianus from North Pata-
gonia (Lucifora et al. 2005).

Length—weight relationships showed significant
sexual differences, as previously reported in N. cepe-
dianus populations. It is important to note that some
bias may have been introduced in the regression esti-
mates, as a high number of sharks everted stomach
contents prior to being weighed, and some pregnant
mature females (>220 cm Lt) may have been inad-
vertently included in the database, causing data dis-
persion among larger individuals. However, since
sharks were not examined internally, these factors
were not evaluated. In southern Patagonia, such sex-
ual dimorphism in growth was not observed for
N. cepedianus, which is likely caused by a narrower
size range biased towards immature individuals
(Cedrola et al. 2009). As discussed by Cedrola et al.
(2009), Ria Deseado and San Julian peninsula may
act as secondary nursery grounds for N. cepedianus,
which makes the area prone to bias while estimating
growth parameters. In this sense, the a and b growth
parameters—used to calculate the length—weight
relationship of fish species —that were estimated in
the present study include female and male individu-
als from several locations in the Southwest Atlantic,
describing a broader population with more applica-
ble results.

Based on data and qualitative evidence found in
this work, we conclude that sevengill sharks inhabit
Caleta Valdés year round with a peak in abundance
during late spring and early summer probably for
feeding and mating purposes. Further work is neces-
sary to understand the magnitude of this aggregation
site, the role of the species within the region and the
degree of connectivity with other sites along its
southwestern distribution range. Considering the
vulnerability of sevengill sharks and their historical
abundance decline in the Southwest Atlantic, protec-
tion and enforcement within protected areas such as
the Valdés peninsula must remain of high priority in
government initiatives.
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