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Abstract

We conducted an interdisciplinary review of available information (i.e., genetics, life-history, and
movement) to evaluate the stock structure of a previously targeted shark species, the porbeagle (Lamna
nasus), in the North Atlantic. Most available information supports the conclusion that porbeagle
consist of a single genetic population in the North Atlantic, which is relevant for determining species
conservation status. However, the observed movement rates between the Northwest, Northeast Atlantic,
and the Mediterranean appear to be low enough to consider separate spatial units for stock assessment
and fishery management. The review reveals different interpretations among the organizations involved
with the conservation, management, and assessments of porbeagle in the North Atlantic regarding
biological population and stock boundaries. Differences in the spatial definition of management units
among management organizations may pose an impediment to conserving porbeagle populations and
achieving management objectives. We recommend an increased collaboration between organizations
involved in highly migratory shark species as it would be beneficial for data collection, data
inclusiveness, the robustness of assessments, and provide clarity for fishery managers, scientists, and
the public on stocks and status. This review demonstrates that the interdisciplinary approach to stock
identification is particularly valuable for data-limited species because no single approach typically
has enough information to be definitive. Clearly defining management units that reflect the biological
populations of porbeagle in the North Atlantic is expected to reduce uncertainty in stock assessments and
help achieve current management and conservation goals of rebuilding North Atlantic porbeagle stocks.

Keywords: data-limited species; fisheries management; highly migratory species; regional fisheries
management organizations; stock assessment; shark conservation

Introduction
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Stock assessments inform fisheries management and
conservation of threatened populations, but conventional
stock assessment models assume the identification of self-
sustaining populations that have negligible connectivity
with other populations (Eagle et al., 2008). Therefore,
differences between population boundaries and spatial
management units can pose a problem for achieving
management objectives (Kerr ef al., 2017). For fisheries
management purposes, stocks are considered discrete
units, and each stock can be exploited independently

(Cadrin et al., 2014). One main assumption in a stock
assessment is that the assessed stock is a closed population
with little to no emigration from or immigration into the
stock area (Hilborn and Walters, 1992). If this assumption
is violated, the model results may be less accurate (Begg,
2004; Cope and Punt, 2011; Punt ef al., 2015; Goethel
et al,. 2016; Jardim et al., 2018) and these inaccuracies
have led to several fishery management failures (Cadrin,
2020). Stock identification examines the unit stock
assumption used in these assessments, which is an
important aspect of any stock assessment.
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Stock identification also plays an important role in species
conservation. Conservation of threatened species requires
the identification of biological populations, which are
more precisely defined using an ecological paradigm
(e.g., “a group of individuals sufficiently isolated that
immigration does not substantially affect the population
dynamics or extinction risk over a 100-year time frame”)
(Hanski and Gilpin, 1996) or an evolutionary paradigm
(e.g., “a group of interbreeding individuals that exist
together in time and space™) (Hedrick, 2000; Waples
and Gaggiotti, 20006). To evaluate species conservation
status and extinction risk, it is necessary to account for
all population components so that each can be conserved
and recovered (Ryman et al., 1995) while identifying any
components that are ‘evolutionarily significant,” such that
their loss would be a permanent reduction in biodiversity
(Waples, 1995). For example, stock identity is important
for a species, or “distinct population segment,” being
listed under the U.S. Endangered Species Act (Eagle
et al., 2008).

Managing highly migratory species is challenging because
of their broad-scale movements across international
jurisdictions (Campana, 2016; Harrison et al., 2018).
Due to the highly migratory behavior of many sharks,
the identification of stock boundaries and the amount of
mixing between adjacent stocks are important aspects to
assure accurate assessments and management. However,
stock identification of fish stocks and the exploration of
alternative stock structures have often been historically
ignored in stock assessments for teleost fish (Cadrin, et al.,
2014), and elasmobranchs and other data-limited species
(Hammer and Zimmerman, 2014).

The interdisciplinary assessment of life-history traits,
environmental signals, genetic analyses, and movement
studies has been successfully used for several species (e.g.,
Atlantic horse mackerel, Trachurus trachurus, Abaunza
et al., 2008; beaked redfish, Sebastes mentella, Cadrin
et al., 2010; yellowtail flounder, Limanada ferruginea,
Cadrin 2010; winter flounder, Pseudopleuronectes
americanus, DeCelles and Cadrin, 2011; Atlantic cod,
Gadus morhua, Zemeckis et al., 2014). The use of multiple
data sources can be complementary and provides more
certainty in the results. This is particularly important for
data-limited elasmobranch species in which stock identity
is typically based on simple life history characteristics and
spatio-temporal information from fishery statistics (e.g.,
seasonal and geographic patterns in landings; Begg, 2004).
Results from these data-limited approaches can then help
re-design future research for more definitive inferences
of stock identity.

Although stock structure of porbeagle (Lamna nasus) has
previously been examined (ICCAT/ICES, 2009; ICCAT,
2020; Curtis et al., 2016), an interdisciplinary assessment
of porbeagle can provide more holistic information about
intraspecific stock structure and boundaries as there
are still discrepancies of stock boundaries, biological
populations, and management units between government
and non-governmental organizations for stock assessment,
fishery management and species conservation (Table 1).
The porbeagle is distributed across the North Atlantic
Ocean and Mediterranean Sea (Fig. 1). The distribution
is considered to be continuous across the North Atlantic,
with a discrete distribution in the southern hemisphere
(Compagno, 2001; Semba et al., 2013; Curtis et al., 2016).
Porbeagle is commonly found on continental shelves and
shelf edges in relatively cold waters (<18°C) (Campana
et al., 2002a; Skomal et al., 2021). Porbeagles were first
targeted by fisheries in the Northeast Atlantic in the 1920s,
but the fishery was closed in 2010 due to overfishing
(ICCAT/ICES, 2009). The much smaller Northwest
Atlantic porbeagle fishery started in 1961, and both stocks
were considered overfished in the 2009 and 2020 stock
assessments (ICCAT/ICES, 2009). Few porbeagles have
been caught in the Mediterranean (Ferretti ez al., 2008) and
Mediterranean data are not included in porbeagle stock
assessments, nor is there a separate stock assessment for
Mediterranean porbeagle (ICCAT, 2020; Fig. 2)

As is typical of highly migratory species management,
there are multiple national and international organizations,
countries, and regions that take part in fishery management
and conservation of porbeagle (Table 1). The International
Council for the Exploration of the Sea (ICES) provides
management advice on porbeagle fisheries in the Northeast
Atlantic (excluding the Mediterranean), whereas the
International Commission for the Conservation of Atlantic
Tunas (ICCAT) collects data, reports annual catches,
conducts stock assessments, and provides advice on tuna
and tuna-like fisheries where porbeagle are caught in the
entire North Atlantic and Mediterranean. The Northwest
Atlantic Fisheries Organization (NAFO), a Regional
Fisheries Management Organization (RFMO), is not
regularly involved in the management of Northwest
Atlantic porbeagle fisheries but has contributed with
advice upon request in the past (Campana and Gibson,
2008). The Canada Department of Fisheries and Oceans
(DFO) manages porbeagle fisheries in Canadian waters,
and the U.S. National Marine Fisheries Service (NMFS)
manages porbeagle fisheries in the United States.
Northeast Atlantic fisheries are managed by the European
Common Fisheries Policy in the European Union (E.U.)
and by individual non-EU countries. The Northeast
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Atlantic Fisheries Commission (NEAFC) is the RFMO
for the Northeast Atlantic, and the General Fisheries
Commission for the Mediterranean (GFCM) is the RFMO
for the Mediterranean. In addition to these management
organizations, there are several conservation organizations
and treaties that are involved in the management
and conservation of highly migratory sharks in the
North Atlantic, and several nations have independent
mandates for species conservation. There is presently
little collaboration among management organizations,
conservation organizations, and countries within regional
organizations, and fisheries management varies greatly
among European countries and between the U.S. and
Canada (Campana, 2016; Cameron et al., 2019). There are
several examples in the last 20 years where management
advice, management actions, and conservation actions for
the same stocks have been uncoordinated and, in some
cases, contradicting (Fig. 3).

Different stock definitions and boundaries among fishery
management or conservation organizations can hinder the
success of fishery management and the ability to achieve
conservation goals. Therefore, refining the terminology
and finding agreement on stock boundaries among
parties for the North Atlantic porbeagle is expected to
improve collaboration among parties and increase the
effectiveness of fishery management, the performance of
stock assessments and conservation assessments of this
overexploited, highly migratory species. The objectives
of this study were to 1) provide a comprehensive review
of the information available on North Atlantic porbeagle
stock structure using diverse stock identification
approaches; 2) evaluate if current stock delineations
reflect biological populations; and 3) consider the extent
to which the misalignment of stock identification could
impact stock assessments, conservation assessments, and
management.

Table 1: Organizations involved with porbeagle conservation and management in the North Atlantic and their identified stocks,
populations, and management units. Abbreviations: Convention on International Trade in Endangered Species (CITES),
Canada Department of Fisheries and Oceans (DFO), International Union for the Conservation of Nature (IUCN), Inter-
national Council for the Exploration of the Sea (ICES), International Commission for the Conservation of Atlantic Tunas
(ICCAT), Northwest Atlantic Fisheries Organization (NAFO), National Oceanic and Atmospheric Administration (NOAA

Fisheries).

Organization Identified stocks, populations, or units | Source Terminology used

CITES 1. Northwest Atlantic CITES, 2013 Stocks
2. Northeast Atlantic
3. Mediterranean Sea
4. Southwest Atlantic
5. Southern Ocean

DFO 1. Northwest Atlantic O’Boyle et al., 1998; Stock

Campana et al., 2012

IUCN 1. Northwest Atlantic Stevens et al., 2006; Subpopulations in North Atlantic
2. Northeast Atlantic Rigby et al., 2018 Metapopulation in South Atlantic/
3. Mediterranean Sea Southern Ocean with an unknown
4. South Atlantic number of subpopulations

ICCAT and ICES 1. Northwest Atlantic ICCAT/ICES, 2009; Stocks. Northeast Atlantic not
2. Northeast Atlantic including the Mediterranean Sea
3. Mediterranean Sea
4. Southwest Atlantic
5. Southeast Atlantic

ICCAT 1. Northwest Atlantic ICCAT, 2016; Management units; Stocks; Statistical
2. Northeast Atlantic ICCAT, 2020 areas
3. Mediterranean Sea*
4. Southwest Atlantic
5. Southeast Atlantic

NAFO 1. Northwest Atlantic Campana and Gibson, | Stock

2008

NOAA Fisheries 1. Northern Hemisphere Curtis et al., 2016 Distinct population segments; Stocks
2. Southern Hemisphere
3. Northwest Atlantic

* Mediterranean catches are reported in the most recent stock assessment, but ‘left apart for future consideration” (ICCAT 2020).
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Porbeagle Stock Identification Information

Genetic analyses

The investigation of genetic diversity within and
among populations is valuable for species with depleted
abundance like the porbeagle (Testerman, 2014). Both
nuclear DNA and mitochondrial DNA analyses can be
useful molecular techniques to identify stock structure
(Antoniou and Magoulas, 2014; Mariani and Bekkevold,
2014). The population structure of porbeagle was
investigated in the North and South Atlantic using the
nucleotide sequence of mitochondrial DNA by (Kitamura
and Matsunaga, 2010). Based on four sharks sampled off
Nova Scotia and 49 sampled in the South Atlantic from
1992-2007, the authors found greater nucleotide diversity
in the Nova Scotian samples. They attributed these
findings to larger effective population size or different

MANAGEMENT ACTIONS

breeding populations in the North Atlantic (e.g., Northwest
and Northeast Atlantic breeding populations), noting
that some of the tissue samples were >20 years old and
porbeagle abundance was greater in the 1990s than when
the samples were analyzed (Kitamura and Matsunaga,
2010). Kitamura and Matsunaga (2010) concluded that
the gene flow of porbeagles between the North Atlantic
and South Atlantic is restricted, and conservation efforts
should consider them to be separate populations. However,
with samples only in the Northwest Atlantic, this study
could not infer any stock structure in the North Atlantic.

The genetic structure of porbeagles from the Northern
and Southern hemispheres, including genetic differences
within the North Atlantic, was further investigated by
(Testerman, 2014). This study used a mitochondrial
control region from 224 porbeagles collected at one site
in the Northwest Atlantic (n =40; off Canada), two sites in
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Timeline of the development of major management (top) and conservation (bottom) actions related to porbeagle in the

North Atlantic. Abbreviations: FAO: Food and Agriculture Organization, E.U.: European Union, COSEWIC: Commit-
tee on the Status of Endangered Wildlife in Canada, SARA: Species at Risk Act, ICCAT: International Commission for
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the Northeast Atlantic (n =35; off Denmark and the United
Kingdom), and five sites in the Southern hemisphere
(n = 149; off Chile, the Falkland Islands, South Africa,
Tasmania, and New Zealand). Similar to the results of
Kitamura and Matsunaga (2010), Testerman (2014) found
significant genetic differences and no genetic connectivity
between the northern and southern hemispheres, and
the results represented the greatest intraspecific genetic
diversity for any shark species measured to date.
Temperature preferences of porbeagle sharks (<18°C;
Skomal et al., 2021) suggest that equatorial seas are too
warm for porbeagles, thereby forming a barrier between
the hemispheres (Kitamura and Matsunaga, 2010;
Testerman, 2014), although recent evidence suggests
porbeagles may occupy equatorial waters (ICCAT, 2020).
Other shark species that predominantly inhabit temperate
waters transit the equator via deep tropical waters (e.g.,
basking shark; Skomal et al., 2009), genetic analyses from
two studies using different genetic markers, when coupled
with existing distribution and movement data (see below),
suggest that porbeagle movement may be limited by warm
equatorial surface waters.

Testerman (2014) also found no genetic differences
between porbeagles sampled from the Northwest and
Northeast Atlantic. Assuming a 13-year generation time,
reproductive mixing by 2—12 migrating porbeagle sharks
between the Northwest and Northeast Atlantic every year,
or 30—150 migrants per generation, is sufficient gene flow
for genetic structure to be of similar character (Testerman,
2014). A recent and more comprehensive analysis of
mitochondrial DNA confirms two separate populations in
the North Atlantic and southern hemisphere and no genetic
structure within the North Atlantic (n = 70 northwest
Atlantic, n = 99 northeast Atlantic, n = 2 Mediterranean
markets; Gonzalez et al., 2021).

These results are indicative of an anti-equatorial
distribution with genetically divergent northern and
southern hemisphere stocks (Kitamura and Matsunaga,
2010; Testerman, 2014; Gonzalez et al., 2021). No genetic
differences between porbeagles sampled in the Northwest
and Northeast Atlantic have been found, but the genetic
structure of this species in the Mediterranean is based on
only two market samples with an unknown location of
capture. There appears to be enough reproductive mixing
across the Atlantic to promote gene flow, and the lack of
genetic structure suggests that Northwest and Northeast
Atlantic porbeagle are not reproductively isolated and may
form a single evolutionary significant unit. However, a
much greater mixing rate between the east and west might
be needed to replenish depleted stocks (Waples, 1998).

To improve the certainty of stock structure in the North
Atlantic, genetic studies of porbeagle with samples from
Canada and the U.S. in the Northwest Atlantic, in addition
to samples from various locations in the Northeast Atlantic
and the Mediterranean, should be analyzed in conjunction
with other stock identification methods (i.e., biological,
conventional, and electronic tags).

Life-history traits

Life-history traits are one of the oldest tools used to inform
management of a fishery resource, largely because they
are relatively inexpensive and easy to sample (Begg,
2004). Therefore, life history attributes are generally the
most accessible and robust information for data-limited
species such as the porbeagle. The three groupings of
life-history parameters that are commonly used for stock
identification are 1) age, size, growth, and mortality;
2) reproduction, maturity, fecundity, and recruitment; and
3) spatial distribution and abundance (McBride, 2014).
Many of these traits are routinely sampled for stock
assessment and are available for stock identification. Life-
history traits are phenotypic, so geographic variation can
reflect genetic or environmental differences.

Growth and maturity

Although porbeagles are distributed across the North
Atlantic, information on life-history traits varies greatly
between regions. The Northwest Atlantic is relatively well-
sampled, and there are some samples from the Northeast
Atlantic but few samples from the Mediterranean
(Table 2). Validated growth studies have been published
for porbeagle in the Northwest Atlantic, but there are no
comparable studies in the Northeast Atlantic. The former
comprises two studies that sampled porbeagle from U.S.
and Canadian waters, including lengths and vertebrae
for age determination. Aasen (1963) sampled porbeagles
in 1961 from Georges Bank, the Gulf of Maine, the
eastern Scotian Shelf, and St. Pierre Bank, and Natanson
et al. (2002) sampled between 1966 and 1999 from
Massachusetts to the Grand Banks. Their growth estimates
were similar (e.g., estimates of asymptotic length were
not significantly different). Vertebral band pair counts
produced maximum ages of 25 and 24 years for males
and females, respectively (Natanson et al., 2002), which
are similar to the maximum age estimated using bomb
radiocarbon (26 years, Campana et al., (2002b)). However,
these could represent minimum estimates of longevity
because of uncertainties in vertebral aging techniques
(Natanson et al., 2018); calculated longevity estimates
were as high as 46 years in an unfished population
(Natanson et al., 2002).
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Another metric that stock assessments rely on is size or
age at maturity. The length at maturity for porbeagles
in the Northwest Atlantic ranges from 173 to 216 cm
total length (T.L.) for males (Aasen 1963; Jensen ef al.,
2002) and 155 to 269 cm T.L. for females (Bigelow and
Schroeder, 1948; Aasen 1963; Jensen et al., 2002). The
estimated size at 50% maturity of Canadian and U.S.
porbeagle mature is 198 cm T.L. and 246 cm T.L. for males
and females, respectively (Jensen et al., 2002). Based on
fewer observations, the porbeagle in the Northeast Atlantic
matures at smaller sizes and reaches a smaller maximum
size than those in the west (Table 2), and length at 50%
maturity is 191 em T.L. for males and 226 ¢cm T.L. for
females (Hennache and Jung, 2010). Age at maturity for
porbeagle in the Northwest Atlantic is 13 years for females
and 8 years for males (Jensen et al., 2002; Natanson et al.,
2002), but there are no age estimates for comparison in
the Northeast Atlantic.

Sex ratios

The reported sex ratios of porbeagle in the three regions of
the North Atlantic were statistically tested for significant

deviances from 1:1 the sex ratios using a G-test (Sokal and
Rohlf, 2012). The proportion of males has been reported as
0.46 in the Northwest Atlantic (n =122, Aasen, 1963), 0.43
in the Northeast Atlantic (n = 1368, Gauld, 1989), and 0.33
in the Mediterranean (n = 15, Storai et al., 2005). Based
on these data, all areas have female-biased sex ratios that
significantly deviate from the expected 1:1 male: female
ratio (P < 0.01). However, no significant differences
were found among the three areas (P = 0.25). The
Mediterranean has a low sample size compared to the other
areas, but excluding the Mediterranean did not result in
significant differences in sex ratios between the Northeast
and Northwest (P =0.28). Despite the significant female-
bias in sex ratios within each population, the result may
not be ecologically significant because the differences
are relatively small. Further, as the data are fisheries-
dependent, the detectable differences could be biased by
the effort deployed, time of year, or area of operation of
the fishery.

Although these results suggest that all regions in the
North Atlantic (Northwest, Northeast, and Mediterranean)

Table 2: Life-history parameters for the porbeagle in the Northwest Atlantic, Northeast Atlantic, and the Mediterranean Sea. Lengths
are reported as total length (T.L.). *Fork length reported in the source was converted to T.L. using https://apps—nefsc.

fisheries.noaa.gov/loranconv/shark/calc.html.

Northwest Mediterranean
Parameter Atlantic Source Northeast Atlantic | Source Sea Source
Max length | M:262 Compagno, M: 281%* Gauld, M: min 206 Storai et al.,
(em T.L.) F:~370 2001 F:312% 1989 F: min ~250 2005
M:262 ICCAT/ICES,
F:317 2009
Length at M:183-208* Jensen et al., M:190 Hennache
maturity (cm | F: 236-360* 2002; F:223 and Jung,
T.L) 2010
M:173-216* Aasen, 1963
F:216-269*
F:155% Bigelow and
Schroeder, 1948
Longevity >26 Campana et al., |>23 ICCAT/
(yr) 2002b; Natanson ICES, 2009
M: 25 et al., 2002
F: 24-46
Gestation 8-9 Jensen et al., >12 Gauld,
period 2002; Aasen 1989
(months) 1963
Mean litter 3.9 Jensen et al., 3.7 Gauld,
size (pups) 2002 1989
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have had sex ratios favoring female sharks, a more recent
estimate in the Northeast Atlantic indicates that the overall
male to female sex ratio has increased to 0.84 (Hennache
and Jung, 2010). Male bias was apparent in certain
locations, like the St. Georges Channel (male: female 0.84)
in the Irish Sea and north in the Gulf of Gascogne (male:
female 0.85). However, in the waters off the southern tip
of Ireland, there were fewer females than males, with a sex
ratio of 1.35 (Hennache and Jung, 2010). These areas are
in close proximity, and the difference in sex ratios can be
influenced by time of year and environmental conditions,
particularly in conjunction with parturition. Porbeagles
segregate by size and sex (Aasen, 1963; Compagno, 2001;
Natanson et al., 2019), so differences among sex ratio
samples may not represent the population. Instead, these
differences at specific locations can help identify important
nursery areas in conjunction with movement studies.

Mating, gestation, and nursery areas

In the Northwest Atlantic, mating is thought to occur from
September to December, the gestation period is estimated
to be eight to nine months (Aasen, 1963; Jensen et al.,
2002), and parturition occurs between April and June
(Aasen, 1963; O’Boyle et al., 1998; Jensen et al., 2002).
Natanson et al. (2019) suggested that porbeagles have a
biennial instead of an annual reproductive cycle based
on the examination of ovaries, which were unlikely to be
ready for a new litter in the fall after giving birth in the
spring of the same year. In the Northeast Atlantic, Gauld
(1989) inferred a mating season of December—January,
a gestation period of >12 months based on two distinct
size groups of embryos in females caught in December-
February, and parturition in the summer/autumn. The
mean number of embryos in each porbeagle litter was
3.7 pups in the Northeast Atlantic, which is similar to
the reported mean litter size of 3.9 pups in the Northwest
Atlantic (Gauld, 1989; Jensen ef al., 2002).

Parturition and nursery areas for North Atlantic porbeagle
are not well understood. However, investigations of site
fidelity from tagging studies, the capture of gravid females,
and changes in sex ratios have improved our knowledge
of locations for potential biologically important areas
in the North Atlantic. In the Northwest Atlantic, the
observation of mature, ovulating, or gravid females and
females with mating scars from September—December
on the Scotian Shelf and Grand Banks suggests that these
areas are mating grounds for the porbeagle (Jensen et al.,
2002). Georges Bank has also been suggested as a mating
ground-based on high catches of mature females in the
summer (Campana et al., 2010). However, Natanson
et al. (2019) noted, with regard to that study, that no

males were caught, biological samples were not collected,
and these mature females were part of a reproductively
resting population on Georges Bank. The Sargasso Sea
south of 35°N has been suggested to be a parturition arca
based on secasonal north-south migrations undertaken
by large females in the summer (Campana et al., 2010).
However, given the resting population of females in the
Stellwagen/Georges Bank area and the lack of biological
data, Natanson et al., (2019) concluded that females do
not migrate to the Sargasso Sea for pupping because they
were only assumed to be gravid and did not transit mating
grounds before moving south. Previous studies (Bigelow
and Schroeder, 1948; Jensen et al., 2002; Kohler et al.,
2002) and ongoing research in the Gulf of Maine indicate
that pregnant females remain in the Gulf of Maine, and
young-of-the-year porbeagles spend approximately the
first two years of their lives in that area, where they make
offshore migrations to the Gulf Stream in the winter,
and move inshore in the summer (Skomal et al., 2021;
Anderson et al., 2021).

In the Northeast Atlantic, recent studies suggest that
porbeagles may use temperate waters in the Bay of
Biscay as a potential nursery ground (Saunders et al.,
2011; Biais et al., 2017). In the Mediterranean, an
examination of 33 porbeagle caught in Italian waters
from 1871-2004 revealed both juveniles and mature
porbeagles (Storai et al., 2005). The authors hypothesized
that porbeagles do not reproduce in Italian waters but in
other areas of the Mediterranean (Storai ef al., 2005).
However, the Adriatic Sea has been interpreted as an
important mating area (southern-middle open waters of
the Adriatic Sea), pupping area (middle of the Adriatic
Sea), and nursery area (middle-northern Adriatic Sea)
areas based on size, sex, and maturity of the captured
porbeagles (Soldo, 2006; Scacco et al., 2012; Lipej
etal, 2016). A 104 cm T.L. male porbeagle was recently
caught in December by fishermen in the northern Adriatic
Sea, the first record of this species in Slovenian waters
(Lipej et al., 2016). These studies confirm the rarity of
porbeagles in the Mediterranean but indicate that juvenile
porbeagles are present in the Mediterranean throughout
the year. Furthermore, the IUCN has suggested that the
Mediterranean includes nursery areas for porbeagle with
few adult sharks occupying the area year-round (Stevens
et al., 2006, Rigby et al., 2018), and a recent review
found no evidence that the Mediterranean porbeagle is
isolated from the Northeast Atlantic (Curtis ef al., 2016),
inferring that there is likely connectivity between these
two regions. However, additional research is needed to
address the questions of connectivity in the Northeast/
Mediterranean and potential nursery areas for porbeagle
in the North Atlantic.
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Shark nursery areas are thought to be driven by factors
such as food availability and shelter from predators
(Branstetter, 1990). Heupel et al. (2007) suggested the
following quantifiable criteria to delineate such areas: 1) a
higher density of sharks than the surrounding areas; 2) the
sharks remain or return for an extended period; and 3) the
area is used repeatedly across years. No study to date has
quantified porbeagle nursery areas in the North Atlantic
using the suggested criteria, which help separate nursery
areas from other areas where juvenile sharks have been
documented to occur. Although there are several studies
showing site fidelity and large porbeagle aggregations
(e.g., Pade et al, 2009; Biais et al., 2017; Haugen and
Papastamatiou 2019), the occurrence of juvenile sharks or
aggregating sharks in an area is not necessarily equivalent
to a nursery area (Heupel et al., 2007).

Collectively, these studies suggest similar rates of growth
and maturation among areas but some minor differences
in other reproductive traits, such as mating season,
gestation period, and parturition between the western
and eastern regions in the North Atlantic. As suggested
by Curtis et al. (2016), porbeagles appear to be relatively
uncommon in the Mediterranean, and it may represent a
fringe of its Northeast Atlantic range. Most studies on
phenotypic traits of porbeagle in the North Atlantic have
focused on the Northwest Atlantic, with a data gap in
life-history studies for the remaining regions. The life
history information available for porbeagles in U.S. and
Canadian waters suggests no difference between the two
areas, suggesting that U.S. and Canadian porbeagles are
part of the same biological population. However, none
of the studies have explicitly investigated differences
between Canadian and U.S. porbeagle, and most studies
pooled samples from both countries.

Differences in size at maturity can be affected by fishing
pressure. Cassoff ef al. (2007) estimated the age at
maturity for Northwest Atlantic porbeagle to be 87 years
for males and 19—14 years for females when the population
was unfished (1961-1963). The size at maturity of males
decreased (from 179-174 c¢cm curved fork length) after
large declines in abundance due to fishing, but there was
no change in female size at maturity (216 cm curved fork
length) (Cassoff et al., 2007). Therefore, morphological
traits, such as size at a certain life stage, can vary between
regions based on environmental conditions, like density
dependence and selection. Although both sides of the
Atlantic have experienced large declines in abundance,
the Northeast Atlantic porbeagle has had much greater
removals, which may explain some of the differences
in growth between the east and west (ICCAT/ICES,
2009). The sample composition (e.g., size range), capture
location, time of year of sample collection, and aging

methodology can also affect the outcome when sample
sizes are small. Research to examine the differences in
the abundance, age, size, growth, mortality, reproduction,
maturity, fecundity, and recruitment of porbeagle in the
Northeast Atlantic and Mediterranean is needed.

Movement and tagging information

Recoveries of conventional tags and information from
electronic tags can be used to empirically determine
mixing between groups of fish and to investigate dispersal
and residency patterns. For highly migratory species,
acoustic and satellite telemetry tags are particularly useful
to assess movement between stocks, but electronic tagging
information has historically rarely been used for stock
identification purposes (DeCelles and Zemeckis, 2014).

Both satellite archival and conventional tags have been
used to investigate porbeagle movement in the North
Atlantic. Collectively, the published literature has
information retrieved from 322 porbeagles tagged from
1961-2020 (total tagged = 3044; Table 3). The NMFS
Cooperative Shark Tagging Program provides porbeagle
data from the longest-running conventional shark tagging
program (Kohler and Turner, 2020). Of 1754 porbeagles
tagged in the Northwest and Northeast Atlantic during
1962-2013, 178 (9.8%) fish were recaptured (Kohler
and Turner 2020). Several porbeagles were recaptured
in a different nation’s Exclusive Economic Zone than
from where they were tagged (Fig. 4). The average
tag deployment was three years, with a mean distance
traveled of 424 km (Kohler and Turner, 2020). All of the
conventional tagging studies conducted to date in the
North Atlantic, representing 261 (8.8%) recaptures from
2971 tags, indicated site fidelity to the Atlantic region
where the shark was tagged.

Pop-up satellite archival transmitting (PSAT) tags have
been used to investigate migratory routes and habitat
preferences of porbeagle in the Northwest Atlantic. PSATs
attached to 17 porbeagles on Georges Bank showed
minimum linear movements ranging from 937 to 3310 km
over track durations of 120 to 360 days; all of the sharks
remained in the western North Atlantic from the Gulf of
Maine, the Scotian Shelf, on George's Bank, and in the
deep, oceanic waters off the continental shelf along the
edge of, and within, the Gulf Stream (Skomal ez al., 2021).
The results indicated broad, seasonally-dependent vertical
and horizontal movements of porbeagles in the Northwest
Atlantic with most of their time (97%) in temperatures
ranging from 6-20°C (Skomal et al., 2021). This study
also showed that porbeagles move routinely from the U.S.
Exclusive Economic Zone (EEZ) into Canadian waters
and that they spend a significant amount of their time
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in the high seas outside of any EEZ (Kohler and Turner,
2020; Skomal et al., 2021; Fig. 5).

The only documented transatlantic crossing by a porbeagle
was a female shark conventionally tagged in Irish waters
in 1972 and recaptured on the Grand Banks outside
of Canada ten years later, a distance of approximately
3300 km (Cameron et al., 2018). The longest estimated
travel distance for one shark in 365 days was 13-352 km
(Biais et al., 2017). In the Northeast Atlantic, multiple
studies suggested short-term residency in coastal waters
(i.e., Celtic Sea, English Channel, Bay of Biscay) during
the summer months and long-term site fidelity based on
porbeagles returning to the same areas (Irish waters) for
multiple years (Pade et al., 2009; Saunders et al., 2011,
Biais et al., 2017; Cameron et al., 2019).

Tagging studies have also recorded porbeagle sharks
moving near or past the current Northeast Atlantic
jurisdictional boundaries. Out of nine sharks PSAT-tagged
in the Bay of Biscay, one traveled south of the Northeast

Atlantic stock border (36°N) to 33°N, while another tag
popped off at 31°W close to the east/west boundary in the
Atlantic (Biais et al., 2017). Bendall et al. (2013) tagged
14 porbeagle sharks with PSAT tags around the British
Isles, where two sharks made extensive movements from
the tagging locations. One shark migrated south towards
the Strait of Gibraltar, and the other traveled far west into
the central Atlantic Ocean. The tag popped up at ~40°W,
only 2° east of the western border between the Northwest
and Northeast Atlantic, the furthest a tagged porbeagle
has traveled from the U.K. (Bendall et al., 2013). Out of
three porbeagles (one male, two female) tagged Northwest
of Ireland, the male porbeagle migrated south towards
Morocco and past the southern boundary of the Northeast
Atlantic management unit to 33°N (Saunders et al., 2011).
The shark was between Morocco and Madeira when the
tag popped off. The two female sharks spent most of their
time on the continental shelf outside of Western Ireland
near a high abundance of Atlantic mackerel (Scomber
scombrus) in the region.

Table 3: Movement studies of North Atlantic porbeagle. N.A. indicates not applicable or that information was not available

in the source.

#Fish #Tags/ Max Time at | Max Distance
Tag type Tagged | Data Retrieved | Location Liberty Travelled Source
Conventional 8 0 Northeast Canada NA NA Burnett e al., 1987
Conventional 268 9 Ireland 10.8 yr 3300 km gg il;eron etal, 2018,
. Northwest Atlantic; Kohler and Turner,
Conventional 1754 178 Northeast Atlantic 16.8 yr 2252 km 2020
Conventional 26 8 Northeast Atlantic 13 yr 2370 km Stevens, 1990
. Southern Coast of Kohler and Turner,
Conventional 3 0 England NA NA 2001
Maine and Nova
Conventional 92 >1 Scotia Northwest 69 days 1259 km Aasen, 1963
Atlantic
Conventional 8 0 Celtic Sea, north 9f NA NA Bendall ez al,, 2013
Ireland, Bay of Biscay
Conventional 542 53 Northwest Atlantic NA NA Campana et al., 1999
Conventional 270 12 Northeast Canada NA NA O’Boyle et al., 1998
Archival 12 9 Bay of Biscay 1yr 2408 km Biais et al., 2017
Archival 3 3 Ireland 122 days >2400 km Saunders et al., 2011
Archival 4 4 IS(‘.’“thweSt United 90 days 596 km Pade et al., 2009
ingdom
Archival 20 17 Northeast USA 1yr 8200 km Skomal et al., 2021
Archival 20 15 Celtic Sea, north of | g\ NA Bendall et al., 2013
Ireland, Bay of Biscay
Archival 14 13 Northwest Atlantic 246 days 975 km Anderson et al., 2021
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from Kohler and Turner 2020).

Tagging studies confirm that porbeagles have large home
ranges and are capable of long-distance migrations.
Porbeagle distribution in the Northeast Atlantic ranges
at least from the North Sea to Morocco and south of
the entrance to the Mediterranean Sea, past the current
management unit for the Northeast Atlantic porbeagle.
Distribution in the Northwest Atlantic ranges from Canada
to the Sargasso Sea, with several studies observing
porbeagle movements between the U.S. and Canada.
Information from tagging suggests a low rate of movement
between the northeast and northwest Atlantic, with one
porbeagle tagged in Irish waters and recaptured on the
Grand Banks ten years later (Cameron et al., 2018) from a
total of 346 conventional tag recaptures (ICES, 2022), and
location estimates from several archival tag deployments
that indicate movement across the ICES-NAFO boundary
(42°W) from porbeagle tagged in the Bay of Biscay (ICES,
2022) and off the British Isles (ICES, 2022). There are no
observed movements between the Northeast Atlantic and
Mediterranean, and a thermal habitat barrier may limit
movement between those areas (ICES, 2022). To further
investigate the mixing potential between the Northeast

Distribution of porbeagle tagged and recaptured in the Cooperative Shark Tagging Program 1962-2013. (Figure 31a

Atlantic and the Mediterranean, fine-scale movement
patterns between the waters outside of Northwest Africa
and the Mediterranean should be investigated.

Discussion

Interdisciplinary synthesis

Best practices in stock identification involve an
interdisciplinary synthesis of all available information
to determine the most plausible paradigms of population
structure in which information from different approaches
is integrated conceptually and geographically (Begg,
2004; Cadrin et al., 2014). Information on distribution,
movement, and geographic variation from advanced
technologies can be reconciled with previous information
from traditional methods to define spatial population
structure. Considering all available information on
life history, genetics, and movement of porbeagle in
the North Atlantic, there appears to be a single genetic
population of porbeagle in the Northern hemisphere, with
a low frequency of transatlantic movements. However,
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low movement rates and some phenotypic differences
between the Northwest Atlantic and the Northeast Atlantic
suggest two semi-distinct stocks that are demographically
independent on ecological timescales. Therefore, the
U.S. definition of a single distinct population segment
in the North Atlantic (Curtis ef al., 2016) is consistent
with the inference of a single genetic population. The
Northeast Atlantic and Mediterranean management units
defined by ICES/ICCAT, GFCM, CITES, and [UCN may
not reflect the single biological population in the North
Atlantic but may be appropriate for stock assessment and
fishery management because of low mixing rates with
the Northwest Atlantic areas. Similarly, the NAFO and
Canadian definition of a Northwest Atlantic porbeagle
stock (e.g., Campana and Gibson 2008; Campana ef al.,
2012) may be appropriate because of low mixing rates
with the Northeast Atlantic.

The available information on porbeagle stock structure in
the Northwest Atlantic indicates that U.S. and Canadian
porbeagle are part of the same biological population.
Life history traits suggest relatively homogeneous traits
within the Northwest Atlantic and some differences with
the Northeast Atlantic (e.g., gestation period; Table 2).
Possible nursery grounds for this population are in U.S.
waters (Georges Bank and the Gulf of Maine) and
Canadian waters (Scotian shelf and Grand Bank region).
Substantial movement across the U.S. EEZ from multiple

studies (Kohler and Turner, 2020; Skomal ef al., 2021),
and no difference in life-history and genetics, indicates
that porbeagles in the Northwest Atlantic are part of the
same stock, as is currently assumed in NAFO, ICES,
ICCAT, and Canadian stock assessments (Campana and
Gibson, 2008; ICCAT/ICES, 2009; Campana et al., 2015).
There is currently no evidence of subpopulation structure
within the Northwest Atlantic, although U.S. and Canadian
fisheries have been managed differently over time.

There is no strong evidence of the stock identity of
the Mediterranean porbeagle. Porbeagles are rarely
encountered in the Mediterranean, but the area is part
of their distribution. Therefore, hypotheses about the
most likely stock structure in the Northeast Atlantic
and the Mediterranean need to be tested with more
information on geographic variation and mixing. Based
on this review, particularly the Mediterranean genetic
samples and Curtis et al. (2016), we hypothesize that
the Mediterranean porbeagle is not a separate population
from the Northeast Atlantic stock. We found no evidence
that the Mediterranean porbeagle is a separate biological
population or stock, as evaluated by CITES (CITES, 2013),
and there are no indicators that [UCN’s evaluation of
the Mediterranean porbeagle as a subpopulation in the
Northeast Atlantic is more appropriate. Observations of
young of the year and mature sharks in the Mediterranean
and the inference of a nursery ground for Northeast
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Atlantic porbeagle imply some connectivity between the
areas (Storai et al., 2005; Soldo, 2006; Stevens et al.,
20006; Scacco et al., 2012; Lipej et al., 2016). Since there
is no evidence of a separate Mediterranean porbeagle
stock, we argue that there is no population structure in the
Mediterranean unless evidence of structure is presented.
Therefore, we suggest one biological population of
porbeagle in the Northeast Atlantic with some sharks
utilizing the Mediterranean habitat. However, the lack of
observed movements and apparent thermal habitat barrier
between the Northeast Atlantic and the Mediterranean Sea
may justify separate stock assessment units (ICES 2022).

Mixing between Northwest and Northeast Atlantic

Empirical evidence from movement and tagging studies
suggests that Northwest and Northeast Atlantic porbeagle
mixing rates are low. There is only one observation
of an individual shark making a transatlantic crossing
from Ireland to Canada (Cameron et al., 2018), a PSAT
deployment from the British Isles suggested movement
to the Flemish Cap (45°W; ICES, 2022), another PSAT
tag deployed off Ireland in summer popped off in winter
in the central Atlantic (Bendall ez al., 2013), and several
PSAT tags deployed in the Bay of Biscay and the Celtic
Sea had winter positions in the central Atlantic (ICES,
2022). Despite the few observed transatlantic movements,
the species is capable of broad latitudinal migrations, and
the distance between Europe and North America is within
their observed movements. Although most published
movement studies for North Atlantic porbeagle provide
evidence for the separation of Northwest and Northeast
Atlantic stocks, sample sizes were relatively small, and
tracking was too brief (up to one year) to make general
inferences on a population level. Larger sample sizes of
returned tags from conventionally tagged porbeagles and
an increased number of satellite-tagged porbeagles may
reveal more transatlantic crossings.

There is no genetic evidence of separate stocks in the
Northwest and Northeast, and few individuals making
the transatlantic crossing every year would be needed for
sufficient gene flow between the two regions (Testerman,
2014). Although there have only been a few transatlantic
movements documented, tagging studies cannot alone
determine with certainty that reproductive isolation
exists. These migration numbers are based on estimated
longevity; therefore, changes in longevity will impact
the number of individuals needed to make transatlantic
migrations each year to have sufficient gene flow for
there to not be genetic differentiation of porbeagles in
the North Atlantic (Testerman, 2014). More importantly,
the low estimate of individuals crossing the Atlantic and

reproducing on the other side per year is not likely enough
for recruitment, recolonization, or rebuilding within
fishery management or conservation timelines.

Movement studies indicated that porbeagles are capable of
movements over great distances (Table 3), but the scope
of the current tagging studies appears to be too small to
empirically identify the mixing that would support the
estimated gene flow. One possible mechanism for gene
flow between the Northwest and Northeast Atlantic could
be the result of a shared pupping area in the central Atlantic
with random recruits to either side of the Atlantic Ocean
(Campana et al., 2010). However, this hypothesis requires
further investigation, including improved delineation
of parturition areas as well as movements of neonate
porbeagles (Natanson et al., 2019). Due to uncertainty in
pupping and nursery areas, low gene flow and recruitment,
limited movement studies, and some demographic
independence in phenotypic traits between the Northwest
and Northeast Atlantic, the use of one eastern and one
western stock of North Atlantic porbeagle is appropriate.

Historical, current, and future management

Perceptions of appropriate spatial units for species
conservation or fishery management vary among
organizations involved in fisheries management and
conservation of highly migratory sharks in the North
Atlantic. Communication among organizations and
consideration of all available information is needed to
achieve a holistic view of the complexity of managing
highly migratory sharks in the North Atlantic. An
interdisciplinary approach to assessing the stock structure
of porbeagle and other highly migratory sharks can
provide increased certainty in the results since different
approaches may provide results of the same magnitude
(Cadrin et al., 2014).

Despite the overwhelming evidence of a shared porbeagle
stock between Canada and the U.S., fisheries management
for the species has varied greatly between the countries
over the years. Although Canada has harvested much
larger quantities of porbeagle before the closure of their
directed fishery in 2013, the U.S. has more consistently
allowed low numbers of porbeagle to be harvested.
Canada started exploiting porbeagle in the 1990s,
provided descriptive stock assessments in the mid-1990s
(Hurley, 1995; O’Boyle et al., 1998), and provided an
analytical assessment of porbeagle in 1999 (Campana
et al., 1999). The 1999 stock assessment produced a
catch rate standardization model and yield per recruit
analysis using landings, lengths, and tagging data from
Norwegian, Canadian, and U.S. vessels in the Northwest
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Atlantic. The main assumption (supported by the tagging
data) was that the Northwest Atlantic porbeagle was one
transboundary stock between the U.S. and Canada and
international NAFO waters (NAFO areas 2-6; Campana
et al., 1999). Canada has since continued to produce
assessments of porbeagle to inform Canadian management
of the species. All Canadian assessments have assumed
that U.S., Canadian, and NAFO porbeagle is one stock
(Campana et al., 1999,2001,2002a,2012,2015). The U.S.
has not conducted its own stock assessment for porbeagle,
but U.S. management and stock status determinations of
the species have relied on the ICCAT/ICES (2009; 2020)
stock assessments for Northwest Atlantic porbeagle.
Current management strategies and quotas differ between
the U.S. and Canada, so increased communication
and collaboration between the country’s management
organizations (DFO and NMFS) and RMFOs would be
beneficial for the success of shared conservation goals. For
example, coordinated quotas could reduce recovery time
for the current stock, better account for domestic bycatch,
and prevent overfishing in the future. Coordinating
management of the shared porbeagle stock would be seen
as a precautionary approach to international management
of a shared transboundary stock. According to ICCAT
advice, which the U.S. follows for porbeagle fishery
management, “precautionary management measures
should be considered for shark stocks where there is the
greatest biological vulnerability and conservation concern,
and for which there are few data and/or greater uncertainty
in assessment results” (ICCAT, 2015). Therefore, broader
joint management of the resource should be considered,
and the Northwest Atlantic porbeagle should continue to
be assessed as one single transboundary stock in U.S.,
Canadian, and adjacent high seas waters.

The 2009 stock assessment of North Atlantic porbeagle
did not include Mediterranean data (ICCAT/ICES, 2009),
and the 2020 assessment included Mediterranean catches
but set them apart for future consideration (ICCAT, 2020).
Based on this comprehensive review of information
available on the North Atlantic porbeagle stock structure,
excluding the Mediterranean from the Northeast Atlantic
porbeagle stock assessment may be a mismatch between
biological population structure and management units in
the Northeast Atlantic. Although there is little reported
catch in the Mediterranean, and they are not expected to
have a large influence on stock assessment results, this
mismatch could negatively impact fisheries management.
The justification given for excluding Mediterranean
porbeagle data in the 2020 ICCAT stock assessment for
Northeast Atlantic porbeagle was to follow the same
format for stock boundaries and assessments as I[CCAT
does for blue shark (Prionace glauca) and shortfin mako
(Isurus oxyrinchus) stock assessments (ICCAT, 2020).

However, blue sharks and shortfin mako sharks have
different life history characteristics and migration patterns
compared to the porbeagle (Kohler et al., 2002; Campana,
2016). As this review has shown, there is no biological
or ecological justification to consider the Mediterranean
porbeagle a separate stock from the Northeast Atlantic.
Accurate stock identification can help reduce uncertainty
in the stock assessment as more data may become
available (i.e., Mediterranean data) for the data-limited
Northeast Atlantic porbeagle. Therefore, future stock
assessments should consider the inclusion of catch and
effort data on Mediterranean porbeagle from ICCAT and
GFCM in the assessment of Northeast Atlantic porbeagle.
Re-defining current management units to better reflect
biological populations in the Northeast Atlantic would
benefit porbeagle stock assessments and potentially reduce
data collection requirements for each unit.

Given the current conservation and management situation
for North Atlantic porbeagle (i.e., very low commercial
landings, CITES-listed), data availability is a limiting
factor for future stock assessments and conservation
assessments. Stock assessments rely on commercial
fishery catch per unit effort (CPUE) time-series data
when available and, in data-limited situations, age or
length-frequency data to assess reference points, if the
stock is overfished, and make predictions about levels
of fishing mortality the stock can sustain in the future
(Bowlby and Cortes, 2020; ICCAT, 2020). With few
commercial porbeagle landings and inconsistent reporting
of discards, obtaining representative CPUE series may
be challenging, however, new assessment models have
been explored (Bowlby and Cortes, 2020; Cortes et al.,
2020). Additionally, data collection from bycatch in
fisheries not traditionally included in porbeagle stock
assessments (i.e., coastal bottom trawls and gillnets) and
CPUE from recreationally caught porbeagle may help
mitigate some of the data loss from current management
and conservation regulations. With little data available,
correct stock structure becomes more important as it
can reduce data requirements in some situations (i.e.,
Mediterranean as discussed above). These, and other,
research recommendations were included in ICCAT’s
2020 porbeagle assessment.

RFMOs provide the most appropriate processes for
international stock assessments of highly migratory
species like the porbeagle as they have the ability to unify
countries and organizations to create a holistic overview
of each species’ biology, ecology, and data needs. While
ICCAT, an RFMO focusing on Atlantic tuna fisheries, has
been the main arena for highly migratory species stock
assessments, other RFMOs such as NAFO, NEAFC, and
GFCM could take a more prominent role to improve stock
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assessments of highly migratory species. For example,
in the Northwest Atlantic, this would entail inviting the
USA (NMES), Canada (DFO), and the high seas fisheries
(ICCAT) to the table for porbeagle stock assessments
hosted by NAFO. In the Northeast Atlantic, a combined
host of NEAFC and GFCM, inviting both ICES and
ICCAT to contribute, would allow for a more complete
assessment of the Northeast Atlantic porbeagle. Increased
collaboration between these organizations would be
beneficial for data collection, data inclusiveness (i.e.,
non-tuna and non-pelagic fisheries), the robustness of
assessments, and clarity for fishery managers, scientists,
and the general public on porbeagle stocks and status.

The management structure of highly migratory species
in the North Atlantic has several organizations (i.e.,
NEAFC, NAFO, GFCM, E.U., ICES, NMFS, DFO,
and ICCAT) working on advice, fisheries management,
and conservation, and their different jurisdictions may
not represent the biological populations of each highly
migratory species. The need for an improved international
management strategy has been suggested in previous
studies (Campana, 2016; Cameron et al., 2019). This
review supports the conclusion of previous findings that
increased collaboration between the fishery management
organizations in the North Atlantic can contribute to
improved management, assessments, and conservation
of data-limited highly migratory species. Additionally, we
provide clear evidence for the most likely stock structure
of porbeagle in the North Atlantic and recommend
international stock assessments of highly migratory
species like the porbeagle to be hosted by overarching
RFMOs. No single source of data can provide enough
insight for a highly migratory and data-limited species,
so interdisciplinary and interagency approaches are
particularly well-suited for improving stock identification.
Until more research is devoted to interdisciplinary stock
identification of porbeagle, this review may serve as a
starting point to achieve consistency in the number of
stocks, biological population boundaries, and management
units amongst organizations working with management,
assessments, and conservation.
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